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Abstract

Considerable uncertainty remains about the best ventilator strategies for the mitigation of
atelectasis and associated airspace stretch in patients with acute respiratory distress syndrome
(ARDS). In addition to several immediate physiological effects, atelectasis increases the risk of
ventilator-associated lung injury (VALI), which has been shown to significantly worsen ARDS
outcomes. A number of lung imaging techniques have made substantial headway in clarifying the
mechanisms of atelectasis. This paper reviews the contributions of CT, PET, and conventional
MRI to understanding this phenomenon. In doing so, it also reveals several important
shortcomings inherent to each of these approaches. Once these shortcomings have been made
apparent, we describe how hyperpolarized gas magnetic resonance imaging (HP MRI)—a
technique that is uniquely able to assess responses to mechanical ventilation and lung injury in
peripheral airspaces—is poised to fill several of these knowledge gaps. The HP-MRI-derived
apparent diffusion coefficient (ADC) quantifies the restriction of 3He diffusion by peripheral
airspaces, thereby obtaining pulmonary structural information at an extremely small scale. Lastly,
this paper reports the results of a series of experiments that measured ADC in mechanically
ventilated rats in order to investigate (i) the effect of atelectasis on ventilated airspaces; (ii) the
relationship between positive end-expiratory pressure (PEEP), hysteresis, and the dimensions of
peripheral airspaces; and (iii) the ability of PEEP and surfactant to reduce airspace dimensions
after lung injury. An increase in ADC was found to be a marker of atelectasis-induced
overdistension. With recruitment, higher airway pressures were shown to reduce stretch rather
than worsen it. Moving forward, HP MRI has significant potential to shed further light on the
atelectatic processes that occur during mechanical ventilation.
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Introduction

Atelectasis refers to the reversible collapse of peripheral airspaces, a common complication
of mechanical ventilation (1). The effective management of atelectasis is an important factor
in improving the outcomes of patients with acute respiratory distress syndrome (ARDS), a
form of respiratory failure characterized by disseminated lung injury and hypoxemia (2) and
defined by consensus criteria (3). Approximately 190,000 Americans contract ARDS each
year (4), resulting in 60% two-year mortality (5) and a high rate of disability in survivors

(6).

Imaging methodologies continue to play a crucial role in disclosing the factors leading to the
generation of atelectasis, its physiologic consequences, and its effects on lung biology
during mechanical ventilation. Several modalities have been employed to these ends, chiefly
computed tomography (CT) (7-9) and positron emission tomography (PET)(10, 11), with a
limited contribution from proton magnetic resonance imaging (MRI1)(12). More recently,
electrical impedance tomography (13) and lung ultrasound (14) have been introduced to aid
in the bedside titration of ventilator settings.

An ideal imaging methodology for the productive examination of atelectasis and the broader
spectrum of physiologic and biological effects of mechanical ventilation would fulfill a
number of criteria. Such an approach would: a) be safe for ventilated and critically ill
patients; b) have very short acquisition times; ¢) cause limited or no radiation exposure; d)
allow longitudinal and follow up studies; e) quantify regional characteristics of the diseased
lung; f) be responsive to rapid changes in patient conditions; g) allow imaging at different
stages of the respiratory cycle and multiple acquisitions in the same session; h) integrate and
spatially correlate morphological measurements (i.e. of the burden of atelectasis) with
functional and metabolic abnormalities, possibly within the same image.

Unsurprisingly, no available imaging methodology meets this demanding array of
conditions. As such, this paper will review the contributions made by various imaging
approaches for the evaluation of atelectasis in mechanically ventilated patients as well as
highlight the gaps of knowledge still remaining in this field of study. We will then describe
the potential of hyperpolarized (HP) gas MRI to fill several of these gaps by providing novel
information on the microstructural effects of atelectasis and mechanical ventilation. Lastly,
we will present the results of a series of HP MRI experiments designed to clarify important
atelectatic dynamics.

Clinical Relevance of Atelectasis

In ventilated patients, atelectasis is predictably observed shortly after induction of anesthesia
and intubation (9, 15, 16). Studies in humans and animals have identified several
mechanisms responsible for this complication, including monotonous artificial breathing
with relatively low tidal volume (VT) (17), low lung capacity (18), and high inspired
fractions of oxygen (19). In the supine ventilated patient, atelectasis is particularly
prominent in the dorso-basilar lung regions (Figure 1)(20). Placing patients in the prone
position—a potentially life-saving maneuver in severe ARDS patients (21)—reduces
atelectasis and improves the distribution of ventilation (22). Management of atelectasis is
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centered on the application of positive end-expiratory pressure (PEEP), intermittent deep
breaths (or “sighs™) (23, 24), and recruitment maneuvers (the intermittent application of high
airway pressures) (25).

