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BACKGROUND: Spontaneous breathing (SB) activity may improve gas exchange
during mechanical ventilation mainly by the recruitment of previously collapsed
regions. Pressure support ventilation (PSV) and biphasic positive airway pressure
(BIPAP) are frequently used modes of SB, but little is known about the mechanisms
of improvement of lung function during these modes of assisted mechanical
ventilation. We evaluated the mechanisms behind the improvement of gas ex-
change with PSV and BIPAP.

METHODS: Five pigs (25-29.3 kg) were mechanically ventilated in supine position,
and acute lung injury (ALI) was induced by surfactant depletion. After stabiliza-
tion, BIPAP was initiated with lower continuous positive airway pressure equal to
5 cm H,O and the higher continuous positive airway pressure titrated to achieve a
tidal volume between 6 and 8 mL/kg. The depth of anesthesia was reduced, and
when SB represented =20% of total minute ventilation, PSV and BIPAP + SB were
each performed for 1 h (random sequence). Whole chest helical computed
tomography was performed during end-expiratory pauses and functional variables
were obtained. Pulmonary blood flow (PBF) was marked with IV administered
fluorescent microspheres, and spatial cluster analysis was used to determine the
effects of each ventilatory mode on the distribution of PBF.

RESULTS: ALI led to impairment of lung function and increase of poorly and
nonaerated areas in dependent lung regions (P < 0.05). PSV and BIPAP + SB
similarly improved oxygenation and reduced venous admixture compared with
controlled mechanical ventilation (P < 0.05). Despite that, a significant increase of
nonaerated areas in dependent regions with a concomitant decrease of normally
aerated areas was observed during SB. In five of six lung clusters, redistribution of
PBF from dependent to nondependent, better aerated lung regions were observed
during PSV and BIPAP + SB.

CONCLUSIONS: In this model of ALI, the improvements of oxygenation and venous
admixture obtained during assisted mechanical ventilation with PSV and BIPAP +
SB were explained by the redistribution of PBF toward nondependent lung regions
rather than recruitment of dependent zones.

Controlled mechanical ventilation may be neces-
sary to achieve adequate gas exchange and reduce the
work of breathing in patients with acute lung injury
(ALI)."® However, clinical and experimental studies
have shown that spontaneous breathing (SB) activity
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may improve gas exchange and lung function during
mechanical ventilation, as well as reduce the need for
sedation, cardio-circulatory drug support*® and
even mitigate atrophy of diaphragm myofibers.”
Controlled mechanical ventilation with deep sedation
and/or muscle paralysis also modifies the displace-
ment pattern of the diaphragm.®® The unopposed
increase of intraabdominal pressure may reduce the
transpulmonary pressure in dependent lung regions,
promoting lung collapse®® and redistributing tidal
ventilation toward nondependent regions.'”!" In this
context, SB activity may contribute to restoring the
physiological displacement of the diaphragm, improv-
ing regional ventilation of dependent lung regions'?
and enhancing hemodynamics through decreased in-
trathoracic pressure.>'*'> The recruitment of dorsal
and usually better perfused lung regions through
inspiratory efforts is considered the main mechanism
behind the improvement in gas exchange during



Volume Controlled Assisted Ventilation
Ventilation (Decelerating Flow Pattern)
(Square Flow Waveform) PSV and BIPAP+SB
CT, Microspheres CT, Microspheres CT, Microspheres
and Functional Data and Functional Data and Functional Data
Start Randomization
] >
Baseline Injury Therapy 1 Therapy 2 End of the Experiment
Resuming =5 Lung Extraction

Figure 1. Time course of interventions. Therapy 1 and 2 correspond to the sequence of spontaneous breathing (pressure support
ventilation [PSV] or biphasic positive airway pressure [BIPAP] + spontaneous breathing [SB]) after the randomization.

assisted ventilation,>®'? but this concept was chal-
lenged recently.'®

Pressure support ventilation (PSV) and biphasic
positive airway pressure with SB (BIPAP + SB), both
characterized by decelerating inspiratory flow pat-
terns, are frequently used modes of mechanical venti-
lation in the clinical arena. Although PSV supports
every triggered breath with positive pressure, BIPAP
allows SB without support at two different airway
pressure levels. This may lead to enhanced ventilation
and perfusion of dependent lung regions, making
BIPAP + SB superior to PSV.>' However, more
recent works have suggested that PSV and BIPAP +
SB similarly improve gas exchange when compared
with controlled mechanical ventilation in experimen-
tal ALL'®'®

The main objective of this study was to identify the
mechanisms behind the improvement in lung function
during PSV and BIPAP + SB. For this purpose, we
assessed the distribution of lung aeration and the
spatial distribution of changes in pulmonary perfu-
sion, so-called clusters, during PSV and BIPAP + SBin
experimental ALL. We hypothesized that redistribu-
tion of pulmonary blood flow (PBF) toward better
aerated regions plays an important role in the
improvement of oxygenation during PSV and
BIPAP + SB.

