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Abstract

Background—Approximately 800 thousand patients require mechanical ventilation in the
United States annually with an in-hospital mortality rate of over 30%. The majority of patients
requiring mechanical ventilation are over the age of 65 and advanced age is known to increase the
severity of ventilator-induced lung injury (VILI) and in-hosptial mortality rates. However, the
mechanisms which predispose aging ventilator patients to increased mortality rates are not fully
understood. Ventilation with conservative fluid management decreases mortality rates in acute
respiratory distress patients, but to date there has been no investigation of the effect of conservative
fluid management on VILI and ventilator associated mortality rates. We hypothesized that age-
associated increases in susceptibility and incidence of pulmonary edema strongly promote age-
related increases in ventilator associated mortality.

Methods—2 month old and 20 month old male C57BL6 mice were mechanically ventilated with
either high tidal volume (HVT) or low tidal volume (LVT) for up to 4 hours with either liberal or
conservative fluid support. During ventilation, lung compliance, total lung capacity, and hysteresis
curves were quantified. Following ventilation, bronchoalveolar lavage fluid was analyzed for total
protein content and inflammatory cell infiltration. Wet to dry ratios were used to directly measure
edema in excised lungs. Lung histology was performed to quantify alveolar barrier damage/
destruction. Age matched non-ventilated mice were used as controls.
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Results—At 4hrs, both advanced age and HVT ventilation significantly increased markers of
inflammation and injury, degraded pulmonary mechanics, and decreased survival rates.
Conservative fluid support significantly diminished pulmonary edema and improved pulmonary
mechanics by 1hr in advanced age HVT subjects. In 4hr ventilations, conservative fluid support
significantly diminished pulmonary edema, improved lung mechanics, and resulted in significantly
lower mortality rates in older subjects.

Conclusion—Our study demonstrates that conservative fluid alone can attenuate the age
associated increase in ventilator associated mortality.
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Introduction

Mechanical ventilation (MV) is a necessary and potentially life-saving clinical intervention.
Many pathophysiological states such as Acute Lung Injury (ALI), Acute Respiratory
Distress Syndrome (ARDS), pneumonia, asthma, and Chronic Obstructive Pulmonary
Disease (COPD) can result in a person’s inability to adequately ventilate their lungs with
spontaneous breathing (12)(31). It is estimated that annually there are 800 thousand
hospitalizations in the United States requiring MV with an estimated in-hospital mortality
rate of 34.5%. The largest population of patients requiring MV (53%) is the elderly.
Incidence of MV and in-hospital mortality both sharply rise with patient age (12).

Advanced age is known to be associated with increased severity of ventilator-induced lung
injury (VILI) (40). Setzer et al recently demonstrated that HVT (24 ml/kg) MV caused more
lung injury in old rat subjects than in their younger counterparts. Lung wet to dry rations,
lavage protein and cytokine concentrations, and systemic markers of inflammation were all
elevated in the older HVT MV subjects (33). Additionally it has been shown that short-term
mechanical ventilation with low tidal volume and hyperoxia increases pulmonary edema,
lung inflammation, and decreases diaphragm function in old rats subjects compared to
young adults (1). However, the exact mechanism(s) through which this relationship between
aging and VILI is mediated remain ill defined. Consequently, preventative strategies for the
age-associated increase in ventilator mortality are currently unknown. The changing
mechanical properties of the aging lung lead to increases in lung compliance which can
predispose the lung to over-distention and increase susceptibility to atelectasis during
mechanical ventilation (2)(4)(14)(32). Further, the aging lung exhibits increasingly
dysregulated immune/inflammatory responses to injury leading to pathological increases in
pro-inflammatory behavior (33)(28).

Pulmonary edema is a hallmark of VILI(31). The incidence and in-hospital mortality rates of
patients presenting with pulmonary edema is also known to increase with patient age(8)(6).
Both the presence of pulmonary edema in ventilated patients and their overall survival rates
can be affected by fluid management strategies (43). Recent studies show that conservative
fluid management can decrease pulmonary edema, increase ventilator free days, and
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increase overall survival of patients with acute respiratory distress syndrome (ARDS) (22)
(36). However patients undergoing mechanical ventilation with inadequate fluid support are
also at risk of developing hypovolemia which overtime can lead to multiple organ system
failure (30). Therefore administering optimal fluid balance is crucial for mechanical
ventilator patient survival and recovery. Despite known benefits of conservative fluid
protocols for patients with ARDS, its effects on VILI, interaction with patient age, and the
role that they both may play in ventilator associated mortality rates has yet to be established.

