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CRITICAL CARE MEDICINE

IANESTHESIOLOGY ABSTRACT

Background: Pulmonary capillary blood volume is a major determinant of
lung gas transport efficiency and also potentially related to ventilator-induced

Eﬂects of L n Ex ansion lung injury. However, knowledge on how lung expansion influences pulmo-
u g p nary blood volume in injured lungs is scant. The hypothesis was that lung
expansion produced by positive end-expiratory pressure (PEEP) modulates the

0“ GIObaI and Regiﬂnal global and regional spatial distribution of pulmonary blood volume.
Pulmonary Blood ‘,olume Methods: In a lung injury model exposed to distinct lung expansion within

clinical range (PEEP of 5 to 20cm H,0), this study aimed to determine whole-
in a Sheep Model of Acute lung and regional blood volume, their dynamic changes, and association with
gas volume changes. Seven healthy sheep were subjected to 3h of low-lung
Lung Injury volume mechanical ventilation at a PEEP of Ocm H,0 and systemic endo-
toxemia. PEEP values of 5 (low), 20 (high), and 12 (intermediate) cm H,0
were applied to produce distinct lung expansion. Respiratory-gated positron

emission tomography with ''C-labeled carbon monoxide and four-dimensional
computed tomography were obtained to quantify blood volume and aeration.
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Results: Transpulmonary pressures were lowest at a PEEP of 12cm H,0.
Changes in whole-lung blood volume correlated with gas volume changes
between PEEP of 5 and 12¢m H,0 at end expiration (P < 0.001) and end
inspiration (P < 0.001) but not between 12 and 20cm H,0. Tissue-normalized
blood volume (VB,,....) Was heterogeneously distributed, with mean values
in nondependent regions (VB,,.,.. = 0.116 + 0.055) approximately seven

EDITOR’S PERSPECTIVE times smaller than those in mid-dependent regions (Va,,.... = 0.832 +

. . 0.132). A positive end-expiratory pressure of 12cm H,0 resulted in the most

What We Already Know about This TOpIC homogeneous Va,,..... distribution, with the largest means in mid-dependent

e Pulmonary capillary blood volume plays a major role in gas trans- regions and inspiratory 10th percentile, a measure of lowest values, through-

port efficiency within the lungs, because it is a key factor in deter- out the lung. V... increased with inspiration at PEEP of 5 and 12cm H,0
mining pulmonary diffusing capacity but decreased with a PEEP of 20 ¢cm H,0 in mid-nondependent regions.

e The question of how lung expansion influences pulmonary capillary

! L L Conclusions: During low-volume mechanical ventilation and systemic
blood volume in the injured lung remains incompletely understood

endotoxemia, lung blood volume is markedly heterogeneously distributed, and
What This Article Tells Us That Is New modulated by PEEP. Nondependent regions are susceptible to low blood vol-
ume and capillary closure. Recruitment of pulmonary vascular blood volume
with gas volume is nonlinear, limited at an intermediate PEEP, indicating its
advantage to spatial distribution of blood volume.

e |n a sheep model of endotoxemic lung injury with low-volume
mechanical ventilation, dynamic assessment of whole-lung and
regional blood and gas volume distributions with positron emission
tomography/computed tomography revealed marked heterogeneity (ANESTHESIOLOGY 2025; 142:1071-84)
in the spatial distribution of pulmonary capillary blood volume with
strong dependence on lung expansion and vertical variation

e Tissue-normalized blood volumes in nondependent lung regions
were substantially lower, indicating susceptibility to capillary closure

o Recruitment of pulmonary vascular blood volume with gas volume minant of gas transport efficiency in the lungs because it
was nonlinear, and intermediate positive end expiratory pressure  is a primary component of pulmonary diffusing capacity."?
levels of 12cm H,0 resulted in the most homogenous distribution ~ Recent studies also suggest that reduction in V. during
of tissue-normalized blood volume in this experimental model mechanical ventilation could promote ventilator-induced

ulmonary capillary blood volume (V) is a major deter-
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lung injury.** Indeed, tidal interruption of blood flow in
pulmonary capillaries during large tidal volume mechanical
ventilation produced microvascular injury in small animal
models of ventilator-induced lung injury.** Importantly,
areas of very low or no perfusion have been described in
injured large animal lungs with ventilatory settings con-
sistent with clinical practice,” suggesting susceptibility to
microvascular/endothelial injury in lungs anatomically
and functionally comparable to human lungs. Notably, in
mechanically ventilated surgical patients, reduction in V.
has been associated to alveolar-capillary damage.®

Lung expansion produced by positive pressure mechan-
ical ventilation could importantly influence V . in opposing
directions.V . has been reported to be reduced by mechani-
cal ventilation in individuals with normal lungs as compared
to spontaneous ventilation”® and further decreased by lung
expansion with positive end-expiratory pressure (PEEP).”
This has been explained by increased intrathoracic and air-
way pressures reducing venous return and increasing alve-
olar pressures above pulmonary artery pressures producing
West zone I conditions' with continuous or cyclic capil-
lary closure.>'"'? In contrast, alveolar recruitment produced
by PEEP could increase V. as a result of capillary recruit-
ment and/or vascular expansion.® Indeed, in a subset of
patients with adult respiratory distress syndrome, applica-
tion of PEEPs of 15 versus 5cm H,O resulted in increased
V.., indicating functional pulmonary vascular recruitment.®
However, there is currently little knowledge on how lung
expansion influences the magnitude and spatial distribution
of pulmonary blood volume in injured mechanically venti-
lated lungs and consequently modulates such potential lung
injury mechanisms.