METHODS
Experimental Protocol

The protocol of this study was approved by the
local animal care committee and the Government of
the State of Saxony, Germany. Figure 1 shows the
sequence of interventions performed, which are de-
scribed in detail in this section. Five female pigs were
anesthetized and mechanically ventilated with
volume-controlled mode with inspiratory square flow
waveform using a tidal volume (V) = 12 mL/kg,
LE = 11, inspired oxygen fraction (Fro,) = 0.5,
positive end-expiratory pressure = 5 cm H,O, and
respiratory rate (RR) set to achieve an arterial pressure
of carbon dioxide (Paco,) between 30 and 45 mm Hg.

Measurements of Functional Variables

Airway (Paw) and esophageal (Pes) pressures as
well as airflow (V) were continuously recorded.!® The
product of Pes versus time (PTP) was calculated

during inspiration, taking the first value at the beginning
of the inspiratory cycle as offset. Respiratory drive (P )
was assessed as the difference between Paw at the
beginning of inspiration and 100 ms thereafter.'® Mean
systemic and pulmonary arterial pressures as well as
central venous and pulmonary artery wedge pressures
were measured. Cardiac output, venous admixture, and
oxygen delivered and consumption were calculated us-
ing standard formulas.”

Computed Tomography

Helical computed tomography (CT) scans of the
whole lung were obtained with a Somatom Sensation
16 (Siemens, Erlangen, Germany) during controlled
mechanical ventilation, before and after the induction
of ALI, as well as during assisted mechanical ventila-
tion with PSV and BIPAP + SB. Scans were obtained
during breath-hold maneuvers at end-expiratory pres-
sure and with simultaneous clamping of the endotra-
cheal tube. The CT scanner was set as follows: collimation,
16 X 0.75 mm; pitch, 1.35; bed speed, 38.6 mm/s;
voltage, 120 kV; and tube current-time product, 120
mAs. Images were reconstructed with slices of 5 mm
thickness, without gaps between slices, yielding im-
ages with 512 X 512 pixels with a surface of 0.443 X
0.443 mm? (voxel size = 0.98 mm?).

The radiograph attenuation of each pixel, expressed
in Hounsfield units (HU), was primarily determined
by the density (mass/volume ratio) of the tissue and
expressed as the CT number, ie., CT/(—1000) =
(volume of gas/[volume of gas + volume of tissue]).
The attenuation scale arbitrarily assigns to bone a
value of 1000 HU (complete absorption), to air a value
of —1000 HU (no absorption), and to water a value of
0 HU; blood and lung tissue have a density ranging
between 20 and 40 HU.>"** After manual segmenta-
tion of the region of interest, images were analyzed for
calculation of total lung and total gas volumes as well
as total lung mass and percentages of hyperaerated
(—1000 to —900 HU), normally aerated (—900 to —500
HU), poorly aerated (—500 to —100 HU), and nonaer-
ated (—100 to +100 HU) compartments in total lung
volume, as suggested elsewhere.?!*?

The lung volume (i.e., the sum of gas plus tissue
volume) was calculated as follows: ([size of the
pixel]* X slice thickness X total number of pixels of
the region of interest for the whole lung). Weight of
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lungs was calculated as: ([1 — CT/—1000] X [size of
the pixel]® X slice thickness X total number of pixels
of the region of interest for the whole lung).*

To assess the regional distribution of aeration in
noninjured and injured lungs as well as in controlled
and assisted ventilation, the whole lung was divided
into 10 zones in the cranio-caudal and also the ventro-
dorsal axes. The median CT-scan attenuation and the
volume of each zone were calculated.

Three-dimensional volume meshes were created by
masking the lung boundary of each compartment with
a routine written in Matlab (MathWorks) by one of the
authors (ARC). Color mapping was used to represent
lung aeration compartments.

Distribution of PBF

Regional PBF was marked with IV administered
fluorescent, color-labeled 15-um diameter micro-
spheres before and after induction of lung injury in
controlled mechanical ventilation as well as during
assisted mechanical ventilation with PSV and BIPAP + SB.
The colors used were blue-green, carmine, crimson,
red, orange, scarlet, and yellow-green. A different
color was assigned randomly and administered at
each timepoint to mark regional perfusion under
each experimental condition. Immediately before
injection, the microspheres were vortexed, sonicated
for 90 s, and drawn into a 2-mL syringe. All
injections were performed over 60 s to average
blood flow over several cardiac cycles and Vis.
During injection, approximately 1.5 X 10° micro-
spheres were administered.