The direct physiological consequences of atelectasis—hypoxemia and low lung compliance
—have obvious implications for immediate patient survival (1). Yet over the long term,
atelectasis seems to cause additional detrimental effects. For one, atelectasis is implicated in
the genesis of ventilator-associated lung injury (VALI) (26,27), a common ARDS
complication. VALLI is a form of pulmonary inflammation similar to ARDS that occurs
when the ventilator applies excessive tissue stretch (28,29). ARDS patients have a reduced
amount of ventilated parenchyma (the “baby lung”) that is more easily overstretched (30)
(Figure 2); consequently, low stretch ventilation with small tidal volumes is one of few
approaches that increase ARDS survival (31). In addition, shear forces during tidal
reopening of collapsed airspaces trigger an inflammatory response termed “atelectrauma”
(32). Defining the relevance of these mechanisms in atelectasis is vital, as the sustained
PEEP strategies that minimize atelectrauma have the potential to further stretch ventilated
airspaces through increased inspiratory pressure, thereby worsening rather than improving
VALI (33,34). This phenomenon could explain why studies designed to examine the clinical
effects of high PEEP in ARDS have failed to show a clear survival benefit from this strategy
when compared with standard management (35-37).

In clinical trials and in the majority of animal studies, mechanical responses to respiratory
therapies such as VT selection and PEEP are evaluated using airway pressures (38), which
have poor accuracy and lack topographic information. Measurements of lung volumes (39)
and transpulmonary pressures are used to estimate global lung deformation or strain (40),
but they do not provide spatial localization of the areas at risk of overstretch. To correct for
the deficiencies of non-imaging approaches, various imaging techniques have been used to
develop parameters for the more sensitive evaluation and management of atelectasis.

Structural Imaging in Mechanically Ventilated Lungs

Several prominent structural imaging techniques have been used to investigate the
mechanics of ARDS and ventilator-related atelectasis. Concurrent to this progress, however,
research using these techniques has revealed that they exhibit several important
shortcomings.

While plain chest radiography is essential to ARDS diagnosis (3), it has low accuracy in
detecting the early stages of disease (41) and does not capture the distribution of injury in
three dimensions. CT of the lung has been favored by critical care physicians and
investigators due to its ability to provide topographical and quantitative information (42,43).
In fact, CT is capable of partitioning the lung into regions with different gas contents based
on x-ray attenuation, thereby allowing measurement of the degree of atelectasis and edema
(8,44,45). Early studies using CT highlighted the tremendous regional heterogeneity of lung
injury and aeration in ARDS (46)(Figure 1). Ventilated parenchyma often has below-normal
CT density (<-900 Hounsfield Units), suggesting airspace overdistension (33).
Quantification of atelectasis in ARDS has prognostic value: in an observational study, the
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amount of recruitable atelectatic tissue was an independent predictor of mortality that
performed better than any clinical parameters (7). Sophisticated CT image analysis
techniques can measure heterogeneities of aeration (47) and of regional tissue deformation
(48) due to lung injury and respiratory maneuvers. However, CT provides limited functional
information and causes substantial radiation exposure, limiting follow-up. More importantly,
CT does not provide information on the sub-voxel distribution of gas (43) and on the
mechanics of individual airspaces, which is critical to understanding the effects of
mechanical ventilation.

Conventional MRI of H nuclei has also been exploited for the quantification of atelectasis
in ventilated humans (12). Although proton MRI is one of the best imaging modalities for
longitudinal studies, its use in the lung is hindered by the low proton density of lung tissue,
large susceptibility to artifacts, and inescapable cardiac and respiratory motions during
image acquisition. Using ultra short echo time (UTE) imaging, it is possible to overcome the
short T2* of lung parenchyma (49, 50). However, the signal-to-noise ratio of UTE remains
challenging, and the technique also requires a fairly long acquisition time, increasing motion
artifacts. In ARDS lungs, the local spin density of tissue can be dramatically increased by
interstitial and alveolar edema or by massive atelectasis; as such, investigators have imaged
lung water content or evaluated air-tissue interfaces (T2*) using gradient echo and spin echo
techniques (51-54). More recently, MR elastometry has been used to map intrinsic elastic
characteristics of lung tissue by measuring shear wave propagation during external
mechanical stimulation (55). Using this technique, it has been shown that lung injury and
edema do not increase parenchymal stiffness; low lung elastance can instead be explained by
elevated surface forces in the airways (56). These important findings suggest that, in the
future, IH MR techniques may allow detection of the early pathological changes caused by
lung injury and evaluation of the effects of ventilation on the parenchyma.