We hypothesized that high tidal volume (HVT) mechanical ventilation would induce lung
injury, degrade pulmonary mechanics, and increase pulmonary edema in older murine
subjects. Further, we hypothesized that a greater sensitivity to these pathologies would result
in an age-associated increase in ventilator associated mortality. Finally, we hypothesized that
age associated increases in injury and mortality could be attenuated with a conservative fluid
support strategy. To establish the role pulmonary edema plays in age associated increases in
VILI and ventilator associated mortality and to evaluate fluid support protocols as a potential
preventative treatment, we investigated the outcomes of both liberal and conservative fluid
support strategies during high and low tidal volume mechanical ventilation in both young
and old mice.

Materials and Methods

Animal Use

Age Groups

This study was approved by the VCU Institutional Animal Care and Use Committee
(protocol number AD10000465). Male C57BL6 mice were used in these experiments. All
animal experiments were carried out under IACUC University guidelines.

Age group I (Young): Young adult animals, 2-3 months of age, weighing 25 + 3 g. Age
group 1l (Old): Old animals, 20-22 months of age, weighing 35 + 11 g. Ages of our young
and old murine groups respectively were based on correlations between murine lifespan and
known age-associated morphological changes in murine lung (17)(29).

Mechanical Ventilation

Young and old animal subjects were anesthetized with an intraperitoneal (IP) injection of
80mg/kg pentobarbital. In addition to anesthesia our MV regimen required that we arrest the
subjects’ spontaneous breathing with administration of a paralytic. This was accomplished
with IP injection of 0.8 mg/kg pancuronium bromide at the Ohr and 2hr time points. Depth
of subject anesthesia was monitored continuously via EKG transducer monitors included in
FlexiVent small animal ventilator (Scireq) hardware. To maintain an appropriate level of
anesthesia over the course of ventilation pentobarbital redoses of 40mg/kg were
administered as needed when subject heart rate exceeded 350 bpm. Each subject was
randomized into the following treatment groups according to age: Young Low Tidal Volume
(LVT), Young High Tidal Volume (HVT), Old LVT, and Old HVT. Following group
assignment, subjects were mechanically ventilated with either LVT (8mL/kg, 125 BPM, 3cm
H,0 positive end expiratory pressure, [PEEP]) or HVT (25mL/kg for Young, 18mL/kg for
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Old, 90 BPM, 0cm H,0 PEEP) ventilation protocol for either 1hr or 4hrs using a FlexiVent
small animal ventilator (Scireq). LVT and HVT ventilation patterns and four-hour
ventilation protocol were based on previously published 7n vivo models (29). Difference in
tidal volumes of young and old HVT groups reflects a normalization of tidal volume across
age based upon ideal body weight. Mice are considered to be adult at 2-3 months, but our
measurements indicated that our 20-22 month old animal subjects were on average ~30%
more massive than their younger counterparts. To better replicate clinical protocols the tidal
volumes for our HVT ventilation were established using ideal/predicted body weights. The
tidal volume for the old HVT group was therefore multiplied by 0.7, or the ratio of the
average weight of the young subjects to that of the old. This gave an adjusted average tidal
volume of 625ul+50ul and 630ul+62ul for the young and old HVT groups respectively.

Fluid Support Protocol

Animal subjects were administered either liberal (high) or conservative (low) fluid
management protocols. Animals managed under high fluid received anesthesia with
pentobarbital at a concentration of 10 mg/ml in saline and received IP infusions of saline at
100pL/hr. For a 25 gram subject requiring an hourly redose of pentobarbital the total 4hr
saline infusion volume would be ~1ml. Animals managed under low fluid protocol were
anesthetized with pentobarbital at 20 mg/ml and received no IP saline infusions. For a 25
gram subject requiring an hourly redose of pentobarbital the total 4hr saline infusion volume
would be ~0.35ml.