Previous positron emission tomography (PET) studies have
described a ventral—dorsal positive gradient in pulmonary
blood volume® and perfusion' in spontaneously breathing

15,16 >!7 in mechani-

humans and blood volume''* and perfusion
cally ventilated lung injured sheep. Recent dual-energy com-
puted tomography (CT) data indicated a tidal inspiratory
redistribution of blood volume toward poorly ventilated lung
in surfactant-depleted pigs with significant atelectasis.'® These
studies were limited by low-resolution, single-slice, or large-
region-of-interest analyses, and not systematically addressing
lung expansion effects.'*'®2" In the current study, we use tech-
niques of respiratory-gated PET and high-resolution CT to

quantify pulmonary blood volume and aeration.
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We hypothesize that lung expansion modulates global
and regional distribution of pulmonary blood volume and
that global pulmonary blood volume increases with gas vol-
ume recruitment, with a stronger relationship from dere-
cruited to recruited states, i.e.,low to moderate levels of lung
expansion, but less so at recruited states, i.e., from moderate
to high levels. We further theorize that spatial redistribution
of blood volume in these conditions produces very low val-
ues in nondependent regions, consistent with susceptibility
to lung injury.To test these hypotheses, we assessed dynamic
whole-lung and regional blood and gas volume distribu-
tions with PET/CT in a large animal model of acute lung
injury with aeration heterogeneity comparable to that of
humans and distinct lung expansion produced with PEEP
at a broad range consistent with clinical values.

Materials and Methods

All animal procedures were approved by the Subcommittee
on Research Animal Care and the Institutional Animal
Care and Use Committee of the Massachusetts General
Hospital (approval no. 2018N000165; study title: PET/
CT-guided personalized mechanical ventilation to min-
imize ventilator-induced lung injury; approval date:
November 26, 2018) and in accordance with the Guide
for the Care and Use of Laboratory Animals published by
the National Institutes of Health (publication no. 86-23,
revised 1996)?' and in adherence to the Animal Research:
Reporting of in vivo Experiments (ARRIVE) guidelines.
Full details on the Materials and Methods are found in
the supplemental digital content (https://links.lww.com/
ALN/D889).

Experimental Protocol

Seven healthy sheep of both sexes (Ovis aries, 22.2 £
2.4kg, male/female 3/4) were premedicated and intubated.
Anesthesia was maintained with a continuous infusion of
propofol (5mg - kg™' - h™") and xylazine (50 pg - kg™' -
h™"). Paralysis was established with a rocuronium bolus at
induction (0.5mg/kg) and subsequent continuous infusion
(0.5mg - kg™' - h™"). Acute lung injury with lung derecruit-
ment was induced by 3h of low-volume mechanical ven-
tilation and systemic endotoxemia. Mechanical ventilation
settings were: volume-control mode; tidal volume = 8ml/
kg; PEEP = Ocm H,O; Fio, = 1; :E ratio = 1:2; and RR
= 25 breaths/min, adjusted to maintain the arterial car-
bon dioxide partial pressure between 32 and 45 mmHg.
Systemic endotoxemia was induced by continuous systemic
injection of lipopolysaccharide (10ng/kg/min), which
was started at beginning of injurious mechanical ventila-
tion. After 3h, the animals were transferred to the PET/
CT imaging suite and received three different levels of lung
expansion produced by PEEP applied in the order of 5
(low), 20 (high), and 12cm H,O (intermediate). This order
was used to provide a well established low lung expansion

Copyright © 2025 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

Zang et al.



Zang et al.

state (PEEP = 5cm H,0),” a high expansion state within
clinical values (PEEP = 20 cm H,0),* and an intermediate
expansion state at PEEP = 12cm H,O, a level consistent
with average lower transpulmonary and respiratory system
driving pressures and highest compliance in animals® and

2028 and associated with biomechanical benefits

patients
when established from a recruited state.” After a period of
stabilization, cardiopulmonary variables were collected, and
dynamic four-dimension PET/CT imaging scans®-’

performed at each PEEP setting.