Functional Imaging in Mechanically Ventilated Lungs

In recent years, functional imaging techniques have been introduced to the examination of
atelectasis and ARDS. While a comprehensive review of these methodologies is beyond the
scope of this article and can be found elsewhere (57, 58), it will suffice here to discuss the
specific breakthroughs that have been made in investigating the regional abnormalities of
lung function and metabolism that are characteristic of atelectasis and ARDS.

Considerable research effort has been invested in the development of techniques to image
pulmonary ventilation (59). Ventilation can be mapped using methodologies that quantify
regional lung expansion (60) or the kinetics of inhaled tracers such as Xe (61) or He (62). It
is also possible to measure ventilation using oxygen-enhanced MRI (63,64). A recent study
used synchrotron CT to obtain matching Xe-enhanced ventilation and density maps in
surfactant-depleted rabbits (65). Xe-CT showed high ventilation in areas of the dependent
lung with the characteristic density (between -500 and -100 HU) of poor aeration. PEEP
redistributed inspired gas to normally aerated tissue. This study suggests that atelectatic and
hyperventilated airspaces can be in close proximity to each other.
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Positron emission tomography (PET) has been crucial to unlocking the mechanisms of
hypoxemia in atelectasis and ARDS. Images of pulmonary water content and blood flow,
obtained by measuring the distribution of injected H,1°0, showed that dorsal areas of the
lung are relatively more edematous but have well-preserved perfusion in patients with
ARDS and pulmonary edema (66). By studying the kinetics of inhaled and injected 13N,, it
is possible to obtain matching maps of specific ventilation and regional blood flow, thus
enabling the visualization of the spatial distribution of intrapulmonary shunt (i.e., lung with
negligible ventilation but preserved perfusion). Shunt is mostly localized in the dorsal lung
regions, which are poorly ventilated but relatively well perfused in supine subjects (67).
Hypoxic vasoconstrictive responses, which usually divert blood flow away from
hypoventilated airspaces, seem to be blunted in lung injury and in atelectasis, thus causing
hypoxemia (68). Regional shunt is attenuated by maneuvers that improve the distribution of
ventilation [recruitment (69), prone positioning (22)] and of perfusion [inhaled vasodilators

(68)].

PET allows co-localization of functional abnormalities with areas of inflammation, thus
enabling the study of the biological consequences of mechanical ventilation on a
topographic basis. This task is accomplished by measuring the regional uptake and
phosphorylation of injected [18F]-fluoro-2-deoxy-D-glucose (18-FDG), which are related to
neutrophil flow and activity. Through this methodology, early inflammatory changes due to
high stretch ventilation were mapped in healthy lungs (70) and in animals with inflammation
due to endotoxin infusion (71). Measurements of 18-FDG kinetics also showed
inflammatory activation in areas of atelectasis due to surfactant depletion (10) and in healthy
animals undergoing prolonged ventilation with low VT and no PEEP (11). In the latter
study, increased 18-FDG uptake and phosphorylation were detected in dorsal lung regions
that underwent progressive loss of aeration. These findings suggest the occurrence of early
lung injury during prolonged ventilation with VT settings that are within clinical practice.
Studies combining PET and CT are particularly relevant because they allow the precise
correlation of functional and metabolic abnormalities with known morphological
characteristics of lung injury. In ARDS patients, 18-FDG uptake and phosphorylation was
higher in parenchyma that was well aerated by CT, thus confirming that these regions of the
lungs are more susceptible to inflammation when exposed to excessive stretch (72).

While functional imaging will likely continue to expand our knowledge of atelectasis and
ARDS, the shortcomings of these methodologies hinder their extensive clinical and
investigational use in humans. These methods are extremely complex to employ, requiring
highly specialized staff. Further, the scarcity and high expense of the requisite equipment—
which is not available at all sites—and of the materials used (i.e. inhaled noble gases) pose
an impediment. The radiation-related risk of these modalities (particularly PET) and their
prolonged acquisition times also present safety risks. Lastly, functional imaging techniques
face challenges related to a lack of unquestionable gold standards for validation and their
often variable within-patient and inter-patient reproducibility.
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Hyperpolarized Gas Diffusion MRI in Atelectasis and Lung Injury