Lung Mechanics

Euthanasia

Atthe 0, 1, 2, 3, and 4hr time points the following forced inspiratory maneuvers: 1) Deep
Inflation v7.0, 2) Snapshot-150 v7.0, and 3) PVs-V v7.0 were performed using the included
FlexiWare software package (Scireq). Deep inflation acts as a recruitment maneuver and
measures total lung capacity (TLC). Snapshot measures lung tissue compliance. The
pressure volume (PV) maneuver inflates the lung to a sequence of linearly increasing then
decreasing volumes while measuring the corresponding airway pressures. With these data
the PV maneuver generates respiratory pressure-volume loops from which the PV-loop area
(hysteresis) is calculated. For subjects who died during ventilation the last set of mechanical
data points taken prior to death were included in analysis where possible.

At the end of the 1hr and 4hr ventilations respectively each animal subject was fully
exsanguinated and removed from mechanical ventilation.

Alveolar Lavage

Bronchoalveolar lavage was performed by instillation of saline using gravity feed driven
flow at a height 30cm. This method was preferred over a forced installation to preserve lung
architecture for histological analysis of alveolar airspace enlargement. Saline flowed freely
into the lung until it stopped naturally. The installation tube and mouse were then inverted to
allow the saline to flow freely back out and into a collection tube. This process was repeated

Exp Gerontol. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herbert et al. Page 5

three times. An average of 2.5 — 3.5mls of total bronchoalveolar lavage (BAL) fluid per
subject was obtained using this technique.

Bronchoalveolar Lavage Fluid Cytology

BAL fluid was centrifuged at 300 x G, 4°C for 8 minutes. Supernatants were removed and
cell pellets re-suspended in saline. Cells were then mounted onto glass slides using a
cytospin device (Shandon). Cells were stained (3 Diff-Quik solutions staining kit) and cover-
slipped. Cell populations were then analyzed using microscopy (Olympus) and the ratios of
lymphocytes, leukocytes, and macrophages were determined.

Bronchoalveolar Lavage Fluid Protein Concentration

BCA assay analysis (Pierce) of protein concention was performed on all BAL fluid
supernatants according to manufacturer’s instructions.

Lung Histology

Left lungs were held at constant pressure, fixed with 10% formalin, sectioned, and stained
with H&E. Airspace enlargement, which quantifies relative differences in alveolar airspace
area within lung histology sections, was measured and analyzed using in-house custom code
written in MATLAB. This code quantified enlargement using a previously defined mean
weighted enlargement metric (18). The weight of each airspace in the metric was dependent
on the variance and skewness of its size. Stained slides were dehydrated and mounted using
Permount mounting medium (Fisher) and imaged using an Olympus 1X71 Microscope
(Olympus).

Lung Wet to Dry Weight Ratios

From each animal subject, right lungs were excised, weighed, fully desiccated then
lyophilized for 48 hours. Specimens were then weighed and a wet weight to dry weight ratio
calculated (9). To prevent introduction of erroneous fluid to this measurement wet to dry
ratios were not performed on subjects for whom bronchoalveolar fluid had been collected.

Non-Ventilated Controls

Measurements of each experimental variable except for pulmonary biomechanics was
performed on non-ventilated control animals.

Statistical Analysis

All quantitative experimental studies were performed with a minimum of n=3 however the
values vary between individual groups experiments. A more in-depth explanation of the
variation in N values is given in the supplement. Survival statistics were performed with
Kaplan-Meyer estimation. For wet to dry data analysis two way ANOVA was used to
establish pairwise differences across age and one way ANOVA with Tukey tests were used
to establish within group differences. All other statistics were performed using two way
ANOVA. P values of <0.05 were considered significant. We used GraphPad Prism 5
statistical analysis software.
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Four Hour High Fluid Survival Rate

4hr survival curve for old subjects ventilated with HVT and high fluid support was
statistically significantly lower than that observed in all other groups (Figure 1). In all, only
four of twelve old HVT subjects survived the 4Hr duration of their respective ventilations.
By contrast, only one old HVT subject on the low fluid support protocol died during
mechanical ventilation. Additionally only one old LV T subject and one young LVT subject
died during mechanical ventilation. No young HVT subjects died during mechanical
ventilation (Figure 1).

One Hour Lung Wet to Dry Ratios

Wet to dry ratios for each of the 1hr ventilation groups were measured (Figure 2A). A
statistically significant group-wise difference across age was observed with the older murine
groups exhibiting significantly greater wet to dry ratios than the young. The wet to dry ratios
for young HVT subjects receiving high fluid protocol was significantly greater than that
observed in the young non-ventilated group (Figure 2A). The wet to dry ratio of old HVT
subjects receiving low fluid protocol was significantly lower than that observed in the old
HVT subjects who received high fluid protocol and the old non-ventilated group (Figure
2A).