were

Image Acquisition

["C]Carbon monoxide binds to hemoglobin with an
affinity 200 times that of oxygen to form ''C-labeled car-
boxyhemoglobin ([''"C]CO-Hb).*!' ["C]CO-Hb was used
to estimate total hemoglobin concentration, which is pos-
itively related to blood volume. [""C]CO gas with mea-
sured doses at injection time ranges between 20 and 54
mCi (33.10 + 15.74, n = 7) was produced immediately
preceding the experiment, delivered into a rebreathing cir-
cuit connected with the animal’s mechanical ventilator and
allowed to equilibrate for at least 1 min. After this equilibra-
tion, PET/CT imaging was started using respiratory-gated
positron emission tomography (GE Discovery MI PET/
CT*; GE Healthcare, USA). The respiratory signal was
added to the list mode data using input to the scanner from
the ventilator system. A single bed position covering 25 cm
and encompassing the whole lung was acquired for at least
10min. PET images were divided into 15 time epochs and
reconstructed using an ordered-subset expectation maxi-
mum algorithm with resolution and time-of-flight correc-
tions, resulting in an image matrix of 256 X 256 X 89 X
15 with a thickness of 2.8 mm and in-plane resolution of
1.953 mm.The inspiratory and expiratory images were built
from average images obtained during stable end-inspiratory
and end-expiratory periods within those 15 time epochs.
Transpulmonary and respiratory system driving pressures,
as well as end-tidal pressure of carbon dioxide, systemic and
pulmonary artery pressures were monitored at each PEEP
level, and images were only acquired once those measure-
ments were stable.

Segmentation of global lung volumes was performed in
two steps: (1) a deep-learning algorithm used to segment
the whole lung with exclusion of main bronchi and ves-
sels* and (2) a semi-automatic algorithm to exclude lung
regions affected by partial volume effect and misalignment
of PET and computed tomography images.**

Imaging Analysis

CT and lung masks were downsampled to the PET resolu-
tion. Two conditions’ end expiration and end inspiration at
each PEEP with their corresponding CT and PET frames
were investigated. Regional lung analysis was conducted in
a nondependent to dependent (vertical) direction, with the

total lung region divided into 10 regions of interest (ROIs)
with equal height along the vertical axis.

Aeration. Lung aeration was computed from Hounsfield
units (HUs) as voxel gas fraction (Fgas) = HU/—-1,000
with air = —1,000 HU (Fgas = 1) and tissue = 0 HU
(F,, = 0).* The sizes of hyperaerated (F,, = 0.9), nor-
mally aerated (0.5 < F. < 0.9), poorly aerated (0.1 <
F < 0.5), and nonaerated (ans < 0.1) regions were

gas

expressed as percentages of the total lung mass, defined as

> voxel volume X (1 — Fgas) . Voxel volume
voxels in ROI

=0.011ml.

Blood Volume. [""C]CO gas was delivered with the use of a

closed rebreathing system. Blood fraction (F was com-

ood)
puted by normalizing the voxel-level raw [“%]{CO activity
to the mean [''C]CO activity in the descending aorta (aver-
age volumeV_ =2.06 £ 0.71cm’, n = 7). Blood volume
toog < VOxel volume. The ROT in the
aorta was manually segmented with a customized toolbox
in MATLAB. Blood volume (V) was then calculated by

multiplying F

(V) was calculated as F

Hood with voxel volume at PET resolution.

voxel — level['1C | CO activity

Fhlood = So'1C JCO activity @
Q]
VB = Fplooda X voxel volume (2)

where € indicates the voxels in the descending aorta.

Tissue-normalized Blood Volume. Because lung inflation differs
in different regions and tidally,V , was normalized to tissue
volume. For this, CT was used to compute the voxel density
fraction (1 — Fgﬂs), and lung tissue volume was computed
as the amount of tissue excluding blood volume (V=
1= Fo = Figed

volume (VB,,,....) was calculated as VB,,.... =V./V

B tissue”

X voxel volume). Tissue-normalized blood

Gas-normalized Blood Volume. The ratio of regional V to
gas volume (V ), a usual whole-lung normalization,” was
applied at the local level as Vi = Vi/ Ve where V, = F.
X voxel volume.

Spatial Heterogeneity. The spatial heterogeneity of F . and
VB,issue Were assessed by the coefficient of variation (COV)
in end-expiratory and end-inspiratory images as done pre-
viously.”® COV = o/u, where 0 = SD, and p = mean of
voxel-level values.

Study Outcomes

Our primary outcome was the tissue-normalized pulmo-
nary blood volume. The secondary outcome variables were
the whole-lung and regional pulmonary blood volume and
lung aeration. We studied the relationship between those

ANESTHESIOLOGY 2025; 142:1071-84
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blood volume changes and the corresponding whole-lung
and regional gas volume changes between PEEP levels, as
well as between end expiration and end inspiration.

Statistical Analyses

Because no published data on tissue normalized blood vol-
ume are available, we used measurements of regional blood
flow,”” known to be related to blood volume,'>" to com-
pute sample size. In that previous study, regional blood flow
fraction in dependent lung regions between levels of lung
expansion similar to those studied in the current study pro-
duced a change from 0.66 £ 0.10 to 0.52 £ 0.08, yielding
an estimated sample size of at least six animals for an o error
= 0.05, power = 80%, and ¢ test with matched pairs; we
studied seven animals.

