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Abstract 

Background: Extra-pulmonary multi-organ failure in patients with severe acute respiratory distress syndrome (ARDS) 
is a major cause of high mortality. Our purpose is to assess whether airway pressure release ventilation (APRV) causes 
more multi-organ damage than low tidal volume ventilation (LTV).

Methods: Twenty one pigs were randomized into control group (n = 3), ARDS group (n = 3), LTV group (n = 8) and 
APRV group (n = 7). Severe ARDS model was induced by repeated bronchial saline lavages. Pigs were ventilated and 
monitored continuously for 48 h. Respiratory data, hemodynamic data, serum inflammatory cytokines were collected 
throughout the study. Histological injury and apoptosis were assessed by two pathologists.

Results: After severe ARDS modeling, pigs in ARDS, LTV and APRV groups experienced significant hypoxemia and 
reduced lung static compliance  (Cstat). Oxygenation recovered progressively after 16 h mechanical ventilation (MV) in 
LTV and APRV group. The results of the repeated measures ANOVA showed no statistical difference in the  PaO2/FiO2 
ratio between the APRV and LTV groups (p = 0.54). The  Cstat showed a considerable improvement in APRV group with 
statistical significance (p < 0.01), which was significantly higher than in the LTV group since 16 h (p = 0.04). Histologi-
cal injury scores showed a significantly lower injury score in the middle and lower lobes of the right lung in the APRV 
group compared to LTV (pmiddle = 0.04, plower = 0.01), and no significant increase in injury scores for extra-pulmonary 
organs, including kidney (p = 0.10), small intestine (p = 1.0), liver (p = 0.14, p = 0.13) and heart (p = 0.20). There were no 
significant differences in serum inflammatory cytokines between the two groups.

Conclusion: In conclusion, in the experimental pig models of severe ARDS induced by repetitive saline lavage, APRV 
improved lung compliance with reduced lung injury of middle and lower lobes, and did not demonstrate more extra-
pulmonary organ injuries as compared with LTV.

Keywords: Acute respiratory distress syndrome, Mechanical ventilation, Airway pressure release ventilation, Low tidal 
volume, Multi-organ dysfunction syndrome

Background
Acute respiratory distress syndrome (ARDS) is a severe 
life-threatening respiratory disorder in the intensive care 
unit (ICU), associated with a high mortality and a mas-
sive economic burden [1, 2]. Recent studies have reported 
a 46–60% mortality rate for severe ARDS patients in ICU 
[3]. However, the predominant cause of death in severe 
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ARDS does not appear to be severe hypoxemia, but 
rather the multi-organ dysfunction syndrome (MODS) 
[4, 5]. Several studies have confirmed that sepsis and 
MODS are the most common causes of death in severe 
ARDS (30–50%), while irreversible respiratory failure 
accounted for only 13–19% [6]. The kidneys (40–55%), 
liver (12–95%), brain (12–95%), intestines (7–30%), and 
heart (40–55%) are among the organs that may fail sec-
ondary to the course of severe ARDS [7].

Decades of research failed to find effective therapies 
that reduced mortality in ARDS, and the most crucial 
supportive measure is still mechanical ventilation (MV). 
However, It has been proposed that MV may contribute 
to the onset of MODS by affecting hemodynamics [8, 
9], releasing inflammatory mediators from the lung into 
the bloodstream [10, 11], increasing alveolar-vascular 
permeability [12], and causing endotoxin or bacterial 
translocation [13, 14]. Therefore, the use of protective 
ventilation strategies is crucial. And there is an urgent 
need to explore whether there is an ideal ventilation 
mode that can alleviate lung conditions while minimizing 
damage to other extra-pulmonary organs, thereby reduc-
ing the occurrence of MODS.

Low tidal volume ventilation (LTV) is current a gen-
erally recognized protective ventilation strategy, using 
a lower tidal volume to prevent excessive lung inflation 
[15]. In 2017, it was strongly recommended by the Amer-
ican Thoracic Association as the preferred treatment for 
ARDS [16]. Although adequate lung protection is given, 
there is no trend to reduce MODS, the mortality of 
severe ARDS still remains high. Airway pressure release 
ventilation (APRV) is a mode of ventilation that involves 
maintaining a continuous high positive pressure for most 
of the cycle with intermittent release phases, while allow-
ing for spontaneous respiration [17]. APRV has been 
recognized as an effective ventilation strategy in recent 

years, which even shows better oxygenation benefits 
than conventional LTV. Our team’s previous studies have 
shown that early application of APRV in patients with 
ARDS can reduce the duration of mechanical ventilation 
and improve pulmonary permeability [18, 19].

Despite the benefits of “open the lung” strategy in 
APRV, there is concern that exposure to high trans-pul-
monary pressures, may raise the risk of hemodynamic 
instability, which in turn cause damage to extra-pulmo-
nary organs and drive the development of MODS [20]. 
But the evidence on whether APRV causes extra-pul-
monary organ damage is scarce. There appears to be a 
greater emphasis on pulmonary protection while ignor-
ing if APRV has deleterious effects on extrapulmonary 
organs, which is crucial to death from MODS.