Four Hour Bronchoalveolar Lavage Fluid Protein Concentration

BAL fluid protein concentrations were measured for each animal subject surviving 4hr
ventilation (Figure 2B). There was not a statistically significant group wise difference in
lavage protein concentration across age. Within the old group, the lavage protein
concentration of subjects ventilated with HVT and high fluid support was significantly
greater than that of all other old groups respectively. Similar trends were seen between the
young groups but none reached statistical significance.

Bronchoalveolar Lavage Fluid Cytology

Cytological differentials were measured on the BAL fluid of each subject surviving 4Hr
ventilation (Table 1). The monocyte differentials of Old HVT high fluid group were
significantly greater than those of both the Young Non-Ventilated and Old Non-Ventilated
groups. No other statistically significant differences were observed.

PV Loop Hysteresis

PV loops were generated hourly using the Flexivent software (Scireq) for each surviving
animal subject. Representative PV loops are shown in Figure 3. The hysteresis values of
each group were normalized with their respective Ohr values (Figure 4). There was a group
wise difference across age with old groups having significantly greater 1Hr PV loop
hysteresis than young. 1Hr PV loop hysteresis of Old HVT high fluid group was
significantly greater than that of the Old HVT low fluid group (Figure 4A). The 4Hr PV loop
hysteresis of the old HVT high fluid was significantly greater than that of both the old LVT
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high fluid and old HVT low fluid groups (Figure 4B). Similar trends were seen between the
young groups but none reached statistical significance.

Lung Compliance

Lung compliance was measured hourly using the Flexivent software (Scireq) for each
surviving animal subject (Figure 5). There was a significant group wise difference across age
of both the 1Hr and 4Hr lung compliance measures with old groups having greater
compliance than young. (Figure 5A, C). The 1Hr lung compliance of the old HVT high fluid
group was significantly greater than that of the HVT low fluid group (Figure 5A). The 4Hr
lung compliance of the old HVT high fluid group was greater than that of the old HVT low
fluid group (Figure 5C). There was a strong non-significant trend with the old 4Hr HVT
high fluid groups having a greater mean than the old 4Hr LV'T low fluid group.

Total Lung Capacity

Total Lung Capacity (TLC) was measured hourly using the Flexivent software (Scireq) for
each surviving animal subject (Figure 5). There was a statistically significant group wise
difference across age of both the 1Hr and 4Hr TLC with the old groups having greater TLC
than young (Figure 5B, D). The 1Hr TLC of the old HVT high fluid group was significantly
greater than that of the HVT low fluid group (Figure 5B). The 4Hr TLC of the old HVT high
fluid group was significantly greater than that of the old HVT low fluid group (Figure 5D).
There was a strong non-significant trend with the old 4Hr HVT high fluid group having a
greater mean than the old 4Hr LVT high fluid group.

Airspace Enlargement

Representative histological images of lung stained with H&E of both young and old animal
subjects ventilated with HV or LV are presented in Figure 6A-D. Airspace enlargement and
an increased infiltration of erythrocytes could clearly be seen in images corresponding to
both increased age and HVT ventilation. Low fluid protocols visually attenuated these
effects. Airspace enlargement was quantified and calculated for each subject reaching 4hrs
of mechanical ventilation. There was a significant group wise difference in airspace
enlargement across age with old groups having a greater value that young. Airspace
enlargement of old subjects ventilated with HVT and high fluid was significantly greater
than that of all other groups (Figure 6E).

Discussion

The first aim of this study was to establish that older mouse subjects when subjected to HVT
MV exhibit an increased severity of ventilator-induced lung injury as was recently reported
in an aging rat model (33). Wilson et al established that significant stretch induced lung
injury in young healthy mice requires mechanical ventilation with tidal volumes
approaching 40mg/ml (38). Consequently most models of VILI use similarly high
(>30mg/ml) VT and/or inspiratory pressures to induce injury. These settings however are
generally considered significantly higher than those used in the clinical management of
patients (38)(39). Setzer et al demonstrated that the increased sensitivity of the aging rat
lung to mechanical ventilation allowed their group to achieve significant VILI with tidal
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volumes of 16-24mg/kg (33). So while a tidal volume of 40mg/kg may be more
conventionally referred to as “High Tidal Volume”, our HVT protocol is both sufficient to
cause ventilator induced injury and mortality in our older subjects and is closer to clinical
relevance than other higher HVT standards.