The data are presented as means + SD. Physiologic
data for each of the three levels of lung expansion (PEEPs
of 5, 12, and 20cm H,O) were compared with one-way
mixed-effects models. A two-way repeated measures
ANOVA was used to study the effect of lung expansion
levels on total lung gas volumes and total lung blood vol-
umes with an interaction term between breathing phase
and PEEP. Two-way mixed-effects models were used to
study the effect of lung expansion levels and regional dis-
tribution (10 vertical ROIs) on the end-inspiratory to end-
expiratory changes in VB,,..... and gas fractions, with an
interaction term between ROIs and PEEP. The effect of
lung expansion levels, breathing phase (end expiration and
end inspiration), and regional distribution (10 vertical ROls)
for the measured regional gas fractions, blood volume per
voxel, tissue-normalized blood volume and its 10th per-
centile, and gas-normalized blood volume were quantified
with repeated measures ANOVA with interaction terms for
each combination of ROI, PEEP, and breathing phase. We
quantified the relationship between changes in whole-lung
blood volume (y-axis) and gas-volume (x-axis) for each pair
of lung expansion levels (PEEPs of 5 and 20, 5 and 12, or
20 and 12cm H,O) at end expiration and end inspiration,
as well as between end expiration and end inspiration for
each of the three lung expansion levels using mixed-effects
regressions. Differences between the slopes of all PEEP
levels were compared via interaction terms. We used the
Greenhouse—Geisser method to correct nonsphericity in
the mixed-effects and ANOVA models. One animal had
missing data and was excluded from all ANOVA and regres-
sion models. The data were analyzed using GraphPad Prism
(version 10.2.0; GraphPad Software, USA) and R (version
4.3.2; R Core Team, Austria).*® Tests were two-tailed, and
significance was considered at P < 0.05.

Results

Global Cardiopulmonary Function

At baseline, respiratory and cardiovascular variables were
normal and consistent with atelectasis from general

ANESTHESIOLOGY 2025; 142:1071-84

anesthesia and mechanical ventilation (supplemental table
S1). After 3h of low—lung volume mechanical ventilation
and systemic endotoxemia, mean PAo,/F10, was consistent
with moderate acute respiratory distress syndrome (ARDS)
ata PEEP of 5cm H,O during imaging (table 1). Peak (P <
0.001) and plateau (P < 0.001) pressures were significantly
higher with larger PEEP (table 1). A PEEP of 12cm H,O
resulted in the lowest driving (P < 0.001) and transpulmo-
nary (P < 0.001) pressures with the corresponding highest
respiratory system (P = 0.004) and lung (P = 0.007) com-
pliance (table 1). A PEEP of 20cm H,O reduced cardiac
output (P = 0.008) and increased mean pulmonary artery
pressure (P < 0.001) and pulmonary capillary wedge pres-
sure (P = 0.001; table 1).

Lung Aeration

Lung aeration was heterogeneously distributed in these
acutely injured lungs, which was particularly evident at a
PEEP of 5cm H,O (fig. 1A). PEEP produced an increase
in lung aeration (P = 0.007; fig.2A), accompanied by
decreased aeration heterogeneity (i.e., coefficient of varia-
tion) at both end expiration (P < 0.001) and end inspiration
(P < 0.001; table 1). Normally aerated lung mass was pre-
dominantly present at all PEEPs, followed by poorly aerated
and nonaerated lung mass as well as negligible hyperinfla-
tion (fig. 2, C and D). Lung aeration in each vertical ROI
was consistently increased with PEEP (ROI X PEEP: P <
0.001; fig. 2E).

Lung Blood Volume

Whole-lung blood volume (V; fig.2B) was not only
different at different PEEPs (P = 0.046) and respiratory
breathing phases (P = 0.013) but also showed difterent val-
ues at the breathing phases depending on PEEP (phase X
PEEP: P = 0.025). Whole-lung V , increased from PEEPs
of 5 to 20cm H,O but did not change significantly from
PEEPs of 20 to 12 cm H,O at both end-expiration and end-
inspiration. This contrasted with the continuous increase
of whole-lung gas volume (V) with PEEP (fig. 2A). As
expected, V showed a strong gravitational dependence
(P < 0.001; fig. 2F), with the largest V, localized dorsally
both at end expiration and end inspiration. At each ROI,
V, gradually decreased as PEEP increased, with the lowest
V, observed at PEEP = 20cm H,O (ROI x PEEP: P <
0.001; fig. 2F).

Whole-lung Blood Volume versus Gas Volume Changes

Whole-lung V , increases from PEEP =5 to 20cm H,O
directly related to whole-lungV , increases at end expira-
tion (P < 0.001; fig. 3A) and end inspiration (P = 0.037;
fig. 3B). Such a relationship was also observed from PEEPs
of 5 to 12cm H,O at end expiration (P < 0.001) and at
end inspiration (P < 0.001; fig. 3, A and B). Of note, the
regression line for PEEPs of 5 to 12cm H,O showed a

Copyright © 2025 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.
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Table 1. Respiratory and Cardiovascular Variables as Well as Whole-lung Aeration and Tissue-normalized Blood Volume at Three PEEP