Postmortem processing of lungs was performed as
previously described.” Briefly, lungs were flushed
with 50 mL/kg of a hydroxyethyl starch 130/0.4
solution (Voluven, Fresenius Kabi, Bad Homburg,
Germany) and air-dried by continuous tracheal air-
flow for 7 days (continuous pressure of 25 cm H,0).
The lungs were then coated with a one-component
polyurethane foam (BTI Befestigungstechnik, Ingelfin-
gen, Germany), suspended vertically in a square box,
and embedded in rapidly setting urethane foam
(polyol and isocyanate, Elastogran, Lemforde, Ger-
many). The foam block was cut into cubes of 1.3 cm®.
Each cube was weighed and assigned a three-
dimensional coordinate. The samples were then
soaked for 2 days in 2 mL of 2-ethoxyethyl acetate
(Aldrich Chemical, Milwaukee, WI) to retrieve the
fluorescent dye. The fluorescence was read in a lumi-
nescence spectrophotometer (LS-50B; Perkin-Elmer,
Beaconsfield, UK). The measured intensity of fluores-
cence in each probe was normalized according to its
own weight using Eq. 1:

Qrel,i = xi/(Exi)/n (1)
where Qrel’i is the weight-normalized relative PBF of
the probe i; x; is the obtained fluorescence divided by
the weight of the probe i, and n is the number of
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probes. The mean normalized relative flow was
therefore 1.0.

The distribution of PBF along the cranio-caudal and
ventro-dorsal axes under each experimental condition
was assessed by means of linear regression. Addition-
ally, a three-dimensional reconstruction of the lung
was performed, considering the spatial coordinates of
each lung piece and the PBF at each of the x, y, and z
coordinates. Color mapping was used to identify the
regional distribution of PBF based on Qe The color
map was then normalized by the maximum Q. under
each experimental condition, resulting in a color scale
ranging from dark blue (0.0, lowest perfusion) to dark
red (1.0, highest perfusion). Thereafter, the lungs were
divided into 10 zones of equal heights along the
cranio-caudal and ventro-dorsal axes, as described, for
CT analysis. The relative blood flow content (Q,q
content) of each zone was calculated taking the sum of
Q.a; in that zone divided by the sum of Q. in the
whole lung. The volume of each zone was also com-
puted by the simple arithmetical sum of each lung
piece in that zone.

The spatial representation of the lung volume
meshes and the distribution of PBF were obtained
using a routine written in Matlab (MathWorks) by one
of the authors (ARC).

Experimental Protocol

After instrumentation, animals were allowed to
stabilize for 15 min (baseline). ALI was induced by
repetitive lung lavage until the Pao,/F10, ratio de-
creased to <200 mm Hg and did not spontaneously
recover during a 30-min period.** The endotracheal
tube was disconnected from the ventilator and
warmed isotonic saline solution (30 mL/kg, 37°C-
39°C) was instilled (height of approximately 40 cm
above the endotracheal tube). After that, the fluid was
retrieved passively by gravity drainage. Further la-
vages were performed if Pao,/F10, ratio exceeded 200
mm Hg. The countdown of 30 min was restarted in
this case. After injury stabilization, the ventilator was
switched to BIPAP with lower continuous positive
airway pressure (CPAP,,,,) = 5 cm H,O, higher CPAP
(CPAPy,zp,) titrated to obtain Vi between 6 and 8
mL/kg, and RR to achieve Paco, between 50 and 60
mm Hg without SB. The depth of anesthesia was
reduced (0.5-1.5 mg-kg™'-h™!, midazolam; 4-6
mg - kg ' -h™!, ketamine; and 0.1-0.3 ug-kg ' -h™",
remifentanil), and when SB represented more than
20% of total minute ventilation, the ventilatory mode
was switched to PSV or BIPAP + SB. During PSV,
pressure support was set to obtain V between 6 and
8 mL/kg, the flow trigger was 2.0 L/min, and the
cycling-off criteria was 25% of peak flow. During
BIPAP + SB, the LE ratio was adjusted to obtain mean
Paw in the range of 8-10 cm H,O to permit compara-
bility with the PSV mode. The animals’ lungs were
then ventilated for a period of 1 h with each mode
(random sequence).



Table 1. Respiratory Variables

Controlled ventilation (square
inspiratory flow pattern)

Assisted ventilation (decelerating
inspiratory flow pattern)

Baseline Injury PSV BIPAP + SB
MV
Total (L/min) 45 (3.3-6.8) 3.6 (3.3-4.6) 6.8t (5.8-7.1) 7.1% (4.9-7.3)
Controlled (L/min) 4.5 (3.3-6.8) 3.6 (3.3-4.6) — 1.5 (1.3-1.6)
Spontaneous (L/min) — — — 5.3 (3.6-5.6)

Vr
Total (mL) 324.7 (320.7-333.4)
Controlled (mL) 324.7 (320.7-333.4)
Spontaneous (mL) —

RR

332.0 (313.5-333.2)
332.0 (313.5-333.2) —

160.1t (130.4-165.1)  109.9+t (91.0-113.4)
157.8 (141.4-169.2)

93.2 (86.5-109.4)

Total (/min) 14(10-20) 12 (10-13) 351 (31-52) 55t (49-66)
Controlled (/min) 14 (10-20) 12 (10-13) — 10 (6-12)
Spontaneous (/min) — — — 45 (39-60)