Therefore, we evaluated the histological changes of 
lung, kidney, small intestine, liver, and heart samples 
obtained from severe ARDS pig models, which treated 
with two modes of mechanical ventilation (LTV and 
APRV) for 48 h.

The aim of this study was to determine whether the still 
controversial APRV causes more extra-pulmonary multi-
organ damage than conventional LTV due to its sustained 
inspiratory high pressure, hence raising the possibility of 
MODS.

Methods
All experiments and methods had been reviewed and 
approved by the animal experiment ethics committee of 
Sichuan University (2018073A). Animals were sourced 
from the Laboratory Animal Center of Sichuan Univer-
sity, China. The care and execution of the research ani-
mals complied with the ARRIVE guideline for laboratory 
animals [21]. The summary of this study is shown in 
Fig. 1.

Fig. 1 Summary of the experimental design of this study
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Animal preparation
Female Bama mini swine, weighing 30–35 kg, were fasted 
for 12 h but allowed free access to water before the exper-
iments. After premedication with intramuscular atropine 
(0.02–0.05  mg/kg), general anesthesia was administered 
by ear vein injection of sufentanil (0.2  μg/kg/h), mida-
zolam (0.2 mg/kg/h) and propofol (0.3–1 mg/kg/h). Seda-
tion was aimed at no agitation, no respiratory distress, 
and no hypotension or bradycardia due to deep analgesia.

A continuous intravenous infusion of balanced electro-
lyte solution or saline (2–4 ml/kg/h) was administered to 
maintain daily physiological requirements and norepi-
nephrine (0.02–1  μg/kg/min) was titrated to maintain a 
mean arterial pressure (MAP) > 80  mmHg in the pigs 
for the duration of the experiment. Tracheotomy was 
performed using a 7.0  mm inner diameter tracheotomy 
catheter connected to a ventilator in all animals (Puritan 
Bennett™ 840, Medtronic, USA) for baseline settings.

All animals were initially ventilated with baseline set-
ting: volume assist-controlled ventilation mode (A/C-
VCV), tide volume  (VT), 6–8  mL/kg; ventilator setting 
frequency, 12–16 cycle/min; positive end-expiratory 
pressure (PEEP), 5 cm   H2O; fraction of inspired oxygen 
 (FiO2), 40%.

Study groups
Following baseline stabilization, the animals were ran-
domly allocated into one of four groups:

(1) Control group (n = 3): Only performed ani-
mal preparation, no severe ARDS modeling and 
mechanical ventilation. The control group was set 
up to observe normal organs at the histological 
level and to eliminate the interference of ARDS dis-
ease and 48 h mechanical ventilation.

(2) ARDS group (n = 3): Performed animal preparation 
and severe ARDS modeling without 48 h mechani-
cal ventilation. The ARDS group was set up to 
observe organ damage from the ARDS disease at a 
histological level, which eliminated the intervention 
of mechanical ventilation on the disease.

(3) LTV group (n = 8): Severe ARDS modeling with 
48  h mechanical ventilation using LTV ventilation 
mode.

(4) APRV group (n = 7): Severe ARDS modeling with 
48 h mechanical ventilation using APRV ventilation 
mode.

ARDS induction
A severe ARDS model was induced in ARDS, LTV, and 
APRV groups by repetitive intratracheal installation of 

warmed (37.5  °C) normal saline to produce lung injury, 
which was saline lavage method [22]. The fiberoptic 
bronchoscope infuses saline into the lungs through the 
tracheotomy catheter. Each lung segment was about 
10–50  ml of 90% saline (60  ml/kg saline in total). After 
the injection, the lavage fluid was quickly sucked out. 
The recovery rate of alveolar lavage fluid should reach 
50–60% of the total fluid. If the blood gas analysis was 
stably maintained at  PaO2/FiO2 < 100 mmHg for 30 min, 
the establishment of severe ARDS model was considered 
to be completed.

Ventilator setting in LTV group
The initial setting of LTV group was basically consist-
ent with the baseline setting of A/C-VCV. The PEEP and 
oxygen concentration were adjusted sequentially accord-
ing to the Higher PEEP/Lower  FiO2 table recommended 
by ARDSnet. Then, PEEP could be further titrated by the 
ways of optimum respiratory compliance  (Cstat). The ven-
tilator setting frequency and  VT were titrated to achieve 
the goal of  PaO2, 55–100 mmHg,  PaCO2, 30–50 mmHg, 
arterial pH ≥ 7.30, and the plateau airway pressure 
 (Pplat) ≤ 30 cm  H2O, according to the ARDSnet protocol. 
If  PaO2/FiO2 ratio was less than 150 mmHg, recruitment 
maneuver would be considered. If the animals presented 
severe respiratory acidosis (pH < 7.15), the respiratory 
rate could be increased to 35 cycle/min. A more detailed 
LTV parameter adjustment strategy has been described 
in the Additional file 1.