Levels
PEEP
Variable 5cmH,0 20cm H,0 12cmH,0 PValue
Respiratory variables
V., mi/kg 8.4+0.3 89+03 8.6+0.8 0.222
RR, min-' 20+0 200 20+0
P e CM H,0 20.8 +2.1 36.7+2.6 23.1+35 < 0.001
P ateaw €M H,0 19.3+2.1 355+23 216 +3.4 <0.001
DP,cm H,0 140+1.8 16.4+1.8 9.8+27 <0.001
P M H 0 11.1+09 126+1.6 6.8+22 <0.001
Ces CM H L0175 131+25 120+1.2 20042 0.004
C. mI/cm H,0 16.5+ 2.1 157 £ 2.1 29.4+86 0.007
PAOZ, mmHg 119+75 145 + 156 144 + 111 0.546
Fio,, % 81 +21 83 +22 87 +22 0.261
Pao,/Fio, 156 + 99 185+ 146 173 £ 157 0.579
Cardiovascular variables
Heart rate, beats/min 105 +7 115+ 23 129 + 41 0.272
CO, I/min 43+12 26+0.8 36+1.0 0.008
PCWP, mmHg 112+54 176 £5.7 16.4 £ 5.0 0.001
PAP_ ., mmHg 26+5 38=+5 36+ 11 0.009
PAP,, mmHg 17+5 26+6 24+9 < 0.001
MPAP, mmHg 22+5 31+6 29+9 < 0.001
MAP, mmHg 90 =15 75+ 15 91 +14 0.098
PVR, dyn/s/cm 231+ 37 405 + 150 352 + 136 0.086
Aeration (Fgas)
Mean (EE) 0.61 +0.05 0.73 +0.05 0.69 +0.07 < 0.001
COV (EE) 0.44 +0.11 0.28 +0.10 0.33+0.12 < 0.001
Mean (El) 0.66 + 0.04 0.76 = 0.05 0.72 +0.06 < 0.001
COV (El) 0.40 + 0.1 0.26 +0.10 0.31 +0.11 < 0.001
Tissue-normalized blood volume (V B )
Mean (EE) 0.65+0.12 0.63 +0.08 0.64 +0.12 0.841
COV (EE) 0.69 + 0.09 0.66 + 0.07 0.65+0.09 0.455
Mean (El) 0.70 £ 0.14 0.61 £0.11 0.70 £0.12 0.314
COV (El) 0.76 +0.09 0.69 = 0.08 0.64 +0.08 0.046

The variables are presented as means + SD. The associated P values refer to the test of the null hypothesis that the means of the tested variable in each group are equal and derived

from a one-way mixed-effects models.

C,, lung compliance; CO, cardiac output; COV, coefficient of variation; C,

respiratory system compliance; DP, driving pressure; EE, end expiration; El, end |nsp|rat|0n F . 9as fraction;
FIO inspired oxygen fraction; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; P - PEAK @irway pressure; Pmmau, plateau airway pressure; P.
pressure PAo,, ratio of arterial partial pressure of oxygen; PAo,/Fio,, ratio of PAo, to Fio,; PAP d|asto||c pulmonary arterial pressure; PAP__

B ?ranspulmonary
» Systolic pulmonary arterial pressure;

PCWP, pulmonary capillary wedge pressure; PEEP, positive end- explratory pressure PVR pulmonary vascular resistance; RR, respiratory rate V tidal volume.

larger slope than that for PEEPs of 5 to 20 cm H,O at end
inspiration (P = 0.043), implying a larger whole-lungV
change withV , for PEEPs of 5 to 12 than for PEEPS of 5
to 20 cm H,O.Whole-lungV , from end expiration to end
inspiration 1ncreased withV at a PEEP of 12cm H,O (P
= 0.003) but decreased WlthV at a PEEP of 20cm H,O
(P=0.021; fig. 3C). In contrast, no significant relatlonshlp
was found from changes between PEEPs of 12 and 20 cm
H,O at both breathing phases (fig. 3, A and B) or from
end expiration to end inspiration at a PEEP of 5cm H,O
(fig. 3C).

Blood Volume Normalized to Tissue Volume

Whole-lung Level. To account for the change in lung
expansion on the assessment of blood volume, we computed
voxel-wise V, normalized to tissue volume (VB,,,.,.; fig. 1,

s Vp

B and C). Despite the comparable mean whole-lung
VBiiesue at all PEEPs, the end-inspiratory heterogeneity
of VBiisaue (i-e., coefficient of variation) was lower (most
homogeneous spatial distribution) at a PEEP of 12cm H,O
than at PEEPs of 5 or 20cm H,O (P = 0.046; table 1).

Regional Distribution. Regional distributions of VB,;,,..
revealed a significant gravitational dependence, i.e., a ROI
effect (P < 0.001), as well as effects of the breathing phase
cycle (P = 0.040; fig. 4A). Regional VB,,,,,. was observed
with high levels in the middle to dependent lung areas, par-
ticularly with a PEEP 12cm H,O at both end expiration
(VBiissue = 0.744 £ 0.141) and end inspiration (VB =
0.832 * 0.132; fig. 4A). In contrast, the lowest VB,;,,,. Was
predominantly found in nondependent lungs with a PEEP
of 20cm H,O (fig. 4A).