Ppeak
Total (cm H,O)
Controlled (cm H,0O) 18.9 (18.8-19.2)
Paw mean (cm H,O) 10.7 (10.5-10.8)
Py, (em H;O) -
PTP (cm H,O+s-min~ %) —

18.9 (18.8-19.2)

31.7% (30.1-32.6)

31.7* (30.1-32.6) —

14.9* (13.3-15.3)
— 0.43 (0.4-0.6)
— 30.8 (15.3-39.7)

22.1t (21.8-22.5) 10.5% (9.8-11.6)

223t (22.0-22.5)

9.4t (9.1-9.8)
49t (2.2-5.2)

168.61 (106.4-192.2)

7.8t (7.6-8.9)

Values provided as median (interquartile ranges).

PSV = pressure support ventilation; BIPAP + SB = biphasic positive airway pressure + spontaneous breathing; MV = minute ventilation; V; = tidal volume; RR = respiratory rate; Ppeak =
peak airway pressure; Paw mean = mean airway pressure; P, ; = airway pressure gradient measured at 100 ms after start of inspiration; PTP = inspiratory pressure time product of esophageal

pressure; —, not applicable.
* P < 0.05 versus baseline; T P << 0.05 versus injury; £ P < 0.05 versus PSV.

CT-scan images, fluorescent microspheres injection,
and functional variables measurements were per-
formed under each experimental condition (Fig. 1).
Animals were then killed by IV administration of 2 g
of thiopental and 50 mL of KCI (1 M), and lungs were
extracted for determination of PBF distribution.

Postmortem Lung Processing

Lungs were air-dried at 25 cm H,O for 7 days and
cut into pieces of approximately 1.33 mm?®. The inten-
sity of fluorescence in each piece was measured and
normalized for its own weight.*®> A three-dimensional
reconstruction of the lung was performed, considering
the spatial coordinates of each lung piece and the PBF
at each of the x, y, and z coordinates. Thereafter, lungs
were divided into 10 zones along the cranio-caudal
and ventro-dorsal axes and the relative blood flow
content of each zone was calculated.

Cluster Analysis

For each animal, lung pieces sharing similar char-
acteristics of change in PBF were grouped into clus-
ters. In addition, meta-cluster analysis was used to
identify stereotypical changes in PBF that were com-
mon to all animals.” For this purpose, the pieces from
all animals were merged into one dataset and the
nonhierarchical clustering method was used to iden-
tify clusters that have the same pattern across all
animals. Accordingly, clustering of pieces from indi-
vidual animals shows whether changes in flow over
each experimental condition occur in different parts of
the lung, and the meta-clustering demonstrates

whether the pattern of change is common across
animals.

To verify if a single dominant animal influenced the
clustering processing in the meta-cluster, the amount
of each animal’s pieces in each respective cluster was
calculated. Because five animals were studied, we
expected that the ideal cluster from the meta-cluster
procedure should be composed of a fraction of 20% of
pieces per animal. However, values between 20% =+
10% were accepted.

The clusters were created without reference to the
spatial location of pieces within the lung. To display
and assess spatial clustering using data from meta-
clusters, a “meta-lung” was created by linear transfor-
mations (stretching and compressing) along the x, y,
and z axes of the coordinates for each animal, as
previously proposed.*

Statistical Analysis

Values are presented as median and interquartiles
(1st quartile-3rd quartile). Comparisons were per-
formed using Wilcoxon’s test for paired data (Soft-
ware package SPSS, version 12.0, Chicago, IL), and the
Bonferroni-Holm procedure was used to adjust for
multiple tests. Statistical significance was set at P
<0.05.

RESULTS

Surfactant depletion increased Paw (Table 1), im-
paired oxygenation, and worsened venous admixture
(Table 2). Furthermore, increases in total lung volume,
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Table 2. Gas Exchange, Hemodynamics, and Oxygen Transport/ Consumption

Controlled ventilation (square flow
waveform)

Assisted ventilation (decelerating flow

pattern)

Baseline

Injury

PSV

BIPAP + SB

Gas exchange

Pao,/Fio, (mm Hg)  533.2 (517.6-536.8)

Ova/ O (%) 5.5 (5.1-6.9)
Paco, (mm Hg) 33.1 (30.9-36.7)
Hemodynamics
CO (L/min) 2.5(2.2-3.2)
HF (/min) 72 (72-76)
MAP (mm Hg) 77 (69-90)
MPAP (mm Hg) 22 (16-23)
CVP (mm Hg) 10 (7-12)
PCWP (mm Hg) 13 (12-14)

126.0* (102.0-141.4)
26.1% (25.2-33.1)

37.2 (35.4-37.8)

262.8+ (243.2-290.4)
16.71 (9.8-17.4)

55.0t (49.6-55.8)

218.8+ (198.2-229.4)
19.2+ (13.5-19.7)