Ventilator setting in APRV group
High airway pressure  (Phigh) set to  Pplat measured at the 
baseline setting, not to exceed 30  cm   H2O. Low airway 
pressure  (Plow) set to 5  cm   H2O. The duration of the 
release phase  (Tlow) initially set at 1–1.5 times the expira-
tory time constant and then adjusted to achieve ≥ 50% 
of the terminated peak expiratory flow rate (PEFR). The 
release frequency was 10–14 frequency/min; The dura-
tion of  Phigh  (Thigh) was calculated indirectly from  Tlow 
and release frequency. If the pig-ventilator asynchrony 
appeared and  VT is less than 6 ml/kg, it is permitted to 
gradually extend  Tlow in order to maintain a termination 
of expiratory flow rate. The target for the level of sponta-
neous breathing was approximately 30% of the total min-
ute ventilation.

The 48 h parameters of mechanical ventilation in APRV 
group were not static but fine-tuned according to respira-
tory mechanics, ventilation parameters, arterial blood 
gas analysis, hemodynamic parameters. For full experi-
mental details on the ventilator settings for titration, see 
Additional file 1.
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Data collection
Vital signs and hemodynamic data were recorded every 
hour, arterial blood gas analysis and pulmonary mechan-
ics were measured every 4  h. The blood sample were 
obtained at baseline (T0), severe ARDS modeling (T1), 
24 h and 48 h of the study period (T2, T3, respectively).

Blood sample analysis
Whole blood samples (20 µl) were analyzed by hemodilu-
tion with diluent and then measured with a MEK-6318 K 
automated hematocrit analyzer (Nihon Kohden Corp.). 
Tumor necrosis factor alpha (TNF-α), interleukin 1 (IL-
1) interleukin 6 (IL-6) and interleukin 8 (IL-8) in serum 
were detected by ELISA kits from Shanghai Zoucai Bio-
technology Co.

Tissue sample collection and preparation
The animals were sacrificed by perfusion with frozen nor-
mal saline containing heparin sodium (12,500 µ/L). Tis-
sue samples were collected for subsequent experiments.

Lung tissues from the right lung segment (upper, mid-
dle, lower), kidney tissue at the junction of the left renal 
pelvis and calyces, small intestine tissues from the ileum, 
liver tissues and left ventricular tissue were randomly 
selected at 10 sites and placed in lyophilization tubes, 
subsequently stored in a -80℃ refrigerator.

Histopathological analysis
The tissues were sectioned at a thickness of 4  µm, 
stained with hematoxylin and eosin (H&E). Histological 
images were taken under a microscope with 200 × and 
400 × fields of view (Axio Scope, Zeiss, Germany). Dif-
ferent organs were analyzed quantitatively according to 
different scoring criteria [23–27], as displayed in Table 1. 

For histological analysis, 5 slides were randomly selected, 
and 5 visual fields were imaged per slide to minimize bias. 
The analysis of the results was assessed by two patholo-
gists separately and averaged. A senior pathologist will be 
invited to judge when the two disagree.

Apoptosis analysis
Organ paraffin slices were used to quantify apoptosis 
using terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL). Propidium iodide (PI) was used 
to stain the nuclei, and TUNEL was used to identify 
cells that had undergone apoptosis. Five fields from each 
section were randomly chosen for counting. The apop-
totic index of five organs were calculated as [100% both 
TUNEL and PI-positive apoptotic nuclei)/ (PI-positive 
nuclei)] [28].

Statistical analysis
The SPSS Statistics Software 25.0 was used to process all 
quantitative experimental data. Respiratory and hemody-
namic parameters were described using mean and stand-
ard deviation.

Differences in respiratory and hemodynamic vari-
ables at T0, T1, T2 and T3 were compared between 
groups using the Kruskal–Wallis H-test. The continuous 
variables of 48  h were calculated by repeated measures 
ANOVA. Post hoc Bonferroni tests were performed at 
specific time points only if significance was found in the 
group*time effect using repeated measures ANOVA. Dif-
ferences between groups were detected using Kruskal–
Wallis H-test for injury scores and apoptotic index, and 
the results were adjusted for significance values by the 
Bonferroni method, the adjusted p < 0.05 were considered 
significant.

Table 1 Criteria for the Microscopic Scoring of Tissue Damage

Organ Method Parameters

Lung American Thoracic Society’s published lung tis-
sue semi-quantitative injury score [23]

5 parameters: A, neutrophils in the alveolar lumen; B, neutrophils in the interstitium; 
C, hyaline membrane changes; D, protein debris in the alveolar lumen; E, alveolar wall 
thickening
Score = [(20 × A) + (14 × B) + (7 × C) + (7 × D) + (2 × E)]/number of visual fields

Kidney Paller score [24] 6 parameters: A, large dilated tubules with flattened cells = 1; B, tubular pattern = 2; 
C, necrotic, detached cells in tubular lumen = 1; D, granular degeneration of epithelial 
cells = 1; E, vacuolar degeneration = 1; F, nuclear consolidation = 1

Intestine Chiu score [25] 5 points, according to the separation of mucosal epithelium and lamina propria, inflam-
matory cells, bleeding degree