ANESTHESIOLOGY 2025; 142:1071-84
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A PEEP=5cmH,0

\

PEEP=12 cmH,0O

(3] §)

PEEP=20 cmH,0

Fgas

Fig. 1. (4) Computed tomography (CT) images with aeration ranges with positive end-expiratory pressures (PEEPS) of 5,12, and 20 cm H,0 at
end expiration. Lung gas fraction (F ) increased (darker parenchyma) with PEEPs. (B) Tissug-normalized blood volume (Vs,......) computed
at the voxel level with PEEPS of 5, %2, and 20cm H,0 at end inspiration. Axial slices at approximately two-thirds of the cephalocaudal axis
showing voxel level Vp,,...... Yellow, lower Vp,......; red, higher Va,,. ... (C) Three-dimensional rendering of V,,..... with PEEPs of 5, 12,
and 20cm H,0 at end inspiration in the same representative animal. The values are color coded from low (yellow) to high (red). The values at
lowest value (VB,...... =0) of the scale were 100% transparent with a gradual increase in opacity to the highest value (Vs,,,... = 2).

The 10th percentile of VB,,,...., a measure of the low-
est range of VB,,. ..., also presented gravitational dependent
distributions (P < 0.001; fig. 4B), with the lowest 10th per-
centile of VB,,,,,. in the most nondependent region at all
PEEPs (0.116 £ 0.055). A PEEP of 12cm H,O yielded a
higher 10th percentile of Vp,,,,,. throughout the whole-
lung at end inspiration and in dependent regions at end
expiration (fig. 4B). The 10th percentile of VB,,,... was
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similar at all PEEPs in nondependent regions at end expi-
ration (fig. 4B).

Intratidal changes in Vp,;,.,. presented gravitational
dependence with marked changes in middle to dependent
lung (P = 0.006; fig. 4C). Such changes also showed dif-
ferences at the regions of interest depending on the PEEP
(ROI X PEEP: P < 0.001; fig. 4C). The intratidal changes
in VB,,,.u. at PEEPs of 5 and 12cm H,O were similar with
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Fig. 2. (Aand B) Whole-lung gas volume (4) and blood volume (B) at positive end-expiratory pressures (PEEPs) of 5, 12, and 20cm H,0 in
large animals with acute lung injury. (C and D) Lung mass with different aeration at end expiration (C) and end inspiration (D) at three PEEP
levels. The values were calculated as percentages of whole-lung mass. Nonaerated, fraction of gas ( . < 0.1; poorly aerated, 0.1 < F
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Fig. 3. (Aand B) Whole-lung blood volume changes (AV,) ver-
sus whole-lung gas volume changes (AV,) at end expiration
(EE; A) and end inspiration (El; B). From positive end-expiratory
pressures (PEEPs) of 5 to 20cm H,0, EE: slope = 0.047 (0.027,
0.068), P < 0.001; El: slope = 0.034 (0.002, 0.065), P = 0.037;
from PEEP = 20 to 12¢m H,0, (Continued)
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the gravitational patterns of tidal changes in F__ (fig. 4D).
In contrast, VB,,.... at a PEEP of 20 cm H,O showed neg-
ative tidal changes in the middle regions despite increased
F . in the same regions. Of note, a PEEP of 12cm H,O
produced larger tidal changes of Vp,,...,. in all regions of
interest except the middle regions.

Voxel-level VB,,,.... presented a bimodal distribution in
the nondependent, middle, and dependent lung at all PEEPs
(fig. 4E). Such bimodality was predominantly observed at a
PEEP of 5cm H,O, with a main peak at VBiaone = 0.4
and a secondary peak at VB,,,,.. = 0.1, which was most
evident in nondependent regions. In addition, lung regions
of lowest VB,,,oue (VBiissue <0.1) were primarily found in
the nondependent lung at all PEEP levels. Instead, relatively
high VB,;..cue (VBiicone >0.6) were found with larger frac-
tions predominantly in middle and dependent lungs.

Blood Volume Normalized to Gas Volume

To directly assess the amount of blood volume related to
aerated volume, we computed voxel-wise V|, normalized to
gas volume (VB,,,). Similar to the distribution of VB,,,,...
, VB,., showed a gravitational dependence (P = 0.002;
fig. 5A), with more than five times lower Vpg,,, in non-
dependent than dependent regions. As PEEP increased,
VB,as at each ROI decreased at both end expiration and
end inspiration.

Different from regional distribution of Vp,,,.,., regional
VB,.. presented unimodal distributions in nondependent,
middle, and dependent lungs at all PEEPs (fig. 5B). Lung
regions with lower Vp,,, were predominantly found in the
nondependent lung, while relatively high Va,,, regions
were mainly middle and dependent. PEEP increases resulted
in a leftward shift (lower) VB,,, in all lung regions.