66.21 (65.9-68.0)

2.0% (2.0-3.0) 2.8 (2.7-3.3) 3.3t (3.2-3.9)
67 (57-79) 86 (79-103) 9611 (91-113)
69 (69-74) 76+ (71-83) 69 (68-76)

30* (28-32) 30 (29-35) 35 (30-36)
10 (10-11) 8 (7-10) 7 (7-8)

15 (13-16) 12 (11-14) 12 (8-12)

PVR (dyn-s-cm™)

SVR (dyn s -cm™)

Oxygen transport and
consumption

DO, (mL/min) 356.8 (281.6-391.4)
VO, (mL/min) 105.3 (86.4-138.2)

260.5 (125.8-288)
1994.2 (1711.6-2414.4)

627.5* (333.3-800.0)
1594.6 (1547.6-2313.7)

274.4% (237.3-287.3)
135.6 (106.7-142.7)

407.2 (388.1-690.6)
1628.7 (1552.2-2303.0)

509.1 (456.0-573.3)
1285.01 (1236.4-1719.9)

419.0t (326.9-465.1)
153.4 (124.5-158.5)

450.6t (381.1-468.5)
104.0 (99.7-107.7)

Values provided as median (interquartile ranges).

PSV = pressure support ventilation; BIPAP + SB = biphasic positive airway pressure + spontaneous breathing; Pao,/Fio, = ratio between arterial pressure of oxygen and inspired oxygen
fraction; QVA/ Q. = venous admixture; Paco, = arterial pressure of carbon dioxide; CO = cardiac output; HF = heart frequency; MAP = mean arterial blood pressure; MPAP = mean pulmonary
arterial pressure; CVP = central venous pressure; PCWP = pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; SVR = systemic vascular resistance; DO, = oxygen delivery;

VO, = oxygen consumption.
* P < 0.05 versus baseline; T P < 0.05 versus injury; £ P < 0.05 versus PSV.

Table 3. Computed Tomography Data

Controlled ventilation (square
inspiratory flow pattern)

Assisted ventilation (decelerating
inspiratory flow pattern)

Baseline

Injury

PSV BIPAP + SB

1015.1 (809.8-1161.9)
718.4 (518.9-800.5)
296.7 (290.9-361.5)

3.0 (1.4-3.5)
81.9 (77.0-83.1)
11.5 (10.8-14.0)

2.6 (2.4-3.3)

Total lung volume (mL)
Total gas volume (mL)
Total lung mass (g)
Hyperinflated (% Vol)
Normally aerated (% Vol)
Poorly aerated (% Vol)
Nonaerated (% Vol)

1025.9% (947.2-1295.5)
621.0 (524.7-753.2)
495.5* (422.4-542.3)
2.3 (1.7-3.1)
63.3* (61.2-69.0)
20.0 (17.5-22.8)
11.5% (10.4-14.6)

797.7+ (706.6-974.1)
320.5+ (237.0-324.4)
560.7 (382.2-566.9)
0.9 (0.5-2.4)
42 4t (33.0-49.0)
29.5 (24.3-29.8)
32.7t (25.2-34.6)

832.2t (825.1-948.2)
310.7+ (290.7-436.0)
522.8 (389.1-541.5)
0.9 (0.8-2.1)
43,5t (34.9-54.6)
24.6 (20.2-26.1)
28.7+ (25.3-29.9)

Values provided as median (interquartile ranges). Hyperaerated, normally aerated, poorly aerated, and nonaerated compartments were computed according to references.

21,22

PSV = pressure support ventilation; BIPAP + SB = biphasic positive airway pressure + spontaneous breathing.

* P < 0.05 versus baseline; T P < 0.05 versus injury; £ P < 0.05 versus PSV.

total lung mass, and volume of nonaerated areas were
observed (Table 3).

As shown in Table 1, total minute ventilation
increased with both modes of assisted mechanical
ventilation (P < 0.05). The reduction of V1 during PSV
and BIPAP + SB was accompanied by an increase in
the total RR (P < 0.05). Additionally, a significant
reduction of total gas volume and the volume of
normally aerated areas were observed (P < 0.05, Table
3). Despite this, oxygenation increased and venous
admixture decreased with both modes of assisted
compared with controlled mechanical ventilation (P <
0.05), whereas P, ; and PTP were higher during BIPAP +
SB than PSV. No significant differences between PSV
and BIPAP + SB were observed with regard to gas
exchange and distribution of aeration (Table 3).
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Regional Distribution of Aeration and PBF

Figure 2 shows the three-dimensional representa-
tion of the distribution of lung aeration and PBF for
one representative animal. At baseline, nonaerated
areas were constrained to the most caudal regions.
After induction of ALI, nonaerated areas increased in
the dorsal lung zones, whereas normally aerated areas
could be observed mainly in ventral and cranial
regions. During PSV and BIPAP + SB, the amount of
nonaerated areas in dorsal parts of the lungs increased
further (Figs. 2 and 3A, left panels). Similarly, after
ALI, PBF shifted from caudal and dorsal to cranial and
ventral lung regions, respectively (P < 0.05). During
PSV and BIPAP + SB, PBF further decreased in dorsal
and caudal areas, but no differences were observed
between modes (Figs. 2 and 3A, right panels).



