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Abstract 

Background: High-frequency oscillatory ventilation (HFOV) may theoretically provide lung protective ventilation. 
The negative clinical results may be due to inadequate mean airway pressure (mPaw) settings in HFOV. Our objective 
was to evaluate the air distribution, ventilatory and hemodynamic effects of individual mPaw titration during HFOV in 
ARDS animal based on oxygenation and electrical impedance tomography (EIT).

Methods: ARDS was introduced with repeated bronchoalveolar lavage followed by injurious mechanical ventilation 
in ten healthy male pigs (51.2 ± 1.9 kg). Settings of HFOV were 9 Hz (respiratory frequency), 33% (inspiratory time) and 
70 cmH2O (∆pressure). After lung recruitment, the mPaw was reduced in steps of 3 cmH2O every 6 min. Hemodynam-
ics and blood gases were obtained in each step. Regional ventilation distribution was determined with EIT.

Results: PaO2/FiO2 decreased significantly during the mPaw decremental phase (p < 0.001). Lung overdistended 
regions decreased, while recruitable regions increased as mPaw decreased. The optimal mPaw with respect to  PaO2/
FiO2 was 21 (18.0–21.0) cmH2O, that is comparable to EIT-based center of ventilation (EIT-CoV) and EIT-collapse/over, 
19.5 (15.0–21.0) and 19.5 (18.0–21.8), respectively (p = 0.07). EIT-CoV decreasing along with mPaw decrease revealed 
redistribution toward non-dependent regions. The individual mPaw titrated by EIT-based indices improved regional 
ventilation distribution with respect to overdistension and collapse (p = 0.035).

Conclusion: Our data suggested personalized optimal mPaw titration by EIT-based indices improves regional ventila-
tion distribution and lung homogeneity during high-frequency oscillatory ventilation.

Keywords: Acute respiratory distress syndrome, High-frequency oscillatory ventilation, Electrical impedance 
tomography, Mean airway pressure, Titration
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Background
Acute respiratory distress syndrome (ARDS) is com-
mon in ICU characterized by diffuse endothelial and 
epithelial injury, inflammatory pulmonary edema, small 

lung, lung injury inhomogeneities and severe hypoxemia 
[1, 2]. Mechanical ventilation remains mainstay in the 
management of patients with ARDS [3]. Lung protective 
ventilation with low tidal volumes [4], positive end-expir-
atory pressure (PEEP) [5, 6] and prone position [7] may 
improve outcomes. Nevertheless, the mortality of ARDS 
patients remains high, up to 30–50% [8].

High-frequency oscillatory ventilation (HFOV) deliv-
ered high mean airway pressure (mPaw) and extremely 
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small tidal volumes to prevent alveolar derecruitment/
overdistention as well as avoid the repeated opening/
closing of individual alveolar [9]. Clinical trials [10] and 
large animal trials [11] have demonstrated that HFOV 
improves oxygenation, reduces lung inflammatory 
processes and histopathological damages, and attenu-
ates oxidative lung injury compared with conventional 
mechanical ventilation (CMV).

Currently, clinical data do not support the use of 
HFOV in patients of ARDS. Two major multicenter, 
randomized trials (OSCAR and OSCILLATE) failed 
to show improvement on 30-day mortality in moder-
ate-to-severe ARDS patients [12–14]. A meta-analysis 
found that HFOV might not improve outcome com-
pared with CMV [15]. One possible reason may be 
the improper HFOV protocols applied and inadequate 
HFOV settings.

The optimal mPaw titration is still a challenge dur-
ing HFOV. The selection of Paw is usually guided by a 
static P–V curve or based on the oxygenation index [9]; 
however, either computed tomography scanning [16] or 
frequent blood gas analysis is indispensable. Recently, 
a study showed that HFOV guided by transpulmonary 
pressure improved systemic hemodynamics, oxygena-
tion, and lung overdistension compared with con-
ventional HFOV in animals [17]. But the ventilation 
distribution and homogeneity remain unknown toward 
the methods mentioned above to titrate mPaw.