Liver Hepatic shock score and fat infiltration score [26] Hepatic shock score, 4 points, A, normal = 1; B, central lobule congestion without 
necrosis = 2; C, central lobule congestion and central lobule necrosis = 3; D, three or more 
adjacent lobules necrotic = 4
Fatty infiltration score, 4 points, A, no vacuoles in hepatocytes = 1; B, less than 50% of 
hepatocytes have single or several vacuoles = 2; C, less than 50% of hepatocytes have 
multiple vacuoles = 3; D, more than 50% of hepatocytes have multiple vacuoles in them = 

Heart Heart injury score [27] 5 parameters, according to edema, degeneration, inflammation, congestion, and suben-
docardial hemorrhage
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Results
Effect of mechanical ventilation on respiratory 
and hemodynamic variables
Table  2 demonstrates all data of respiratory variables. 
ARDS, LTV and APRV groups experienced significant 
hypoxemia and reduced compliance followed the mod-
eling of ARDS (T1). Oxygenation recovered progressively 
after 16  h in LTV and APRV groups. The results of the 
repeated measures ANOVA showed no statistical differ-
ence in the  PaO2/FiO2 ratio between the APRV and LTV 
groups (p = 0.54) (Table  2, Fig.  2A). The oxygen index, 
calculated as  Pmean*FiO2/PaO2, is considered to be a more 
comprehensive method of assessing oxygenation.The 
repeated measures ANOVA results showed that there 
was no statistical difference in oxygen index between the 
APRV and LTV groups during 48 h of mechanical venti-
lation (p = 0.41) (Fig. 2B).

The  Cstat showed a considerable improvement in APRV 
group with statistical significance (p < 0.01), which was 
significantly higher than in the LTV group since 16  h 
(p = 0.04) (Table 2, Fig. 2C).

The result of  Pmean suggested the difference between 
the APRV and LTV groups was not statistically signifi-
cant (p = 0.08) (Fig.  2D).  Ppeak was not higher than the 
LTV group because of the ventilator setting of the APRV 
group, and both groups maintained similar total minute 
ventilation at all time points (Table 2).

Hemodynamic data including heart rate, cumulative 
fluids and urine volume are shown in Table 3, which the 
results showed no difference between the two groups. 
The mean arterial pressure in APRV group was not sig-
nificantly different from LTV group during 48 h ventila-
tion (p = 0.49) (Fig. 2E).

Histopathological analysis in multi‑organ tissues due 
to mechanical ventilation in ARDS
Lung
The typical pathological changes of lung tissues in four 
groups are shown in Fig.  3. The lung consolidation 
showed a typical severe ARDS gravity distribution, the 
lower lung consolidation in ARDS, LTV and APRV group 
were severe.

Obvious pulmonary hyaline membrane, infiltra-
tion of inflammatory cells, protein debris deposi-
tion was observed in ARDS, LTV and APRV groups 
(Fig. 4A1–A4).

Lung injury scores: In the upper lung, the LTV and 
APRV groups did not have a statistically significant 
reduction in injury compared to the ARDS group, and 
there was no statistical significance between the two 
groups (pupper = 0.30). Compared with the ARDS group, 
the right middle and lower lung injuries were significantly 

Table 2 Respiratory variables

Group Time

T0 T1 T2 T3

Ventilator setting VT (ml)

CON 320.0 (70.0) / / /

ARDS 283.2 (15.3) 266.7 (41.6) / /

LTV 272.9 (52.8) 233.3 (30.6) 250.0 (26.2) 233.8 (24.5)

APRV 267.1 (45.7) / / /

Ventilator setting frequency (cycles/min)

CON 15.3 (4.2) / / /

ARDS 16.0 (0.0) 19.0 (6.6) / /

LTV 20.6 (5.4) 33.7 (5.5) 29.6 (5.0) 25.9 (6.6)

APRV 22.4 (5.3) 21.7 (0.6)* 19.7 (4.8)* 19.9 (4.5)*

Total minute ventilation (L/min)

CON 5.0 (0.5) / / /

ARDS 4.5 (0.3) 8.3 (3.2) / /

LTV 5.3 (1.9) 10.4 (3.7) 7.2 (1.9) 7.2 (1.8)

APRV 6.2 (1.9) 7.1 (3.7) 6.0 (3.0) 7.8 (3.9)

Phigh (cmH2O)

APRV / 24.7 (3.5) 24.6 (1.7) 23.9 (2.0)

PEEP (mmHg)

CON 5.0 (0.0) / / /

ARDS 5.0 (0.0) 5.3 (0.6) / /

LTV 5.0 (0.0) 13.7 (1.5) 13.9 (1.7) 13.9 (1.9)

APRV 5.0 (0.0) 5.0 (0.0)* 5.0 (0.0)* 5.3 (0.8)*

Tlow (s)

APRV / 0.4 (0.0) 0.4 (0.1) 0.4 (0.1)

Setting FiO2 (%)

CON 36.7 (5.8) / / /

ARDS 38.4 (10.4) 43.7 (50.9) / /

LTV 37.1 (11.1) 100.0 (0.0) 14.1 (19.2) 47.5 (27.0)