MNon-Aersted

Figure 2. Three-dimensional representation of the distribution of aeration assessed by static computed tomography (CT), and the
spatial distribution of weight-normalized relative pulmonary blood flow (PBF) in one representative animal. CT images were
obtained at the end of expiration. The x, i, and z axes represent the spatial orientation of lungs. Two different projections are shown:
the upper row presents a frontal plan projection and the lower row presents the same lungs rotated by 120° around the vertical axis
(2). Red represents hyperaerated (—1000 to —900 Hounsfield units [HU]); blue, normally aerated (—900 to —500 HU); gray, poorly
aerated (—500 to —100 HU); and pink, nonaerated areas (—100 to +100 HU). Color mapping was used to illustrate PBF, with the
color intensity normalized by the maximum PBF at each experimental condition. The normalized color bar is presented with dark
blue and red, representing the lowest and highest perfusion levels, respectively. Note the increase of poorly and nonaerated areas
from the caudal to cranial and dorsal to ventral areas after induction of acute lung injury, as well as during assisted spontaneous
breathing with pressure support ventilation (PSV) and with biphasic positive airway pressure and spontaneous breathing (BIPAP

+ SB). Also note the redistribution of PBF toward better aerated cranial and ventral lung regions.

Cluster Analysis

Figure 4 shows the results of the cluster analysis for
the same animal. Lung pieces could be grouped into
six main clusters in that animal (Fig. 4A, left panels).
Cluster A presented an almost constant distribution of
PBE. Cluster B presented a pattern of increase of PBF
through all experimental interventions, whereas Clus-
ter C presented the opposite pattern. Cluster D pre-
sented a decrease of PBF from controlled to assisted
ventilation with PSV and BIPAP + SB, whereas Clus-
ter F presented the opposite pattern. Cluster E pre-
sented a pattern of increase of PBF from baseline to
injury, with a decrease of PBF from injury to PSV and
BIPAP + SB.

The spatial distribution of clusters (Fig. 4A, right
panel) evidenced a reduction of PBF in caudal and
dorsal regions between baseline and injury (Cluster
C), with a concomitant increase in the cranial and
ventral regions (Clusters B and E). During PSV and
BIPAP + SB, a further reduction of PBF in caudal
and dorsal regions was observed (Clusters C, D, and
E), as well as an increase in PBF to cranial and ventral
regions (Clusters B and F).

Figure 4B shows the six clusters of the meta-cluster
analysis (Fig. 4B, left panel). Cluster A presented an
almost constant pattern of PBF under all experimental
conditions. Cluster B presented an increase of PBF
after SB was resumed, whereas Cluster F presented
the opposite pattern. Cluster C presented a decrease
of PBF throughout the experimental conditions,
whereas Cluster D presented the reverse pattern.
Cluster F presented an increase of PBF from baseline
to injury and a decrease of PBF from controlled

ventilation to SB. Figure 4B (middle panels) shows
the percentages of the number of pieces of each
animal related to the total amount of pieces of the
meta-lung. Note that the clustering process was
quite representative of the overall behavior. Figure
4B (right panels) shows the spatial distribution of
meta-clusters. As can be observed, the clusters that
presented a reduction in PBF were located in dorsal
and caudal regions, whereas the clusters that pre-
sented an increase in PBF were located in ventral
and cranial regions of lungs.

DISCUSSION

The main findings of this study were that: 1) in a
surfactant depletion model of ALIL, PSV and BIPAP +
SB led to similar improvement in oxygenation and
reduction in venous admixture compared with con-
trolled mechanical ventilation; 2) P,, and PTP were
higher with BIPAP + SB than with PSV; 3) neither PSV
nor BIPAP + SB resulted in increased aeration of
dependent lung regions compared with controlled
mechanical ventilation; 4) during PSV and BIPAP +
SB, pulmonary perfusion shifted from dependent to
nondependent lung regions.

Regional Distribution of Aeration and PBF During
Controlled Mechanical Ventilation

Controlled mechanical ventilation with muscle
paralysis modifies the displacement pattern of the
diaphragm.®” Accordingly, normally aerated and hy-
peraerated areas are usually located in nondependent
regions, whereas poorly aerated and nonaerated areas
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Figure 3. Left column: Regional distribution of computed tomography (CT) attenuation, expressed in Hounsfield units (HU),
in 10 zones of lungs along the cranio-caudal (upper panels) and ventro-dorsal (lower panels) axes at Baseline and Injury (A)
as well as at institution of pressure support ventilation (PSV) and biphasic positive airway pressure (BIPAP), respectively (B).
The horizontal lines marked the ranges for each compartment in the CT attenuation plot. Symbols represent the median at
each measurement condition, with circles, triangles, stars, and squares representing Baseline, Injury, assisted ventilation with
PSV, and assisted ventilation with BIPAP, respectively. Right column: Regional distribution of the weight-normalized relative
pulmonary blood flow content (PBF) in 10 zones along the cranio-caudal (upper panels) and ventro-dorsal (lower panels)
axes. Vertical bars represent 1st and 3rd quartiles. *P < 0.05, Baseline versus Injury (controlled ventilation).

are seen in dependent lung regions.'” Our results are
in agreement with these observations.