Each of our experimental measures demonstrates a significant pattern of age-associated
increase in inflammation and injury. Our second aim was to determine whether
administration of a conservative fluid management strategy alone would attenuate these
effects. While fluid management has long been an important issue in clinical medicine; the
role of fluid management on the development and outcome of VILI had yet to be
quantitatively studied /n-vivo. The addition of conservative fluid support to our HVT
ventilation protocol attenuated VILI and significantly decreased the mortality rate in older
subjects.

Patient mortality is the gravest complication of mechanical ventilation. In our study neither
advanced age nor HVT ventilation alone significantly increased subject mortality. Only with
the combination of advanced age and HVT did our study yield a profound decrease in our
subjects’ survival (Fig. 1). Considering the epidemiology of VILI the experimental
validation of the age associated increase in ventilator mortality is already of paramount
importance. Potentially even more meaningful however was that we were able to completely
attenuate the age associated increase in our subject’s HVT mortality with the administration
of a low fluid protocol. Pulmonary edema, pulmonary mechanics, lung histology, and BAL
fluid cytology data all give a strong testimony that the resolution of VILI induced edema
itself is a primary mechanism through which this low fluid protocol is able to enact such a
dramatically protective effect.

Pulmonary edema is a hallmark of VILI and the severity and susceptibility to pulmonary
edema increases with age (25)(5)(21)(41). Some of the driving forces behind development
and progression of pulmonary edema both in general and in VILI are increases in pulmonary
intravascular pressure, decreased epithelial barrier integrity/increased permeability, and
increased local and systemic inflammatory cytokine presence. Since conservative fluid
strategies decease intravascular pressure, it is not surprising that a body of data has emerged
linking them to decreased pulmonary edema and increased survival rates both in animal and
human studies of ARDS (22)(25)(36). However, liberal fluid management strategies are not
wholly without merit. Liberal fluid resuscitation is known to have positive effects on blood
pressure and other hemodynamic factors in human studies (25).

The role of aquaporin channels in pulmonary fluid clearance and how they my specifically
interact with VILI, aging, and edema is complicated at the very least. Zhongguo et al
showed that aquaporin channel 1 and 5 (AQP1& AQP5) expression decreases in rats with
hyperoxia induced lung injury and correlates with increases in pulmonary edema. And
although low tidal volume mechanical ventilation was not found to increase alveolar barrier
permeability or pulmonary edema in rats, it was shown to increase AQP1 and AQP5
expression. Age is known to be a predictive factor in the incidence and severity of
pulmonary edema (40)(24). Zhang et al showed that aging lungs exhibit decreased aquaporin
channel expression (42). Additionally it is known that age associated changes in lung
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physiology increase susceptibility to and severity of both VILI and pulmonary edema
independently during mechanical ventilation. In the present study, we hypothesized that the
negative synergy of the age associated increases allows them to be powerful regulators of the
age-associated increases in ventilator mortality rates observed both in animal models and in
older patients who are mechanically ventilated.

In our 1hr ventilations we found significant increases in lung wet to dry ratios associated
with both advanced age and liberal fluid support. These results support the general finding
that age increases the incidence and severity of edema (5)(33). They also demonstrate our
experimental model’s ability to induce ventilator-associated pulmonary edema with HVT
mechanical ventilation and subsequently attenuate it through conservative fluid
administration alone.

Increased lavage protein concentration is a general marker of lung injury and of enhanced
pulmonary permeability and edema (35). In our 4hr subjects, lavage protein concentration
was significantly increased by HVT ventilation. Importantly, old subjects on low fluid
protocol exhibited near complete attenuation of the high protein containing BAL fluid
produced by HVT ventilation. As with our 1hr ventilation results, these data establish our
ability to use HVT mechanical ventilation and conservative fluid management both induce
and ablate pulmonary edema respectively.