Discussion

Our main findings on the effects of different degrees of
lung expansion produced with PEEP and dynamic tidal
breathing on the distribution of pulmonary blood volume
in a large animal model of endotoxemic and low-volume
lung injury are that: (1) lung tissue—normalized blood vol-
ume presents a substantially heterogeneous spatial distri-
bution, with large variation along the vertical axis, and is
significantly influenced by lung expansion and the phase
of mechanical ventilation (inspiration vs. expiration); (2)

Fig. 3. (Continued) EE: slope = —0.028 (-0.076, 0.019),
P = 0.222; El: slope = —0.050 (-0.120, 0.019), P = 0.140;
and from PEEP = 5 to 12cm H,0, EE: slope = 0.084 (0.056,
0.112), P < 0.001; and El: slope = 0.091 (0.048, 0.133), P =
0.001. (O Intratidal whole-lung blood volume changes versus
intratidal gas volume changes at each PEEP (5cm H,0: slope =
0.042 [-0.009, 0.092], P = 0.101; 20cm H,0: slope = —0.066
[-0.120, —0.011], P = 0.021; and 12¢m H,0: slope = 0.086
[0.034, 0.139], P= 0.003).
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Fig. 4. (A and B) Vertical distribution of tissue-normalized blood volume (Vs,......; A and its 10th percentile (B) with three positive end-
expiratory pressures (PEEPs) at end expiration (EE) and end inspiration (El). Ten regions of interest (ROIs) were presented from dependent

(Dep) to nondependent (Non-Dep) lungs. (C and D) Intratidal changes of V,,..... (C) and gas fraction (F,

D) along the vertical levels with

as’

three PEEP levels at end expiration and end inspiratory. (£) Regional distribution of V5,,..... in nondependent, middle, and dependent lungs

with PEEPs or 5, 12, and 20cm H,0 at end inspiration.

tissue-normalized blood volume in nondependent regions
are substantially lower (approximately seven times lower)
than means in mid-dependent regions with values close
to zero indicating susceptibility to capillary closure; (3)
an intermediate PEEP (12cm H,O) established from a
recruited state and corresponding to the lowest transpul-
monary pressure results in the most homogeneous distri-
butions of tissue-normalized blood volume and the largest

mean values in mid-dependent regions and inspiratory
10th percentile values throughout the lung, in contrast to
both a lower (5cm H,O) and higher (20cm H,O) PEEP;
and (4) whole-lung changes in blood volume positively
correlate with corresponding changes of gas volume from
PEEPs of 5 to 12 or 20 cm H,O but not from PEEPs of 12
to 20 cm H,O, suggesting small changes in vascular volume
between recruited intermediate and high PEEP levels.
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Blood volume presented a clear gravitational ventral—
dorsal gradient consistent with previous investigations in

spontaneously breathing healthy humans®

and findings of
larger blood volume in collapsed regions of COVID-19
patients.” We computed tissue-normalized blood volume
(VByissue) to correct for the differences in lung inflation*
and uniquely identify changes in the distribution of blood
volume relative to tissue. If variations in regional blood vol-
ume were exclusively determined by the amount of tissue
in different regions of interest, that ratio would be constant
throughout the lungs. Instead, there was substantial het-
erogeneity of VB,,,.... with similar coefficient of variation
~65% at end expiration and end inspiration. Of note, the
coefficient of variation of Va,,..,. was smallest at a PEEP
of 12cm H,O. Such a PEEP value was chosen not only
because it lies between the lower (5cm H,O) and higher
(20cm H,0) tested PEEPs but also because it approximates
the point of minimal respiratory and lung driving pressures

ANESTHESIOLOGY 2025; 142:1071-84

in nondependent, middle, and dependent lungs with PEEPs of 5, 12, and 20 cm H,0 at end inspiration.

and elastances in similar human and experimental condi-

tions, >

as it did in the current study, and provides bene-
ficial local biomechanical effects.”? Our results indicate that
this point of lowest transpulmonary pressures established
from a recruited higher PEEP level (20cm H,O) yielded
the most homogeneous VB,,,,.,. distribution, implying a
vascular beneficial effect of that intermediate PEEP.

A systematic ventral—dorsal VB,,,.... heterogeneity was
observed, with lowest values in nondependent regions and
the largest values in mid-dependent regions. There is mini-
mal information on the spatial distribution of Vg,,,,.... Our
results are consistent with previous findings of gas diffusion
inefficiency due to capillary blood volume changes beyond
loss of aeration in mechanically ventilated anesthetized
patients® and provide a spatial distribution basis for that
inefficiency.

PEEP significantly affected the magnitude and spatial
distribution of Va,,..... Of note, the effect of PEEP on

Copyright © 2025 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.
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VBiissue Was not linearly associated with corresponding
changes in gas volume expansion. While whole-lung gas
volumes increased nearly linearly with PEEP in the broad
studied range from 5 to 20cm H,O, whole-lung blood
volume showed larger changes between PEEPs of 5 and
12 or 20 than between PEEPs of 20 and 12cm HZO.Thus,
our results imply functional lung vascular recruitment or
expansion between the low to intermediate or high PEEP
levels but not between the intermediate and high PEEP
levels. Given that a PEEP of 12cm H,O was achieved after
a PEEP of 20 cm H,O, this implies a preservation of vas-
cular recruitment from 20 to 12cm H,O despite a reduc-
tion in lung aeration. Of note, tidal changes in VB,,,,... at
physiologic tidal volumes (8 ml/kg) showed that at PEEPs
of 5 and 12cm H,O, inspiration produced small increases
in VB,;,su. in mid-dependent regions, while at a PEEP of
20 cm H,O, inspiration-produced reduction of VB,,,.,,. was
observed. Such a reduction of VB,,.,.,. at a PEEP of 20 cm
H,O, indicative of a maximum in ability of the pulmo-
nary vasculature to recruit volume, could be due to the
expansion effect of higher PEEP on extra-alveolar vessels
counterbalanced by alveolar pressure compressing alveolar
capillaries at the normal or mildly increased vascular pres-
sures present in this clinically relevant model. Additionally,
heart—lung interactions could contribute to the effect of
lung expansion from PEEP on whole-lung and regional
lung blood volume, because high PEEP reduces systemic
venous return via decreasing cardiac output and increas-
ing right ventricular afterload. Considering that larger V.
results in larger diffusing capacity® and potentially lower
risk for injury,*® overall, our results imply that an inter-
mediate PEEP established from a recruited state brings
functional and lung-protective vascular expansion benefits
beyond the lung aeration and strain benefits previously
reported.”*" Our results also expand previous findings
of a negative relationship between gas and blood volume
changes with PEEP and tidal volume in normal lungs,’
when neither substantial alveolar or capillary collapse are
expected to be present, in contrast to our findings in lung
injury.