Electrical impedance tomography (EIT) might allow 
the clinician to better adjust these ventilatory set-
tings. EIT is a bedside imaging technique that ena-
bles monitoring air distribution in the lungs [18]. Our 
previous study has showed the GI index may provide 
new insights into air distribution in CMV and may be 
used to guide ventilator settings [19, 20]. EIT might 
allow the clinician to better adjust ventilatory settings 
in HFOV. It is possible that HFOV would be safer and 
more effective with a more individualized approach to 
setting mPaw adjusted according to ventilation distri-
bution bedside.

In the present study, our objective was to evaluate the 
air distribution, ventilatory, and hemodynamic effects of 
individual mPaw titration in HFOV based on oxygena-
tion and EIT.

Methods
The study was approved by the Science and Technologi-
cal Committee and the Animal Use and Care Committee 
of the Southeast University, School of Medicine, Nanjing, 
China. All animal procedures and protocols were per-
formed according to the Guidance for the Care and Use 
of Laboratory Animals [21].

Animal preparation
A total of ten healthy male pigs (body weight 
51.2 ± 1.9 kg, mean ± SD) were included. Pigs were anes-
thetized with an intramuscular injection of ketamine 
hydrochloride (3 mg/kg), atropine (2 mg/kg) and fentanyl 
citrate (2  mg/kg), followed by a continuous intravenous 
infusion of propofol (1–2 mg/kg/h), fentanyl citrate (0.5–
1.0  μg/kg/h), midazolam (0.1  mg/kg/h), and atracurium 
(0.4 mg/kg/h). After the induction of anesthesia, the pigs 
were placed in supine position, on a thermo-controlled 
operation table to maintain body temperature at about 
37.0 ℃. With local anesthesia, a mid-line neck incision 
was performed and the trachea was secured using an 
8-mm-ID endotracheal tube. The animals received con-
ventional mechanical ventilation (Servo-i ventilator, 
Solna, Sweden) under volume-controlled mode (respira-
tory rate 30 breaths per minute; inspiration-to-expiration 
time ratio 1:2 and PEEP 5 cmH2O; fraction of inspiration 
 O2  (FiO2) and tidal volume (VT) 0.4 and 6 ml/kg, respec-
tively). A Swan–Ganz catheter (Arrow International, 
Reading, PA, USA) was inserted through the internal 
jugular vein to measure central venous pressure (CVP) 
and pulmonary arterial wedge pressure (PAWP). A ther-
mistor-tipped PiCCO catheter (Pulsion Medical System, 
Munich, Germany) was advanced through the right fem-
oral artery to monitor the mean arterial pressure (MAP) 
and cardiac output (CO). In addition, arterial blood sam-
ples were collected from a PiCCO catheter. A continuous 
infusion of a 5  ml/(kg  h) balanced electrolyte solution 
was administered during the experiment, and MAP was 
maintained above 60 mmHg with rapid infusions of 0.9% 
saline solution at up to 20 ml/kg, if required.

Experimental protocol
After the initial animal preparation, the pigs were sta-
bilized for 30 min and baseline measurements (TBaseline) 
were taken. ARDS was induced by repeated bilateral 
bronchoalveolar lavage with 30  ml/kg of isotonic saline 
(38  ℃). After stabilization, an arterial blood gas sam-
ple was obtained to verify that the ratio of partial pres-
sure of arterial oxygen  PaO2 and  FiO2 decreased to less 
than 100 mmHg, followed by 1 h of injurious mechani-
cal ventilation (PEEP 0  cmH2O and distending pres-
sure 35  cmH2O in PCV).  PaO2/FiO2 remained less than 
100 mmHg for 30 min (TARDS) with an increase of  FiO2 
to 1.0.

The mechanical ventilation mode was then switched 
to HFOV  (FiO2 1.0; respiratory frequency 9 Hz; inspira-
tory time 33%; ∆pressure 70  cmH2O), and a recruit-
ment maneuver was performed (mPaw of 40 cmH2O for 
40 s) after 15-min HFOV ventilation. After recruitment, 
stepwise mPaw decrements were performed from 36 to 
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9 cmH2O with a step of 3 cmH2O decrease every 6 min. 
(Flowchart of the study is showed in Additional file  1: 
Figure S1). CVP, PAWP, MAP and CO were recorded at 
every pressure level. All blood gas measurements were 
performed using an automated blood gas analyzer (Nova 
M; Nova Biomedical, Waltham, MA, USA).