HP MRI is not exempt from many of the abovementioned shortcomings; indeed, its
operational complexity and the elevated cost of inhaled gas limit its widespread use.
However, compared with PET, HP MRI has advantages including shorter acquisition times,
higher spatial resolution, and lack of radiation exposure (73). More importantly, other
imaging methodologies lack the unique ability of HP MRI to estimate the dimensions of
airspaces distal to the terminal bronchiole (74), such as the alveoli and the alveolar ducts.
This feature is extremely pertinent to the study of atelectasis and ARDS because it enables
measuring regional responses to mechanical ventilation and lung injury in the most
peripheral airspaces. Previously, there had been virtually no tools or techniques available to
obtain direct measurements of airspace mechanics in a non-invasive manner (75). While
adopting HP MRI for the management of intubated, critically ill patients is a distant
objective, the approach offers a unique opportunity to test new hypotheses and challenge old
dogmas on the physiology of mechanical ventilation.

HP noble gas MRI has in recent years unlocked new perspectives on lung imaging (76) and
atelectasis. The diffusion of 3He—a highly diffusive gas due to its low atomic mass—is
restricted by the peripheral airspaces, and this restriction is quantified by its apparent
diffusion coefficient (ADC) (77, 78). ADC measurements in the healthy lung are consistent
with the sizes of the alveoli (~200 um in the case of humans, or ~50 um in the case of
mice) and the alveolar ducts (74); it is likely that the former structures are more relevant to
the observed ADC value, as they are highly represented within the acinus. In studies of the
diseased lung, authors have reported a good correlation between ADC and pulmonary
function or histology in chronic obstructive lung diseases (74, 79), and in aging (76, 80). As
of yet, the use of HP MRI in ARDS is unexplored. However, it is notable that imaging can
be performed during a single 3-second inspiratory breath hold, allowing the nearly
instantaneous appreciation of the airspaces at the end of inspiration and in static conditions
(after redistribution of inhaled gases has occurred) (81). This rapidity of execution allows
the highly dynamic lung to be followed in real time and is necessary to study the effects of
respiratory maneuvers.

In order to better understand the process of atelectatic formation and resolution and to
inform strategies for the management of ARDS, we performed a series of HP MRI
experiments using rodent models of atelectasis and lung injury (82-84). These experiments
were designed to investigate: whether atelectasis worsens overdistension of ventilated
airspaces; the spatial relationship between atelectatic regions and excessive stretch; how
PEEP and recruitment maneuvers modify the dimensions and the hysteresis of the peripheral
airspaces; and the effects of surfactant replacement on atelectasis and airspace stretch.

The imaging techniques used in our experiments on atelectasis and lung injury are described
in detail in our published studies (82-84) and will be summarized in the current article.
Briefly, 3He was hyperpolarized through spin exchange collisions with optically pumped
rubidium atoms to a level of 25~30% (1G1.9600. He, GE Healthcare, Durham, NC). Due to
the use of serial imaging in our experiments, prolonged polarization relaxation times (Ty ext
~ 45 min) were necessary and were obtained by placing the HP 3He chamber inside the
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magnet bore near the radiofrequency (RF) imaging coil. Imaging was performed on a 50-cm
4.7-T MRI scanner (Varian Inc., Palo Alto, CA) equipped with 12-cm 25 G/cm gradients
and a quadrature 8-leg birdcage body RF coil with ID =7 cm (Stark Contrast, Erlangen,
Germany) tuned to the 3He resonance frequency of 152.95 MHz. Animals were placed
supine in the RF coil. Images were obtained after a series of five breaths with an 80%/20%
mix of HP 3He/oxygen to allow homogeneous distribution of tracer gas to hypoventilated
airspaces (85). 3He breathing was preceded by a series of inspirations with identical
concentration of #He in oxygen to eliminate artifacts due to variability in alveolar gas
concentrations at different PEEP levels (86). Animals were anesthetized, paralyzed,
transorally intubated, and ventilated with a mechanical ventilator capable of mixing up to
three different types of gases (e.g. 3He, O, and air) at different ratios. The ventilator gas-
handling unit was composed entirely of pneumatic and nonmagnetic delivery valves, placed
as close as possible to the animal in order to minimize dead spaces and compression volume.
PEEP was delivered and adjusted through a water valve connected to the exhaust line of the
ventilator.