Pulmonary disease changes the physiology of the lungs, which manifests as changes in
respiratory mechanics. Therefore, measurement of respiratory mechanics allows a clinician
to monitor closely the course of pulmonary disease(13). The area of the pressure volume
loop (i.e., the hysteresis) is the geometric representation of the energy lost during each
breath cycle. Increased hysteresis is indicative of compromised lung mechanics function and
is a hallmark of aging and various lung pathologies (16)(11). The one hour PV-Loop data
demonstrated that conservative fluid support in the old HVT subjects attenuated age-related
increase in MV induced pulmonary mechanical disruption. The success of these
conservative fluid strategies in decreasing the severity of pulmonary edema and improving
pulmonary mechanics in our 1Hr HVT subjects precipitated us to confidently apply our
conservative fluid protocols to a group of old subjects being mechanically ventilated for 4hrs
in hopes of increasing their survival rate. Predictably the four hour P\V-Loop data showed an
even more significant pattern of disruption and resolution of pulmonary mechanics with the
administration of liberal and conservative fluid protocols respectively in our old murine
subjects. In young subjects we saw a similar pattern but none of hysteresis differences
reached statistical significance.

In addition to their hysteresis values, the PV loops also contain information in the shape of
their ascending limb. In figure 3, we see that while the shapes of the PV loops of young LVT
and HVT and old LVT subjects vary only minimally over time, the old HVT loops splay
strongly to the left. This represents an increasing rise in pulmonary compliance over time.
Increased lung compliance is a hallmark of the age-associated decline in lung mechanics and
of many pathological conditions (19)(31)(3). TLC is not considered to significantly change
with age (34). It is generally known that this effect results from the almost perfect balance
between the age-associated increase in lung compliance, the decrease in respiratory muscle
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tone, and the increase in chest wall stiffness (7). However in our experiments, the Flexivent
system calculates TLC based upon the volume of air required to inflate the lung to a
specified pressure. Therefore, the age-associated loss of muscle tone does not affect the TLC
measurements. Consequently, we expect the loss of lung compliance to dominate these
measurements and expect to see TLC measurements taken with the Flexivent system to
increase with age. Furthermore, certain types of lung injury (e.g., emphysema) increase lung
compliance, and thus, they further increase total lung capacity as measured by our Flexivent
system (27).

Both age and injury related increases in these pulmonary mechanical measures were
observed in our study. The significantly increased Ohr lung compliance and total lung
capacity in old mice demonstrates the predicted age-associated changes in pulmonary
physiology and mechanics. The strong trend toward increased mean values of both lung
compliance and TLC observed in HVT vs LVT ventilator protocols seen in our older
subjects therefore notable as well. Even more striking is that both lung compliance and TLC
values are significantly decreased in older HVT subjects when treated with conservative
fluid protocols. These findings demonstrate that HVT ventilation promotes greater injury
compared to LVT ventilation in old animal subjects, and that this injury can be attenuated
with a low fluid protocol alone.

Collectively these mechanics data paint a picture of an aging lung whose mechanical
dysfunction is a downstream effect of the loss of elasticity and subsequent increase in
compliance. This is in agreement with the known age-associated decrease in elastin fibers of
the lung parenchyma(17). However, it must be noted that in general having increased
pulmonary edema classically decreases lung compliance. This would seem to be in
opposition to the pattern we observed of increasing lung compliance with injury. However,
VILI induced changes in the lung parenchyma do operate in the direction of increasing lung
compliances. In our histological analysis, we found a qualitative decrease in the presence
and quality of elastin in older mice (Supplemental Figure).

We further investigated our model’s effect on lung parenchyma destruction through
measurement of ventilation-induced alveolar airspace enlargement. Increased airspace
enlargement values are associated with both increased age and pathophysiological
conditions such as emphysema (23) and VILI (20). In our case, the differences we observed
in the airspace enlargement values for the experimental groups represent the extent of the
alveolar barrier injury/destruction resulting from mechanical ventilation. Just as with our
mechanics, edema, and cytology data, we expected to observe a group-wise difference in the
airspace enlargement values across age, with older mice exhibiting greater airspace
enlargement values than younger mice. Further, we expected to see significant increases in
airspace enlargement values of HVT subjects over non-ventilated controls and LVT subjects.
Our data not only showed both of these patterns, but additionally there was a significant
interaction effect of increased airspace enlargement when advanced age combined with HVT
ventilation. These pro-pulmonary compliance changes in the lung parenchyma work in
opposition to the anti-compliant mechanics classically observed in an edematous lung. The
fact we seen an increasing compliance in our most injured subjects despite their increasingly
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edematous lungs suggests that the mechanical effect of the injury/destruction of the
parenchyma has a more profound impact on the overall lung mechanics than the edema.