APRV 36.7 (5.8) 100.0 (0.0) 23.1 (29.0) 35.0 (7.6)

Respiratory rate (breaths/min)

CON 15.3 (4.2) / / /

ARDS 16.0 (0.0) 22.3 (11.7) / /

LTV 21.3 (5.5) 38.0 (3.5) 29.9 (4.7) 28.9 (6.7)

APRV 22.4 (5.3) 28.0 (8.9) 20.5 (4.7)* 20.9 (3.7)*

Peak inspiratory pressure (cmH2O)

CON 16.7 (0.6) / / /

ARDS 14.0 (2.6) 27.0 (14.7) / /

LTV 14.8 (3.7) 32.3 (5.9) 30.5 (6.7) 29.3 (8.3)

APRV 21.3 (9.5) 24.7 (3.5) 26.6 (2.6) 25.6 (3.2)

Mean airway pressure (cmH2O)

CON 8.2 (0.7) / / /

ARDS 7.3 (0.2) 12.3 (6.0) / /

LTV 7.7 (1.3) 20.3 (2.5) 19.3 (3.2) 19.5 (2.9)

APRV 12.3 (6.2) 21.3 (3.5)§ 21.4 (2.5) 21.3 (3.0)

Static compliance (ml/cmH2O)

CON 32.7 (5.1) / / /

ARDS 42.3 (10.1) 25.3 (20.5) / /

LTV 39.9 (5.1) 14.3 (2.1) 22.5 (7.7) 21.8 (8.0)
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reduced in the APRV group (pmiddle = 0.04, plower = 0.03), 
while the LTV group had slightly reduction in injury with 
no statistically significant (pmiddle = 0.34, plower = 0.42). 
Between the APRV group and the LTV group, there 
were noticeable differences in the degree of injury to 
the middle and lower lungs (pmiddle = 0.04, plower = 0.01) 
(Fig. 4A5).

Kidney
In the ARDS, LTV and APRV groups, severe edema, 
glomerular atrophy and protein mucus exudation were 
observed (Fig. 4B1–B4).

Paller Scores: The control group had the lowest injury 
score, compared to the LTV group (p = 0.02) and APRV 
group (p = 0.05). The LTV and APRV groups reported 
similar renal injury followed ARDS, and there was no sta-
tistically significant difference between the two groups 
(p = 1.0) (Fig. 4B5).

Small intestine
In the ARDS, LTV and APRV groups, the small intestinal 
glands in the lower mucosal layer were edema, and intes-
tinal villus epithelial cells were necrotic and shed in the 
interstitium (Fig. 4C1–C4).

Chui’s scores: Compared with the control group, ARDS 
group (p = 0.03), LTV group (p = 0.64) and APRV group 
(p = 0.09) had higher degree of histological damage.

Compared with the ARDS group, the LTV group 
(p = 0.84) and APRV group (p = 1.0) both had a down-
ward trend with no significant difference. The absence 
of a significant difference between the two groups indi-
cates that APRV may not cause further harm (p = 1.0) 
(Fig. 4C5).

Liver
Liver injury was assessed in two dimensions: hepatic 
shock and hepatic fatty infiltration. The control and 
ARDS group did not show significant central lobular con-
gestion and central lobular necrosis, whereas with the 
use of mechanical ventilation, showed varying degrees 
of focal hepatocyte necrosis. Small lipid droplets were 
found in hepatocytes of all four groups (Fig. 4D1–D4).

Liver shock score: Compared with the ARDS group, 
there was no statistically significant increase in shock 
scores in the LTV (p = 0.21) and APRV groups (p = 0.13). 
Although the mean liver shock score was higher in the 
APRV group than in the LTV group, there was no statisti-
cal difference between the two groups (p = 0.14).

Fat infiltration score: Compared with the ARDS group, 
the LTV and APRV groups had a lower score in fat infil-
tration (p = 0.21, p = 0.02). However, there was no sta-
tistical difference between the LTV and APRV groups 
(p = 0.13) (Fig. 4D5).

Heart
There was no obvious edema, hyperemia, and suben-
docardial hemorrhage to the hearts of the four groups, 
with local interstitial inflammatory cells infiltrated in 
the ARDS, LTV, and APRV groups, mainly lymphocytes. 
Necrosis was observed in the APRV group (Fig. 4E1–E4).

Heart injury score: There was no statistically significant 
difference between the four groups. The APRV group had 
an increased injury score compared to the LTV group, 
but it was not statistically significant (p = 0.20) (Fig. 4E5).

The detailed scores of the pathology scores in multi-
organs are shown in the Additional file 2.