Atelectasis causes airspace stretch in healthy lungs

To document the effects of the progressive formation of atelectasis on ventilated airspaces,
we performed serial HP MRI on healthy rats undergoing mechanical ventilation (82). The
respiratory protocol was explicitly designed to cause atelectasis (87): animals were
ventilated for prolonged periods with a moderate VT (10 mil/kg) and no PEEP. Recruitment
maneuvers (performed by temporarily increasing PEEP) were performed intermittently to
reopen atelectasis. By measuring inspiratory pressures, we were able to monitor lung
mechanics and confirm the onset of progressive atelectasis during ventilation at zero PEEP
(17) and its reversal by recruitment. Imaging was performed: before and after the
recruitment maneuvers; at the beginning and at the end of each period of ventilation at zero
PEEP; and at various intervals during mechanical ventilation (Figure 3). In this experiment,
ADC was measured during two subsequent inspiratory holds performed after five breaths
with HP 3He; a double acquisition technique was used, consisting of the application of five
different values (b) of bipolar diffusion-sensitizing gradients in opposite order during the
two breath holds. Image acquisition was performed in the mid-lung coronal slice using a fast
gradient echo pulse sequence with a field of view = 6 x 6 cm?, slice thickness = 5 mm, flip
angle a ~ 4-5°, matrix size = 64x64 pixels, repetition time = 8.1 ms, and echo time = 3.3
ms. Diffusion weighting was performed in the phase-encode direction, using a diffusion
time of 1 ms, a gradient duration of 200 ps, and b values of 0, 5.27, 3.09, 1.41, and 0 s/cm?,
with a ramp time of 180 ps. ADC maps were generated with a planar resolution of 0.94x0.94
mm? after correction for background noise and exclusion of pixels with inadequate signal-
to-noise ratio. Each pixel was analyzed by fitting the evolution of signal to a standard
equation (82).

The chief finding of this experiment (82) was a time-dependent (9.5% h1) increase of ADC
signal during the periods of ventilation at zero PEEP. Recruitment maneuvers caused ADC
to decrease by 21.2 + 4.1 % and restored baseline ADC values. The images of Figure 3
document the decrease of ADC after recruitment, followed by an increased signal during the
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subsequent 110-minute period of ventilation. The reversibility of the ADC elevation after
recruitment strongly supports a causal relationship with atelectatic buildup.

At first, it appears surprising that the progression of atelectasis was associated with a higher
ADC, as atelectasis is typically associated with smaller lung volumes (18). While
monotonous ventilation with no PEEP could cause progressive reduction of airspace
dimensions due to increasing surface forces, this was not picked up as decreased ADC.
Because the larger ADC implies bigger individual airspaces, it can be argued that atelectasis
promotes the progressive expansion of the ventilated airspaces. To explain this finding, it is
useful to refer to a model of lung mechanics wherein two populations of airspaces coexist—
atelectatic and ventilated (Figure 2). ADC only reflects the latter because collapsed
parenchyma cannot be reached by inhaled HP gas (88, 89). During atelectatic buildup, the
progressive loss of aerated tissue requires that all inspired gas goes to the residual functional
airspaces, which dilate unless tidal volume is reduced (Figure 2). Furthermore, the forces of
chest wall recoil and inter-alveolar traction (90) help maintain their opening. The
simultaneous observation of improved mechanics after recruitment maneuvers implies an
increased pool of ventilated units, which had smaller individual dimensions when measured
by ADC. Indeed, ADC distributions were consistently skewed towards lower values after
recruitment, a pattern that was associated with opening of smaller alveoli in microscopy
studies (91). These data in healthy ventilated rats support a model whereby alveolar collapse
is intimately related to overdistension and stretch. Although there is no evidence that this
specific mechanism is the prominent cause of VALLI, healthy rats ventilated similarly
showed evidence of inflammation after a period of only 2.5 hours (87).

Recruitment Causes Pulmonary Hysteresis—It is well known that healthy lungs
exhibit a hysteretic behavior: smaller distending pressures are required to maintain lung
volume shortly after a deep breath (Figure 4)(92, 93). The specific mechanisms underlying
this phenomenon are the subject of debate. In particular, it is not clear whether the peripheral
airspaces exhibit an identical response to the whole lungs. If this were the case, larger
airspace dimensions should be observed in the descending—vs. ascending—Ilimb of an
inflation-deflation cycle (94-96), as improved surfactant activity is expected to decrease
surface tension and the elastance of individual airspaces (96). However, morphometry
studies have suggested that peripheral airspaces may not mimic whole-lung responses:
unchanged (97) or smaller-size (98) alveoli were detected with hysteresis. This behavior can
only be explained if it is assumed that hysteretic changes in lung volume are due to a
variation in the number, and not in the size, of individual open airspaces—i.e., hysteresis
due to recruitment. Indeed, studies using intravital microscopy (99) and in-vivo HP MRI
morphometry (100) have indicated that recruitment may be involved in lung expansion even
in healthy subjects. Clarifying the mechanisms of hysteresis is clinically relevant: if airspace
dimensions are reduced by hysteresis, setting PEEP after a deep inflation or RM could be a
clinically useful approach to minimizing lung stretch and VALI (92, 101-103).