EIT measurements
Continuous EIT measurements started after tracheos-
tomy (PulmoVista 500, Dräger Medical, Lübeck, Ger-
many). An EIT electrode belt with 16 electrodes was 
placed around the thorax 5  cm above the xyphoid level 
and one reference ECG electrode was placed at the abdo-
men. The frequency of injected alternating current was 
selected automatically according to the noise spectrum. 
The images were continuously recorded and recon-
structed at 40 Hz. The EIT data were reconstructed using 
a finite element method-based linearized Newton–Raph-
son reconstruction algorithm [22]. Baseline of the images 
was referred to the lowest impedance value measured 
during TARDS. Oscillatory impedance variations of every 
5 s were averaged to present the ventilation distribution. 
One-minute period at the end of each mPaw step was 
used for further EIT analysis.

Mean paw titration strategies
mPaw optimization according to oxygenation
Optimal mPaw with respect to oxygenation was defined 
as mPaw in the step before the one at which  PaO2 
dropped by > 10% compared to previous step (Additional 
file 1: Figure S2).

mPaw optimization according to EIT‑based center 
of ventilation (EIT‑CoV)
The center of ventilation (CoV) index showing the verti-
cal distribution of ventilation was calculated [23, 24]:

Ii denotes impedance value of pixel i. yi is the pixel height 
and pixel i is scaled so the most ventral row is 0 and the 
most dorsal row is 1. Optimal mPaw with respect to EIT-
CoV was defined as mPaw associated with the CoV val-
ues closest to 50%. EIT-based COV index higher than 
50% at high mPaw steps indicated ventilation distribution 
toward gravity-dependent regions.

mPaw optimization according to EIT‑based collapse–
overdistension
Recruitable regions compared to the highest mPaw 
level and overdistended regions were calculated using 
a method that was published recently [24]. During the 

(1)CoV =

∑

(yi × Ii)
∑

Ii
× 100%

analysis of HFOV in the present study, the oscillatory 
impedance variation was too small to confirm overdis-
tension. Therefore, compared to the original method, 
the volume changes induced by mPaw changes were 
used. The differences of impedance between lower mPaw 
and higher mPaw were calculated. The regions with less 
than 20% changes were denoted as regions with lim-
ited volume changes. These regions with almost no pix-
els changes were considered to be overinflated, if they 
belonged to those image pixels that were showed in lung 
regions at lower mPaw step. Regions were considered to 
be recruitable if they were included in the lung regions 
at end-expiration at the highest mPaw step but not at the 
current mPaw step.

The lung regions at mPaw level n were defined as pixels 
with higher impedance value (I) than 20% of maximum 
changes compared to the lowest mPaw level r (reference 
level, the lowest mPaw level).

Subsequently, the maximum differences of impedance 
(Imax-diff) between lower mPaw (denoted as mPaw level n) 
and higher mPaw (mPaw level n + 1) were calculated. 

The regions with less than 20% changes were denoted 
as regions with limited volume changes (for pixel k, k ∈ i, 
Ik < 20% × Imax-diff). These regions k were compared to 
lung regions at mPaw level n (jn). They were considered 
to be overinflated, if they belonged to lung regions at 
mPaw step n at the same time (k ∩ jn intersection of set k 
and set jn).

The numbers of pixels in these two regions were plotted 
against decremental mPaw. Optimal mPaw with respect 
to recruitable and overdistended regions was defined as 
the step where these two-pixel curves intersected. If the 
curves not intersected, mPaw with the lowest sum of 
recruitable and overdistended regions was selected. With 
the nature of this method, no values could be calculated 
for the lowest mPaw step, since the calculation required a 
comparison with a lower mPaw step (Eq. 3). Overdisten-
sion/recruitment ratio was defined as number of pixels 
in the overdistended regions over that in the recruitable 
regions.

Statistical analysis
Statistical analysis was performed with the MAT-
LAB software package (MATLAB 7.2 statistic tool-
box, The MathWorks Inc., Natick, MA, USA). Due to 
the limited number of subjects, results are presented as 
median ± interquartile range. One-way Kruskal–Wallis 

(2)
j ∈ Lung if Ij > 20%×max

(

In , i − Ir , i
)

, i ∈ [1, 1024]

(3)Imax − diff = max
(

In + 1 , i − In , i

)

, i ∈ [1, 1024]
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test was used to assess the significance of differences in 
Hemodynamics and oxygenation among different mPaw, 
and differences in optimal mPaw estimated with various 
criteria. A p value lower than 0.05 was considered statis-
tically significant. Wilcoxon signed-rank test was applied 
for further comparison within groups and the signifi-
cance levels were corrected for multiple comparisons 
using Holm’s sequential Bonferroni method.