Our cytological analysis of BAL fluid demonstrates a pattern of inflammatory cell
recruitment that further validates our experimental model of VILI in aging mice.
Recruitment of lymphocytes, neutrophils, basophils, and eosinophils to the site of an injury
is part of the normal immuno-inflammatory and wound healing response (15)(44).
Literature, experimental data, and our research lead us to conclude that age-related increases
in the severity of VILI should amplify this damage-associated pattern both systemically and
in the microenvironment of the lung (33)(28)(9). However, several studies have found little
or no differences in BAL fluid cell count ratios between young and old healthy mice (10)
(36)(26). For this reason, we expected that we would only see significant differences in
differential cell counts between ventilation control and HVT subjects and that furthermore;
this pattern would be more exaggerated in the old vs. the young subjects.

As expected, our cytological analysis failed to yield significant differences between young
and old control groups. The only significant differences we observed were between old
subjects ventilated with HVT and young and old control groups. These cytology data
support our hypothesis by demonstrating the synergistic effect of advanced age and HVT
ventilation on lung inflammation and injury. This age-associated increase in ventilator —
induced pulmonary “biotrauma” is decidedly “mid-stream” in the VILI process. Alveolar
epithelial cell barrier function is known to be disrupted by inflammatory cytokines.
Increased pro-inflammatory cytokine levels in the lung promote disruption of the lung’s
barrier function thus resulting in enhanced permeability and development of pulmonary
edema.

Thus, the work reported here demonstrates that a low fluid support strategy alone can
reverse the age-associated increases in the 4hr hour mortality rate of older subjects ventilated
with HVT. The significantly important finding arising from this work is that development of
pulmonary edema has both deleterious up and down stream impacts on the development of
VILI. Further, we have identified the crucial role conservative fluid administration has in
diminishing lung edema and the severity of VILI.

In conclusion, our findings suggest that the age-associated increase in VILI-induced
pulmonary edema is not simply a downstream marker of injury but also a mechanism for
further injury and increased mortality. And while already known that conservative fluid
support strategies give favorable outcomes to patients with ARDS, this is the first evidence
that these strategies also attenuate VILI and its age-associated increase in severity.
Considering the relative lack of preventative treatments for VILI and the age-associated
increases in injury and death, the development of age-dependent fluid support strategies may
be of critical importance in increasing the survival rate of elderly ventilator patients.

Limitations

The volume parameter of mechanical ventilations is generally determined by the application
of a ratio between tidal volume and patient weight. For this purpose it is often the preferred
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clinical practice to use a calculation of the patient’s ideal body weight instead of their actual
weight as to not over or under ventilate under or overweight patients. This is of particular
importance in our study as 20 month old mice are reliably ~30% more massive than their
younger counterparts. If not accounted for, this would result in the lungs of the older
subjects being systematically inflated to larger volumes based on their size than those of
their younger counterparts. However it has also been noted that while the lungs of the older
mice may not be larger than those of the young adult mice, the increased mass of the older
mice does correlate with an increased circulatory volume. Therefore while the weight-
adjusted tidal volume may provide a lung volume normalized tidal volume, the older mice
are receiving a lower tidal volume relative to their circulatory volume. This is of course not
different from how overweight human patients may be ventilated but is still a potentially
important limitation to consider.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. 4Hr mechanical ventilation causes lung injury and death in elderly mice.

. The effect is strongly blunted in young subjects or by using a low tidal
volume.

. Pulmonary edema was hypothesized as an upstream mechanism of this
mortality.

. A novel conservative fluid protocol was proposed to attenuate these effects.

. Conservative fluid support significantly decreased edema and mortality in old
mice.
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Young HVT - HF
Young LVT - HF
OIld HVT - LF
Old LVT - HF

Old HVT - HF

4Hr Survival Rate. Survival rate in the Old HVT-HF group was significantly less than all
other groups. Data is presented as survival percentage N = 10 for Young LVT — HF, 10 for
Young HVT — HF, 3 for Young HVT — LF, 7 for Old LVT — HF, 12 for Old HVT — HF, 8for

Old HVT — LF ***p<0.001.
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Figure 2.