To investigate the relationship between hysteresis, PEEP, and peripheral airspace

dimensions, we studied groups of healthy animals undergoing ramps of ascending followed
by descending PEEP (83). Animals were anesthetized, intubated, monitored, and ventilated
as described above. A recruitment maneuver was administered prior to the beginning of the
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experiment to eliminate macroscopic atelectasis. PEEP was increased stepwise from zero up
to 9 cmH,0 and was then returned to zero in identical steps. Imaging was performed during
inspiratory breath holds at each PEEP level. Two groups of animals undergoing identical
ventilatory protocols were studied. In one group, ADC was measured as previously
described (82), except that images were acquired in a 20-mm-thick subcardiac axial slice.
Furthermore, an interleaved diffusion-weighted gradient echo imaging pulse sequence was
used, with all diffusion-sensitizing gradients applied during a single breath hold. In a
separate group of animals, ventilator-gated inspiratory imaging was performed with a micro
CT scanner to calculate end inspiratory lung volume (EILV). This was defined as the gas
content of the lungs at end inspiration and was measured at each PEEP through quantitative
analysis of three-dimensional whole-lung reconstructions (43, 104). This design allowed for
the separation of the effects of hysteresis on individual ventilated airspaces (measured by HP
MRI) from the effects on the whole lung (measured by CT).

The occurrence of whole-lung hysteresis was documented by larger lung volumes in
descending vs. ascending ramps at matching PEEP levels (Figure 5 A): EILV was 8.4+2.8
versus 6.8+2.0 mL (P<0.001) in descending vs. descending PEEP. However, ADC values
were smaller in the descending vs. the ascending ramp (Figure 5 B), amounting to
0.168+0.019 vs. 0.183+0.019 cm?/s, respectively (P<0.001). Therefore, the hysteresis of
ADC values was in opposite direction to that of the whole lung (Figure 6), suggesting
smaller peripheral airspaces when EILV was larger. Furthermore, we observed a biphasic
response of ADC to increasing PEEP: ADC increased 15.8% up to PEEP 6 cmH,0 and then
decreased 3.6% when PEEP was further raised to 9 cmH,0 (Figure 6).

The smaller ADC values in the descending PEEP suggest that whole-lung hysteresis was
likely due to reopening of increasing numbers of smaller airspaces rather than to the
inflation of already open ones. We ascribed the findings of this study to recruitment of sub-
voxel microatelectasis (105) when PEEP reached its highest value. This explanation was
supported by a decrease of the fraction of lung tissue with poor aeration (between -500 and
-100 Hounsfield Units by CT) at higher PEEP. Recruitment was then maintained during the
descending PEEP ramp, thus generating the hysteresis. Newly recruited airspaces were
smaller, likely because their individual distension was diluted by their increased number and
because inter-alveolar traction forces were attenuated (90, 91).

An additional interesting result of this study was that changes of ADC due to PEEP and
hysteresis were more prominent in the posterior regions of the lungs, which may indicate a
concentration of tissue stressors in this area. Other authors detected inflammatory changes
related to VALLI in the posterior lung (11, 106, 107), making it possible that there is a link
between ADC measurements of airspace dimensions and local propensity to injury.

PEEP decreases airspace stretch in injured lungs—To investigate the effects of the
formation and resolution of atelectasis on ventilated airspaces in a model of lung injury, we
measured ADC and CT densities during PEEP trials before and after surfactant depletion
and following exogenous surfactant administration (84). Surfactant was depleted using
pulmonary saline lavage, a model of lung injury with an extreme propensity to atelectasis
(108). Rats were ventilated with VT of 10 ml/kg; PEEP was increased stepwise up to 9 or 15
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cmH,0 (depending on study conditions) and imaging (CT or MRI, depending on group
assignment) was performed at each level of PEEP tested. CT and HP MRI procedures were
similar to the previously mentioned study on hysteresis (83), but ADC and CT images were
acquired in anterior and posterior coronal slices to evaluate the regional (dorsal vs. ventral)
effects of atelectasis.