Results
ARDS was successfully induced by repeated bronchoal-
veolar lavages in all 10 pigs. The induction of ARDS led 
to a significant decrease in  PaO2/FiO2 (p < 0.001).

Hemodynamics
MAP and CO increased while CVP and PAWP 
decreased along with the decremental mPaw trial. 
Hemodynamic data during the mPaw trial are plotted 
in Additional file 1: Table S1.

Titration of optimal mPaw by oxygenation
The effect of mPaw on the  PaO2/FiO2 and partial pres-
sure of arterial carbon dioxide  (PaCO2) during HFOV 
are shown in Additional file  1: Figure S2. During the 
decremental phase, significant decrease in  PaO2/FiO2 
and increase in  PaCO2 were found between the mPaw 
step of 18  cmH2O and 15  cmH2O (p < 0.001) (Addi-
tional file 1: Figure S2 left). The optimal mPaw calcu-
lated by individual animal with respect to  PaO2/FiO2 
was 21 (18.0–21.0) cmH2O.

Optimal mPaw derived from regional ventilation 
distribution
CoV decreased along with mPaw decrease revealing 
a redistribution of ventilation toward non-dependent 
regions (Fig.  1, left). The optimal mPaw with respect to 
EIT-CoV in all pigs was 19.5 (15.0–21.0) cmH2O and the 
values among individuals varied a lot.

EIT-derived overdistended regions decreased as mPaw 
decreased (Fig. 1, right, green circles). At the same time, 
recruitable regions increased (black stars). The optimal 
mPaw using the approach based on the calculated EIT-
collapse/over was 19.5 (18.0–21.8) cmH2O.

Optimal mPaw derived from different methods
The optimal mPaw with respect to  PaO2/FiO2 was 21 
(18.0–21.0)  cmH2O, that is comparable to EIT-based 
center of ventilation (EIT-CoV) and EIT-collapse/
over, 19.5 (15.0–21.0) and 19.5 (18.0–21.8), respectively 
(p = 0.07). The differences between the selected mPaw 
according to oxygenation and according to “EIT-Cov” and 
“EIT-collapse/over” were compared with Bland–Altman 
plots (Fig. 2). The differences in mPaw selection between 
oxygenation and EIT-based methods could be as high 
as 6  cmH2O in some pigs. The optimal mPaw settings 
derived from oxygenation, EIT-CoV and EIT-collapse/
over were compared (Table  1). In Fig.  3, overdistended 
and recruitable regions at mPaw levels selected based 
on oxygenation were illustrated. In each pig, the optimal 
mPaw defined with oxygenation was given (x-axis). The 
mPaw titrated by EIT-based indices improved regional 
air distribution with respect to overdistension and col-
lapse (comparison among 3 mPaw titration strategies, 
p = 0.035) (Table 2).
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Discussion
In the present study, novel EIT-based method titrat-
ing mPaw under HFOV was proposed and evaluated in 
ARDS model. The titration results were compared with 
oxygenation method and the effects on lung homogene-
ity were examined. We found that the individual mPaw 
titrated by EIT-based indices improved regional ventila-
tion distribution with respect to overdistension and col-
lapse and the suggested mPaw may not always match the 
ones proposed by oxygenation method.

HFOV may remain a tool in managing patients with 
severe ARDS and refractory hypoxemia and not the first-
line treatment for ARDS patient. HFOV with high mPaw 
values applied in both two trials [25, 26] might contribute 

to negative clinical outcome on ARDS patients and 
canceled out the positive effects. HFOV using Paw set 
according to a static P–V curve [16], oxygenation, mean 
airway pressure during CMV [27], and transpulmonary 
pressure [17] has been examined in clinical and animal 
studies, but the bedside monitoring base on ventilation 
distribution is lacking. In the present study, we provide 
new mPaw titration method in respect of regional venti-
lation distribution that improves lung homogeneity. The 
increased mPaw lead to more lung tissue hyperinflated, 
and the EIT-CoV decrease, which revealed redistribution 
toward non-dependent regions. A critical issue of this 
EIT-based method was the pre-defined threshold used to 
identify lung regions. Further studies are required to con-
firm if the threshold used in the present study is optimal 
for various subjects and conditions.