The meta-cluster analysis showed a consistent pat-
tern of changes in regional distribution of PBF across
animals. Although PBF decreased in dorsal regions, an
increase of blood flow in ventral regions occurred.
However, no differences in the regional distribution of
PBF were observed in more central parts of the lungs
after induction of ALI, even though these regions
presented large amounts of poorly or nonaerated lung
tissue. The reduced but still present blood flow
through the dorsal and caudal regions likely explains
the increased venous admixture and the reduced
Pao,/F10, ratio under controlled ventilation after in-
duction of ALL

Regional Distribution of Aeration and PBF During PSV
and BIPAP + SB

SB activity has been proposed as an alternative to
improve respiratory function and reduce sedation and
circulatory drug support during ALL®> Although it
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cannot be considered a “gold standard,” PSV is the
most frequently used form of assisted mechanical
ventilation in the clinical setting.*® During PSV, every
flow- or pressure-triggered breath is assisted with
positive pressure, helping to unload the respiratory
muscles and to reduce the work of breathing, as well
as to enhance the synchrony between subject and
mechanical ventilator. However, depending on the
settings of the mechanical ventilator, excessive un-
loading of respiratory muscles can also lead to loss of
movement of the diaphragm, especially in the poste-
rior muscular sections, which would reduce the
transpulmonary pressure in dependent lung regions
and mimic-controlled ventilation.>®*!

On the other hand, BIPAP + SB supports inspira-
tion only if it begins simultaneously with the change
from CPAPy,, to CPAPy;.,, but nonsupported breath-
ing is possible in both levels. Although nonsupported
breaths are associated with increased work of breath-
ing, they may be useful to improve ventilation of
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Figure 4. A, Patterns of changes in the residuals of the weight-normalized pulmonary blood flow of the pig presented in Figure
1, at each experimental intervention (B = baseline; I = injury; PSV = pressure support ventilation; Bi = biphasic positive
airway pressure, left panels). Changes in flow for a piece at each specified experimental condition was calculated as the

difference between the Q. at that condition and the mean Q,, throughout all experimental interventions. Six patterns of
changes in pulmonary blood flow (clusters) were identified by the nonhierarchical analysis. Each cluster is depicted with
different colors (left panels, Clusters A-F). The number of pieces in each cluster and the percentage of each cluster in the total
lung are also exhibited above each panel. Right: Three-dimensional representation of the spatial distribution of the six
color-coded clusters. B, Clusters identified through the nonhierarchical clustering method throughout all experimental
conditions in all animals (meta-cluster analysis). The number of pieces in each cluster and the percentage of each cluster in
the total meta-lung are also exhibited above each panel. The bold lines represent the mean value of the respective color-coded
cluster. Middle panels: Percentage (number of occurrences) of pieces from each animal (A1-A5) in the respective clusters;
horizontal lines mark the range of 20% * 10%. Right: Three-dimensional representation of the spatial distribution of the six
color-coded clusters (meta-lung). Two different projections are shown. The upper right panel presents a frontal plan
projection and the lower right panel presents the same picture rotated by 120° along the vertical axis (z). The x, y, and z axes
represent the spatial orientation of the meta-lung.

dependent lung areas by means of contraction of the
posterior muscular sections of the diaphragm and also
increase lung perfusion through reduction of intratho-
racic pressure. Accordingly, different authors have
suggested that BIPAP + SB leads to an improvement
in lung function when compared with PSV, as a
consequence of the better matching of ventilation/
perfusion ratio in dependent regions.'””'® However, the
distribution of PBF is influenced by different factors,
such as gravity, the fractal structure of pulmonary cap-
illaries, trans-capillary pressure gradients, and, most
importantly, hypoxic pulmonary vasoconstriction.”
Our findings are in line with previous studies
showing that PSV and BIPAP + SB improve oxygen-
ation and reduce venous admixture compared with
controlled ventilation.'®™'® Additionally, our results

showed a significant increase in the respiratory drive
and in PTP, which reflects the respiratory effort and
the oxygen consumption of the respiratory muscles,*
during BIPAP + SB compared with PSV. Thus, we
expected that the respiratory muscles, and more par-
ticularly the diaphragm, would generate higher
transpulmonary pressures in dependent zones during
BIPAP + SB, resulting in recruitment and improved
ventilation/perfusion matching in those zones. How-
ever, the improvement in pulmonary function could
not be attributed to increased end-expiratory lung gas
volumes or normally aerated areas. This result is
somewhat surprising, given that the surfactant deple-
tion model is believed to be a very recruitable model
of ALL**?® However, we cannot exclude the possibil-
ity that SB may have influenced the distribution of

863



regional ventilation or that intratidal lung recruitment
occurred.