After lavage, sparse aeration defects were visible on 3He spin density maps (Figure 7A),
suggesting a predominance of atelectatic airspaces in the imaged voxels, and ADC was 33%
higher than in the normal lungs (Figure 7B). CT showed the expected increase in lung
density (with over-representation of non-aerated and poorly aerated tissue) at zero PEEP
(Figure 7C). PEEP 9 cmH,O0 in healthy lungs (Figure 8) led to higher ADC, suggesting
inflation of normal parenchyma. When PEEP was raised after saline lavage, aeration defects
and CT density were decreased, confirming recruitment, but ADC was also reduced,
suggesting reopening of newly recruited airspaces with smaller dimensions (Figure 8);
despite higher airway pressures, PEEP did not cause volumetric expansion of previously
open airspaces in surfactant-depleted lungs. Furthermore, the effects of PEEP on recruitment
and ADC were facilitated—synergistically—by intratracheal administration of an exogenous
surfactant formulation (BLES Biochemicals, London, Ontario, Canada). ADC decreased
23% in the presence of both surfactant and PEEP 9 cmH,0O. This phenomenon may be
explained by enhanced recruitment (by surfactant) or by improved surfactant effect (109)
and distribution (by recruitment) (110). In either case, surfactant had a sparing effect on both
PEEP and inspiratory pressures.

In similar fashion to what we observed in our study on hysteresis (83), it is plausible that
PEEP decreased distension of ventilated airspaces by increasing their number and releasing
inter-alveolar forces. An interesting point raised by this study is the discrepant behavior of
CT densities and ADC signal. In this study, ADC was abnormally high in conditions when
CT density was also high. Furthermore, ADC signal was higher in the posterior lung, where
CT density was higher — an expected finding since the animals were supine. Very low-
density tissue (<-900 HU), thought to represent hyperinflated alveoli, was minimal and
virtually absent at low PEEP, when ADC was the highest. These apparent discrepancies can
be explained by the fact that the relationship between airspace volume and CT density is not
univocal: CT provides limited insight into the mechanics of ventilated airspaces that
neighbor collapsed units. Although it identifies regions with macroscopically hyperinflated
parenchyma (38), CT may under-detect overstretched airspaces in voxels where they coexist
with collapsed ones. A unique aspect of ADC is that this imaging parameter describes
microstructures in such a way that the signal is weighted toward dilated airspaces. When
collapsed airspaces are preponderant in a voxel, 3He signal is low and the ADC cannot be
calculated. But when there is an adequate quota of ventilated units, ADC values are
obtained. Thus, while a mixed region containing both collapsed and overdistended airspaces
may show no change or an increase in average x-ray attenuation, it will display the sort of
abnormally high ADC observed here.
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Methodological limitations

Limitations of the HP MRI methodology are relevant to understanding our results. ADC
cannot discriminate between the alveoli and the alveolar ducts and cannot identify changes
in alveolar shape that may contribute to the dynamics of lung inflation (111). By measuring
the longitudinal and transverse components of gas diffusion, investigators using HP MRI
have observed decreases in alveolar depth and dilatation of the alveolar ducts during
inspiration in healthy humans (100). While a single ADC value cannot capture these
phenomena entirely, this limitation should not diminish the relevance of our findings, as an
elevated ADC signal during atelectasis is likely a marker of pathological maldistribution of
inflation within the acinus. Furthermore, alveolar ducts are likely to be less important than
alveoli in acinar diffusion (112).

Validation of ADC in the measurement of alveolar size has only been performed in healthy
and emphysematous lungs (74). However, findings comparable with our observations—
including airspace expansion during atelectasis and contraction during recruitment—have
been described in studies using a variety of techniques, supporting our interpretation (91, 98,
113, 114).

Future Directions of HP MRI in Respiratory Failure

Overall, HP MRI studies (82-84) suggest that increased ADC is a marker of airspace
overdistension caused by atelectasis. When recruitment occurs, airspace stretch is reduced,
rather than worsened, by higher airway pressures. Whether this effect has consequences on
pulmonary biology and outcomes is unclear. Since lung hyperinflation by high VT is a
recognized trigger of VALI (29), atelectasis-related overdistension could be an important
component of this injury. HP MRI research can productively contribute to the further
elucidation of these dynamics in a number of ways.

A particularly appealing development of HP MRI techniques is the ability to study
metabolic activity using HP 13C-labeled molecules such as pyruvate. Intravenously

injected 13C-labeled pyruvate can be used to obtain regional maps of tissue metabolic
activity(115, 116). When matched with corresponding maps of ADC, a complete description
of pulmonary stretch and its metabolic and biological consequences will be available.