Regionally, mean Vp,,,,,. at a PEEP of 12cm H,O in
mid-dependent regions was larger than that at a PEEP of
5 or 20cm H,O. A PEEP of 12cm H,O also produced a
consistently larger 10th percentile of VB,,,,.. at end inspi-
ration, i.e., higher minimal values of VB,,,,.., suggesting
lower risk for capillary collapse during the breathing cycle.
Additionally, a PEEP of 12cm H,O promoted blood to
redistribute to nondependent (i.e., highly aerated) regions
during inhalation, consistent with reduced susceptibility to
lung injury’ and reduced alveolar dead space* and contrast-
ing with observations in normal lungs’ and during a PEEP
of'5 or 20 cm H,O. Such results reinforce the regional func-
tional and potentially protective advantages of an interme-
diate PEEP.

VB,issue distributions revealed very low values in non-
dependent lung regions in all conditions, with a PEEP
of 5cm H,O showing the clearest secondary peaks at
VBiissue = 0.1.The presence of very low VB,;,,,. can also
be noted in the nondependent 10th percentile Vp,,,,..
approximately seven times lower than the mean values in
the normally aerated middle regions. These findings are
consistent with histologic evidence of collapsed alveolar
capillaries and open extra-alveolar capillaries (corner ves-
sels) at high levels of lung expansion.'"'? They also match
previous reports of absent blood flow in nondependent
regions of large animals at usual airway pressures’ and
hyperinflated regions in rats.* The high-normal nonde-
pendent aeration (F_ > 0.7) together with the similar 10th
percentile of Vp,,..,. for the studied PEEPs suggest that a
condition of maximal expansion could have been reached
in these regions, with the very low nonzero VB,,.,... repre-
senting predominantly extra-alveolar capillaries. Given that
cyclic capillary collapse can produce lung injury during
exaggerated tidal volume ventilation,™ our results imply
that regional conditions for such injurious mechanism
could occur within the range of mechanical ventilator set-
tings used clinically.

This study has limitations. We utilized a large animal
model assessed during pressure-controlled ventilation and
systemic inflammation (i.e., mild-moderate systemic endo-
toxemia + atelectasis) receiving total intravenous gen-
eral anesthesia. Accordingly, our results cannot be directly
extrapolated to severe ARDS, other ventilation modes,
or volatile anesthetics, which have distinct effects on the

pulmonary circulation.”™*

The use of a fixed sequence of
PEEP values could have produced carryover effects in our
findings. This sequence aimed to produce a clear distinction
in lung expansion and blood volume distributions between
a well-established initial derecruited state at a PEEP of
5cm H,O and a highly recruited state at a PEEP of 20 cm
H,0.”* Tt also provided those distributions at an interme-
diate PEEP (12cm H,O) found to provide biomechanical
benefits* and to relate to low transpulmonary pressures, as
observed in the current article. Such a sequence could have
contributed to the similarities between PEEPs of 20 and
12cm H,O. Imaging was performed after stabilization of
respiratory mechanics, ~27 min between changes in PEEP,
presumably minimizing carryover effects. We focused on
pulmonary blood volume distribution at different levels of
lung expansion produced by PEEPs within clinical ranges
in injured lungs and did not explore their difference from
baseline.

In summary, we demonstrate that there is substan-
tial variability in the distribution of lung blood volume
beyond that related to lung expansion during acute
lung injury in large animals with lung size and func-
tion comparable to those of humans. Ventilator set-
tings within the clinical range can be associated with
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susceptibility to capillary collapse particularly in non-
dependent regions. An intermediate PEEP level (12cm
H,O) established from a recruited state and presenting
respiratory system and transpulmonary driving pres-
sures lower than those at PEEPs of 5 or 20cm H,O
yielded the most homogeneous distributions of tissue-
normalized blood volume, with the largest values of mean
in mid-dependent regions and the largest 10th percentile
throughout the lung consistent with a vascular protective
effect. Changes in pulmonary blood volume with gas vol-
ume recruited by PEEP indicate a maximum of vascular
volume recruitment at that intermediate PEEP.
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