It is worth noting that the redistribution of intrapul-
monary gas with PSV and BIPAP + SB was followed
by the same pattern of the redistribution of PBF. Two
clusters representing 33% of the total lung tissue and
situated in ventral areas revealed an increase of PBF
with PSV and BIPAP + SB. In contrast, two other
clusters representing 14% of lung tissue and situated
in dorsal areas showed a decrease of PBF. These
findings support the hypothesis that improved re-
gional aeration/perfusion matching occurred during
assisted ventilation with PSV and BIPAP + SB. On the
other hand, the regional distribution of aeration and
PBF did not differ between PSV and BIPAP + SB, as
we expected. The most likely explanation for redistri-
bution of PBF toward nondependent lung regions is
that peak and mean Paw were lower during PSV and
BIPAP + SB than during controlled mechanical ven-
tilation. Thus, lung capillaries in nondependent lung
zones probably had lower impedance to perfusion,
allowing more efficient hypoxic pulmonary vasocon-
striction in dependent areas. Because both PSV and
BIPAP + SB used decelerating inspiratory flow,
whereas controlled ventilation used square inspira-
tory flow, we also cannot exclude that redistribution
of airway-alveolar flow improved ventilation in nonde-
pendent zones during assisted compared with con-
trolled mechanical ventilation. In addition, it is possible
that the rapid shallow breathing pattern and hypercap-
nia observed during assisted mechanical ventilation fur-
ther contributed to a shift of ventilation to nondependent
zones.

In contrast to our study, other authors have re-
ported increased oxygenation and reduced venous
admixture with BIPAP + SB compared with PSV."”
This is possibly explained by the fact that those
authors did not match assisted ventilation modes for
both mean Paw and minute ventilation simulta-
neously, as performed in this work. Our findings also
differ from the clinical reports by Cereda et al.** and
Putensen et al."” One possible explanation is that
patients investigated in those studies may have pre-
sented more severe lung injury. Another possible
reason is that patients with ALI/acute respiratory
distress syndrome may exhibit blunted hypoxic pul-
monary vasoconstriction® because of the inhibitory
effects of proinflammatory mediators, nitric oxide,
and endotoxin itself.**™*

Possible Clinical Implications

Our findings contribute to further understand the
physiological mechanisms leading to improvement of
Pao, and reduction of venous admixture when switch-
ing from controlled to assisted spontaneous mechani-
cal ventilation. According to our data, redistribution
of PBF from dependent toward nondependent, better
aerated regions, which is closely related to preserved
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hypoxic pulmonary vasoconstriction, may play a piv-
otal role in improvement of oxygenation during as-
sisted mechanical ventilation. Consequently, lack of
improvement of Pao, after resuming SB in mechani-
cally ventilated patients may suggest impairment of
hypoxic pulmonary vasoconstriction and/or diffuse
loss of lung aeration.

Limitations

This study has several limitations. First, we used a
relatively low positive end-expiratory pressure level
(6 cm H,0O), which possibly precluded the more
dependent alveolar units from being kept open at the
end of expiration, even if they may have opened
during inspiration (intratidal recruitment). Second, we
did not use a crossover design for controlled and
assisted ventilation, which may have somewhat bi-
ased our analysis. We decided for the fixed sequence
of controlled followed by assisted mechanical ventila-
tion because it more closely reflects clinical practice.
Moreover, if we had included controlled ventilation in
the randomization, redistribution of PBF during PSV
and BIPAP + SB could have “contaminated” con-
trolled ventilation (carryover effect). Third, we evalu-
ated only immediate physiological effects of PSV and
BIPAP + SB. Thus, we cannot exclude that these
modes may lead to recruitment of dependent lung
zones over the long term. Fourth, depth of sedation
was increased during controlled compared with
assisted mechanical ventilation. However, the drugs
we used, namely midazolam, ketamine and remifen-
tanil, seem not to influence the tonus of pulmonary
vasculature.***! Fifth, it must be kept in mind that
our evaluation was performed in a model of ALI
that does not reproduce all features of the more
complex human ALI/acute respiratory distress syn-
drome. Because PSV and BIPAP + SB seem to be
more likely to result in improved lung function
when the hypoxic vasoconstriction reflex is pre-
served, extrapolation of our results to the clinical
scenario must consider this fact.

We conclude that in a surfactant depletion model of
ALL PSV and BIPAP + SB improve oxygenation and
reduce venous admixture to similar extents compared
with controlled ventilation. Such effects are better
explained by redistribution of lung perfusion toward
nondependent lung zones than recruitment of depen-
dent lung regions.
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