Table 2 (continued)

Group Time

T0 T1 T2 T3

APRV 39.4 (16.1) 24.3 (9.0) 37.3 (13.9)* 38.7 (12.8)*

pH

CON 7.4 (0.1) / / /

ARDS 7.5 (0.1) 7.3 (0.1) / /

LTV 7.4 (0.1) 7.4 (0.1) 7.4 (0.1) 7.4 (0.1)

APRV 7.4 (0.1) 7.4 (0.1) 7.5 (0.1) 7.5 (0.1)

PaCO2 (mmHg)

CON 40.1 (8.0) / / /

ARDS 37.1 (11.7) 44.1 (9.2) / /

LTV 48.7 (15.0) 48.1 (14.5) 52.4 (14.1) 49.0 (11.7)

APRV 46.7 (15.3) 49.2 (8.9) 45.6 (13.6) 40.6 (7.0)

PaO2/FiO2 Ratio

CON 415.0 (41.1) / / /

ARDS 445.7 (19.7) 46.5 (2.1) / /

LTV 433.3 (51.0) 59.9 (19.6) 298.7 (132.0) 303.0 (146.5)

APRV 349.3 (115.3) 65.9 (25.4) 342.4 (80.3) 335.7 (76.4)

Data are presented as the mean(standard deviation) of the values recorded at 
T0 (before severe ARDS modeling), T1 (after severe ARDS modeling), T2 (24 h 
mechanical ventilation after severe ARDS modeling) and T3(48 h mechanical 
ventilation after severe ARDS modeling); CON, control group; ARDS, severe 
acute respiratory distress syndrome group; LTV, low tidal volume ventilation 
group; APRV, airway pressure release ventilation group;  VT, tidal volume; 
 Phigh, pressure during inspiration;  Tlow, the time spent at/release phase;  FiO2, 
fraction of inspired oxygen; Total minute ventilation including release minute 
ventilation + spontaneous minute ventilation; §p < 0.05 compared to the ARDS 
group at this time point in Kruskal–Wallis H-test; *p < 0.05 compared to the LTV 
group at this time point in Kruskal–Wallis H-test
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Apoptosis in multi‑organ tissues due to mechanical 
ventilation in ARDS
Lung
The ARDS (p = 0.01) showed a increased apoptosis com-
pared to the control group, while APRV groups (p = 0.03) 
reduced the incidence of apoptosis compared to the high 
rate of apoptosis in the ARDS group. The APRV group 
had a lower apoptotic index compared to the LTV group, 
with no statistically significant (p = 0.41) (Fig. 5A1–A5).

Kidney
The ARDS group showed significant apoptosis compared 
to the control group (p = 0.01), while the LTV (p = 1.0) 
and APRV groups (p = 0.87) did not significantly allevi-
ate apoptosis after severe ARDS modeling. There was no 
statistical difference between the LTV and APRV groups 
(p = 0.70) (Fig. 5B1–B5).

Small intestine
Apoptosis of the small intestine was present in the con-
trol, ARDS, LTV and APRV groups, but there were no 
significant differences between the groups (Fig. 5C1–C5).

Liver
Although the apoptotic index of hepatocytes tended to 
increase in the APRV group, there was no statistically 

significant difference in the apoptotic index compared 
with the LTV group (p = 0.34) (Fig. 5D1–D5).

Heart
Increased myocardial tissue apoptosis was observed in 
the ARDS and APRV groups. There was a tendency for 
the apoptotic index to increase in the APRV group com-
pared to the LTV group, however, this was not statisti-
cally significant (p = 0.06) (Fig. 5E1–E5).

The level of serum inflammatory cytokines
We measured the serum levels of IL-1, IL-6, IL-8, and 
TNF-α at T0, T1, T2, and T3 in the LTV and APRV 
groups to further investigate the inflammatory (Fig.  6). 
Neither the APRV group nor the LTV group exhibited an 
excessive increase in inflammatory cytokines after ARDS 
modeling.

Discussion
APRV, an emerging developed mode of mechanical ven-
tilation, has been shown to offer pulmonary benefits and 
improve the prognosis of severe ARDS [18, 29, 30]. How-
ever, whether the persistent high pressure of APRV will 
cause damage to extra-pulmonary organs has not been 
elucidated. In this model of severe ARDS in pigs, APRV 
improved lung compliance with reduced lung injury, and 

Fig. 2 Respiratory and hemodynamic variables at different time points. A  PaO2/FiO2 ratio; B Oxygen index; C Static compliance of the respiratory 
system; D Mean airway pressure; E Mean arterial pressure; The p-values were calculated by repeated measurement ANOVA between the two 
groups; *p < 0.05 compared to the LTV group at diffeerent time point in Bonferroni post-hoc test; ns = no significance
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did not demonstrate more extra-pulmonary organ inju-
ries as compared with LTV.

In consistent with previous findings, the APRV group 
in this study significantly improved lung compliance 
in severe ARDS, and although the improvement in 
oxygenation was not statistically significant compared 
to the LTV group, a potential advantage could still be 
seen. The statistical non-significance may be related 
to the sample size of the groups and the relative short 
ventilation time. Considering the heterogeneity of 
ARDS and the gravitational distribution of pulmonary 
consolidation in severe ARDS [31, 32], we divided the 
lung tissue into upper, middle and lower for separate 
lung injury scores. In our study, the lung histological 
injury score showed that the APRV group significantly 

reduced the injuries of the middle and lower lobes of 
lung compared with the LTV group, while the improve-
ment in the upper lungs did not appear to be signifi-
cant. Our results are consistent with the theory that 
APRV can fully open the consolidation of the middle 
lung within a long inspiratory time, allow the gas to 
be evenly distributed to the more serious parts (lower 
lung), reduce the repeated shear force between the 
alveoli with less breathing times, and give the alveoli 
enough “rest”, which is conducive to the repair of alveo-
lar epithelium.