The reliability of EIT has been confirmed and EIT has 
been used in clinic setting and adjust of CMV. EIT has 
been used in PEEP titration and tidal volume setting by 
comparison with various conventional methods, such as 
CT [28], single-photon-emission computed tomography 
[29], positron emission tomography [30], and pneumo-
tachography [31]. Previous studies have already shown 
that EIT was able to monitor ventilation distribution dur-
ing HFOV in preterm infants and patients with chronic 
obstructive pulmonary disease [22, 32]. The optimal 
settings based on oxygenation were comparable to EIT-
CoV and EIT-regional ventilation distribution. It was 
also observed that overdistended regions were large at 
the mPaw selected with oxygenation method in several 
pigs. PF ratio is an invasive method with a certain time 
delay in response to pressure changes. Although the 
average values between EIT-derived measures were not 
very different, individual differences could be large (up 
to 6 cmH2O, Figs. 2 and 3). Hence, mPaw titration with 
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Fig. 2 Bland–Altman plots comparing optimal mPaw settings with EIT-CoV and oxygenation (left), with EIT-collapse-overdistended and 
oxygenation (right). EIT-CoV: EIT-based center of ventilation; EIT-collapse-overdistended: EIT-based overdistended and recruitable regions

Table 1 Selected mPaw according to oxygenation, EIT-CoV 
and EIT-regions

Pig number mPaw (cmH2O) selected by

Oxygenation EIT-CoV EIT-regions

1 18 15 18

2 21 18 18

3 21 18 21

4 24 21 18

5 21 21 24

6 18 12 18

7 21 21 21

8 18 15 18

9 18 21 21

10 21 21 24

Median (inter-
quartile range)

21 (18.0–21.0) 19.5 (15.0–21.0) 19.5 (18.0–21.8)

F 3.115

P 0.07
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EIT-based indices improved regional ventilation distribu-
tion while titration aiming oxygenation was not always 
the case. Besides, it is worth to note that EIT is currently 

the only bedside non-invasive tool to assess overdisten-
sion. Further investigation should be conducted in future 
clinical studies.
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Table 2 The effects of the 3 mPaw titration strategies on oxygenation, overdistension/recruitment and hemodynamics

Mean values and standard deviations are shown

HR heart rate, BPM breaths per minute, MAP mean arterial pressure, CVP measure central venous pressure, CO Cardiac output, PAWP pulmonary arterial wedge 
pressure

*p < 0.05

mPaw titration strategies Oxygenation EIT-CoV EIT-regions F p

PaO2/FiO2 (mmHg) 210.8 ± 38.5 176.1 ± 47.7 204.7 ± 43.1 1.833 0.179

Overdistension/recruitment ratio 8.1 ± 7.9 5.3 ± 4.7 2.8 ± 2.1 4.985 0.035*

HR (BPM) 84.6 ± 30.5 82.2 ± 27.8 85.5 ± 28.9 0.0345 0.966

MAP (mmHg) 90.3 ± 33.8 92.5 ± 35.5 91.7 ± 34.1 0.0104 0.990

CVP (mmHg) 8.9 ± 2.8 8.1 ± 2.3 8.2 ± 3.0 1.879 0.183

PAWP (mmHg) 11.4 ± 2.9 10.9 ± 2.8 11.1 ± 3.1 0.774 0.457

CO (L/min) 4.6 ± 1.4 4.6 ± 1.5 4.5 ± 1.2 0.0155 0.985
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Our study has some limitations. First, as an experi-
mental study, these data were obtained in animals and 
its clinical impact may be limited. Therefore, the optimal 
mPaw selected in the present study might be not suit-
able with that in ARDS patients. Second, HFOV should 
not be employed in the absence of well-trained exper-
tise because of its complexity. Further validation study to 
assess the feasibility of such strategies in ARDS patients 
with proposed method should be conducted.

Conclusion
Our data provide personalized optimal mPaw titration 
in HFOV with EIT-based indices, which may provide 
a new insight of regional ventilation distribution and 
lung homogeneity during high-frequency oscillatory 
ventilation.
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