A. 1Hr Lung Wet to Dry Ratios. There was a group wise statistically significant difference
across age with old groups having significantly greater lung wet to dry ratio than young. The
Young HVT-HF group was significantly greater than in the Young Non-Ventilated group.
The Old HVT-LF group was significantly less than in all other old groups respectively. Data
are presented as mean +/- st.dev N = 4 for Young Non-Vent, 4 for Young HVT — HF, 4 for
Young HVT - LF, 4 for Old Non-Vent, 4 for Old HVT - HF, 5 for Old HVT - LF. B. 4Hr
Lavage Protein Concentration. The Old HVT-HF group concentration was significantly
greater than that of all other old groups respectively. N = 4 for Young Non-Vent, 4 for Young
LVT - HF, 7 for Young HVT - HF, 3 for Young HVT - LF, 4 for Old Non-Vent, 4 for Old
LVT - HF, 4 for Old HVT - HF, 5 for Old HVT - LF *p<0.05.
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Figure 3.
A. Representative 4Hr PV Loop for a Young LVT-HF subject. B. Representative 4Hr PV

Loop for an Old LVT-HF subject. C. Representative 4Hr PV Loop for a Young HVT-HF
subject. D. Representative 4Hr PV Loop for an Old HVT-HF subject.
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A. 1Hr PV Loop Hysteresis. Hysteresis in the Old HVT-HF group was significantly greater
than Young HVT-HF and Old HVT-LF groups. Data are presented as mean +/- st.dev N=7
for Young HVT — HF, 7 for Young HVT - LF, 9 for Old HVT — HF, 12 for Old HVT - LF.
B. 4Hr PV Loop Hysteresis. Hysteresis of the Old HVT-HF group was greater than that of
the Old LVT-HF and Old HVT-LF groups. N=5 for Young LVT — HF, 6 for Young HVT -
HF, 3 for Young HVT - LF, 5 for Old LVT — HF, 4 for Old HVT — HF, 5 for Old HVT - LF
*p<0.05, **p<0.01.
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Figure 5.

A. 1Hr Lung Compliance. There was a significant group wise across age with the old groups
having a greater compliance than the young. 1Hr lung compliance in the Old HVT-HF group
was significantly greater that of the Old HVT-LF group. Data are presented as mean +/-
st.dev N=11 for Young HVT — HF, 4 for Young HVT — LF, 14 for Old HVT - HF, 7 for Old
HVT - LF. B. 1Hr Total Lung Capacity. There was a significant group wise difference
across age with the old groups having a greater TLC than young. 1Hr TLC in the Old HVT-
HF group was significantly greater that of the Old HVT-LF group. N=4 for Young HVT —
HF, 4 for Young HVT - LF, 14 for Old HVT — HF, 14 for Old HVT - LF. C. 4Hr Lung
Compliance. There was a significant group wise difference across age with the old groups
having greater lung compliance than the young. 4Hr lung compliance in the Old HVT-HF
group was significantly greater that of the Old OHr and Old HVT-LF groups. N=11 for OHr
Young, 7 for Young LVT — HF, 8 for Young HVT — HF, 3 for Young HVT - LF, 16 for OHr
Old, 6 for Old LVT — HF, 4 for Old HVT — HF, 6 for Old HVT — LF. D. 4Hr Total Lung
Capacity. There was a significant group wise difference across age with the old groups
having a greater TLC than young. 4Hr TLC in the Old HVT-HF group was significantly
greater that of the Old HVT-LF group. N=11 for OHr Young, 7 for Young LVT — HF, 9 for
Young HVT — HF, 3 for Young HVT — LF, 16 for OHr Old, 6 for Old LVT — HF, 4 for Old
HVT — HF, 6 for Old HVT - LF, *p<0.05, **p<0.01, ***p<0.001, ****p<0.001.
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Figure 6.
A, B, C, D, E, F Representative 4Hr histological H&E images of A. Young LVT-HF, B.

Young HVT-HF, C. Young HVT-LF, D. Old LVT-HF, E. Old HVT-HF, and F. Old HVT-LF
lung sections respectively. G. Airspace Enlargement. There was a statistically significant
groupwise difference across age with old groups having significantly greater enlargement
than young. Enlargement was greater in the Old HVT-HF group than in all others. Data are
presented as mean +/- st.dev N = 3 for Young Non-Vent, 6 for Young LVT — HF, 6 for
Young HVT — HF, 3 for Young HVT - LF, 3 for Old Non-Vent, 3 for Old LVT - HF, 4 for
Old HVT - HF, 3 for Old HVT - LF **p<0.01.
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