Before the first organ failure reaches decompensation, 
most patients in ICU die of complications of the other [6]. 
The kidney and heart play arguably the most important 
roles in multi-organ interactions, and their failure is often 
the terminal of irreversible MODS. Mechanical ventila-
tion in ARDS patients not only affects renal blood flow, 
stimulating sympathetic nerves to induce renal vasocon-
striction and acute kidney injury [33–35], but also lead 
to increased right ventricular afterload and reduced car-
diac output [36]. In the present study, both APRV and 
LTV increased the pathology score of kidney injury after 
48 h ventilation, demonstrating the existence of adverse 
effects of mechanical ventilation on the kidneys. How-
ever, the impairment from mechanical ventilation was 
not significant in the heart injury score. Kidney and heart 
injury did not differ significantly between the two modes 
of mechanical ventilation. Although it has been shown in 
several studies that maintaining spontaneous breathing 

Table 3 Hemodynamic variables

Data are presented as the mean(standard deviation) of the values recorded at 
T0 (before severe ARDS modeling), T1 (after severe ARDS modeling), T2 (24 h 
mechanical ventilation after severe ARDS modeling) and T3(48 h mechanical 
ventilation after severe ARDS modeling); CON, control group; ARDS, severe acute 
respiratory distress syndrome group; LTV, low tidal volume ventilation group; 
APRV, airway pressure release ventilation group; *p < 0.05 compared to the LTV 
group at this time point in Kruskal–Wallis H-test

Group Time

T0 T1 T2 T3

Heart rate (beats/min)

CON 89.0 (16.5) / / /

ARDS 90.0 (18.2) 132.0 (8.5) / /

LTV 73.0 (23.0) 135.3 (11.8) 93.9 (37.3) 91.1 (31.5)

APRV 67.3 (12.3) 154.7 (46.5) 94.1 (26.2) 84.3 (13.3)

Systolic blood pressure (mmHg)

CON 132.0 (33.3) / / /

ARDS 137.0 (25.4) 139.0 (8.5) / /

LTV 140.4 (17.4) 148.0 (7.5) 129.5 (14.9) 144.5 (26.1)

APRV 128.9 (29.8) 133.3 (28.9) 120.3 (12.4) 127.4 (12.6)

Diastolic blood pressure (mmHg)

CON 73.3 (32.1) / / /

ARDS 80.0 (14.4) 92.5 (4.9) / /

LTV 84.0 (11.9) 88.3 (16.2) 129.5 (14.9) 83.6 (33.2)

APRV 70.7 (25.5) 82.3 (23.1) 60.1 (12.4) 84.4 (28.4)

Mean arterial pressure (mmHg)

CON 98.0 (43.3) / / /

ARDS 105.0 (18.0) 110.0 (4.2) / /

LTV 107.6 (14.5) 109.0 (14.4) 92.1 (17.9) 108.3 (31.8)

APRV 95.1 (29.1) 103.7 (25.7) 83.4 (11.7) 95.3 (9.6)

Cumulative fluids (L)

LTV / 2.6 (2.4) 1.9 (1.1) 2.9 (1.4)

APRV / 2.1 (1.5) 1.8 (0.7) 3.2 (1.8)

Unrine volume (mL)

LTV / 77.9 (26.1) 58.7 (33.5) 63.1 (59.0)

APRV / 70.7 (52.1) 100.1 (69.4) 81.8 (41.8)

Fig. 3 Lung tissue samples in different groups. A Control group; B 
ARDS group; C LTV group; D APRV group
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in APRV improves renal hemodynamics [37], increases 
cardiac output and reduces the use of vasoactive drugs 
[38, 39]. However, in the present study, due to the sever-
ity of ARDS modeling and the short observation time, the 
influence of spontaneous breathing on APRV was slight. 
Moreover, myocardial injury and apoptosis tended to 
slightly increase in the APRV group with no statistically 
significant. This injury may still be related to prolonged 
intrathoracic pressure, which affects myocardial contrac-
tion and relaxation. This finding reminds us that the use 
of APRV still needs to pay attention to its impact on the 
heart, and the myocardial pulsation can be observed clin-
ically by ultrasound.