Furthermore, HP MRI could make a substantial contribution to the identification of injury
types and patient subpopulations that favorably respond to attempts to minimize airspace
distension through recruitment. Application of PEEP may attenuate the evolution of lung
inflammation under the condition that it mitigates airspace stretch (rather than worsens it) by
increasing the number of ventilated airspaces. However, in deciding to use PEEP to stem
inflammation, one must take into account several complexities. For one, ARDS lungs are
more heterogeneous than animal models; as a result, healthy lung regions at distance from
atelectasis may be injured by higher pressures. Second, only a minority of patients with
established ARDS have significant amounts of recruitable lung tissue. And third, high PEEP
complicates fluid and hemodynamic management (117).
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Another possible use for HP MRI is the clarification of the roles of VT and recruitment
strategies in patients who do not have ARDS or have a milder form of this condition. It is
not clear if harmful levels of lung stretch can be reached in these circumstances when
moderately large tidal volumes are used. Such VT values (i.e. 10-12 mi/kg) do not cause
VALLI in healthy animals (118). Yet moderate VT has been shown to worsen pulmonary
outcomes in patients without previous lung injury, as opposed to lower VT and moderate
PEEP (119). In ventilated mice, PEEP prevented the harmful effects of very high VT
ventilation (120). This protective capacity of PEEP seems to be due to the fact that
atelectasis regionally amplifies the effects of tidal volume on airspace stretch; in other
words, lungs can be injured by even a relatively small VT if poor recruitment is not
adequately addressed (121). HP MRI could provide an essential contribution to the study of
the interaction between PEEP and VT by clarifying their mutual effects on airspace
dimensions. Combining all these HP MRI capabilities may in the near future provide
conclusive answers to the many uncertainties about mechanical ventilation and acute
respiratory failure.
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Figure 1.
Axial CT scan from a patient with acute respiratory distress syndrome (ARDS) caused by

trauma and aspiration pneumonia. Prominent dorsal opacities are visible with progressive
ventral to dorsal increase in CT density. Frontal lung regions are better aerated.
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(A) (B)

Figure2.
Simplified model of lung aeration in normal conditions (left) and after atelectasis and lung

injury (right). Alveolar collapse causes dilatation of residual ventilated airspaces.
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Figure 3.

Time course of apparent diffusion coefficient (ADC) for hyperpolarized 3He in a rat
ventilated with constant tidal volume and zero positive end-expiratory pressure for an

0.1

0.2 0.

3 0.4 [cm?s]

extended time. The first and the second image were obtained before and after a recruitment

maneuver, causing ADC to decrease. ADC progressively increased during subsequent

ventilation, which was paralleled by increasing airway pressures (not shown). Focal changes
in ADC are indicated by arrows. (Reproduced from Ref 95).
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Figure 4.
Pressure volume relationship for a whole lung during an inflation-deflation cycle. The

presence of pulmonary hysteresis is shown by higher lung volumes for equivalent
transpulmonary pressures in the deflation vs. the deflation limb.
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PEEP [cmHZO]

Figureb5.
A) Three-dimensional CT reconstructions of the whole lungs obtained in healthy rats while

positive end expiratory pressure (PEEP) was raised from 0 to 9 cmH,0 and then lowered
back to 0 cmH,O (in steps of 3 cmH,0). Images of the lungs during descending PEEP are
shown in purple and are superimposed on the images obtained during rising PEEP (in
white): the larger lung volumes during descending PEEP document hysteresis. B) Axial
maps of apparent diffusion coefficient (ADC) obtained during a PEEP cycle identical to A):
ADC values are lower during descending PEEP suggesting a “reverse hysteresis” of the
individual airspaces. (Reproduced from Ref 96).
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Figure®6.
Values of apparent diffusion coefficient (ADC) and end inspiratory lung volumes (EILV)

during ascending and descending PEEP ramps performed as described in Figure 5. All
values are expressed as fraction of baseline at positive end expiratory pressure (PEEP) of
zero. Dissociation between the hysteretic behavior of the whole lung and the responses of
airspace dimensions is again shown. (Reproduced from Ref 96).
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Figure7.

Maps of 3He density (top), apparent diffusion coefficient (ADC, middle) and CT density
(bottom) before and after saline lavage. Color scales for diffusion (cm?/s) and CT density
(HU) are shown at the bottom. Atelectasis is documented by high CT density and low 3He
signal. However, ADC was increased overall and in regions of abnormally high CT density.
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Figure8.

ADC maps for rats ventilated at different levels of PEEP at healthy baseline (top) and after
saline lavage (bottom). PEEP after saline lavage decreased ADC towards normal values
(unpublished observations).
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