The intestine and liver, as abdominal organs, are also 
affected by mechanical ventilation. Mechanical venti-
lation with high positive end expiratory pressure can 
reduce intestinal blood perfusion and hepatic blood flow, 
thus exacerbate the progression of MODS in patients 
with ARDS [40, 41]. In the present study, after 48  h of 

ventilation, intestinal mucosal injury was significantly 
increased in the LTV group and APRV group, but the dif-
ferences between them were not significant, which indi-
cated the APRV group did not show a more pronounced 
trend of intestine injury than the LTV group. However, 
both the liver injury score and apoptosis suggested 
potential liver injury in the APRV group relative to the 
LTV group. Although previous studies have concluded 
that maintaining spontaneous breathing was associated 
not only with better intestinal blood flow but also with 
better pre-portal organ blood flow, its improvement on 
hepatic arterial blood flow was not significant [42]. In 
the APRV group, liver injury may still occur due to inad-
equate perfusion of the hepatic artery in the absence or 
faint presence of spontaneous breathing. Therefore, the 
clinical significance of this study is that patients with 
severe ARDS in the ICU who have the potential for intra-
abdominal organ damage need to be evaluated for the use 
of APRV and monitored more frequently in clinical use.

Fig. 4 Representative light micrographs of multi-organs in different groups. A1 lung, B1 kidney, C1 intestine, D1 liver, E1 heart in the control 
group; A2 lung, B2 kidney, C2 intestine, D2 liver, E2 heart in the ARDS group; A3 lung, B3 kidney, C3 intestine, D3 liver, E3 heart in the LTV group; 
A4 lung, B4 kidney, C4 intestine, D4 liver, E4 heart in the APRV group; Histopathologic injury score in lung (A5), kidney (B5), small intestine (C5), 
liver (D5) and heart (E5). Black arrow in kidney = renal tubular epithelial cell edema; Red arrow in kidney = epithelial cell damage; Orange arrow in 
intestine = necrotic detachment of intestinal villous epithelial cells; Black arrow in liver = necrosis; Red arrow in liver = dilated liver sinuses; Yellow 
star in liver = fat infiltration; Green arrow = inflammatory infiltrates; Blue arrow = fibrous necrosis; small intestine: magnification 200 × ; lung, kidney, 
liver, heart: magnification 400 × . *p < 0.05 were calculated by Kruskal–Wallis H-test. ns = no significance
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Inflammatory cytokines did not change significantly 
over time with MV after severe ARDS modelling in this 
experiment, suggesting that protective MV is known 
to stabilize but not reduce the systemic inflammatory 
response. Most hypotheses suggest that the effect of 
mechanical ventilation on extra-pulmonary organs 

is through inflammatory cytokines circulating in the 
blood [10, 11]. However, in this study, although MV has 
an effect on extrapulmonary organs, we speculate that 
this effect is not caused by inflammatory cytokines but 
may be caused by hemodynamics. High  Pmean and long 
inspiratory time affect intrathoracic pressure, thereby 

Fig. 5 Representative TUNEL staining of multi-organs in different groups. A1 lung, B1kidney, C1 intestine, D1 liver, E1 heart in the control group; 
A2 lung, B2 kidney, C2 intestine, D2 liver, E2 heart in the ARDS group; A3 lung, B3 kidney, C3 intestine, D3 liver, E3 heart in the LTV group; A4 lung, 
B4 kidney, C4 intestine, D4 liver, E4 heart in the APRV group; Apoptotic index in lung (A5), kidney (B5), small intestine (C5), liver (D5) and heart (E5); 
*p < 0.05; ns = no significance; kidney, small intestine: magnification 200 × ; Lung, liver, heart: magnification 400 × ; Orange in lung and kidney, pink 
in small intestine, green in liver and heart: TUNEL signal; Blue: DAPI. *p < 0.05 were calculated by Kruskal–Wallis H-test. ns = no significance
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affecting pulmonary circulation and cardiac function. 
At the same time, high intrathoracic pressure is also 
transmitted to abdominal pressure, which effects the 
perfusion of abdominal organs.

There are several limitations in our study. (1) The 
experimental observation period was still short, and 
perhaps a longer observation time is needed to observe 
organ injury obviously, and its functions as well. (2) 
Recent studies have shown that there are many pheno-
types of ARDS. The saline lavage method more closely 
mimics the direct lung injury and hypo-inflammatory 
type of ARDS, which does not represent other types 
induced by indirect lung injury and hyper-inflammatory. 
Therefore, further validation on a hyper-inflammatory 
ARDS model induced by infections is required. (3) This 
large animal experiment can better imitate the patient’s 
condition, but there must be some individual differ-
ences in pigs, and many confounding factors in 48  h of 
mechanical ventilation, which may be related to the pigs’ 
own compensation and decompensation. (4) The sample 
sizes of the study groups were relatively small, particu-
larly in the control and ARDS groups. (5) The experi-
ment only focuses on histopathological indications of 
organ injury not the molecular mechanism and func-
tion, which should be discussed in the follow-up study. 
(6) Due to pig-machine asynchrony and short observa-
tion time, spontaneous breathing in the APRV group 
reached 10–20%, which was slightly lower than our target 

(30%). It may have weakened the benefits of spontaneous 
breathing in APRV groups.

Conclusion
In conclusion, in the experimental pig models of severe 
ARDS induced by repetitive saline lavage, APRV 
improved lung compliance with reduced lung injury of 
middle and lower lobes and did not demonstrate more 
extra-pulmonary organ injuries as compared with LTV.
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