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Abstract

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide, 

and the progressive nature heightens the calamity of the disease. In existing COPD studies, 

lung mechanics are often reported under positive-pressure ventilation (PPV) and extrapolations 

made from these studies pose restrictions as recent works have divulged disparate elastic and 

energetic results between PPV and more physiological negative-pressure ventilation (NPV) 

counterparts. This nonequivalence of PPV and NPV must be investigated under diseased states 

to augment our understanding of disease mechanics. To assess the comparability of diseased 

pulmonary mechanics in PPV and NPV, we pose a novel study to parse out the currently 

entangled contributions of ventilation mode and diseased state by analyzing murine PV curves 

from porcine pancreatic elastase (PPE) and hog dust extract (HDE) induced COPD models under 

positive and negative pressures. We find that, for PPE-exposed, under NPV, volume, compliance 

(C, Cstart, and Cdef), and hysteresis are increased in diseased states and that under PPV, only 
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compliance (C and Cstart) is increased. For HDE-exposed, under NPV, volume, compliance (C, 

Cinf, Cdef, and K), and hysteresis are decreased, whereas, under PPV, only volume and static 

compliance decreased. All significant mechanical variations due to disease were observed solely 

at higher pressures (40 cmH2O) under both PPV and NPV. Our nuanced conclusions indicate 

the detection capabilities of multiple mechanics-based biomarkers are sensitive to the ventilation 

mode, where NPV exhibits more altered mechanics metrics in PPE-exposed and HDE-exposed 

groups compared with PPV counterparts, suggesting the resolution of biomarkers when applied 

under NPV research considerations may offer greater versatility.

NEW & NOTEWORTHY: We evaluate whether ubiquitous pressure-volume (PV) curve 

biomarkers depend on the ventilation mode under which they were collected (i.e., positive- 

or negative-pressure ventilation). This is a significant investigation considering recent works 

have revealed PV curves are distinct and noninterchangeable under the two ventilation modes. 

Multiple biomarkers noted under negative-pressure ventilation are lacking from positive-pressure 

counterparts, albeit for small-scale species considerations. Future investigations should confirm 

the applicability of these findings for large-scale specimens for clinical considerations.
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INTRODUCTION

Approximately 545 million individuals have a chronic respiratory disease and, annually, 

3.2 million deaths are caused by chronic obstructive pulmonary disease (COPD) alone, 

making respiratory disease a leading cause of morbidity and mortality worldwide (1, 2). 

COPD encompasses several pathologies including emphysema, chronic bronchitis, and small 

airway disease (e.g., inflammation and fibrosis), with root causes including occupational 

(e.g., organic and inorganic dusts, and fumes), environmental (e.g., air pollution), and 

lifestyle (e.g., smoking) exposures (3–7). These pathologies are characterized by changes to 

distal airways and parenchyma, which cause detrimental mechanical alterations that restrict 

breathing (8, 9).

COPD and the associated lung mechanics have been studied and reported in animal 

models under positive-pressure ventilation (PPV) (10–12) and in clinical studies under 

both mechanical ventilation (i.e., invasive and noninvasive PPV) (13, 14) and spontaneous 

breathing (i.e., spirometry) (1, 15). Prevalent noninvasive clinical studies advance COPD 

diagnostics and safe ventilation strategies, but understanding the base mechanical changes 

to the isolated diseased lung can help clarify the contributions of lung structure (16, 

17). Isolation of lung mechanics is often accomplished with ex-vivo PPV; however, this 

is known to be nonphysiological—particularly when compared with negative-pressure 

ventilation (NPV), which more closely mimics diaphragm contraction—and the results may 

mistranslate when applied to spontaneous breathing (1, 18–20). Although much has been 

gained by PPV, emerging studies validate this point and call into question the comparability 

of lung mechanics under PPV and NPV (21–24), even demonstrating disparities in common 

biomarkers—parameters widely used to comprehend alterations caused by disease—such 

as static and dynamic compliances between the two modes (21, 24). This underscores 
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the necessity to dissect the currently intertwined mechanisms of the diseased state and 

ventilation mode responsible for pressure-volume (PV) curve alterations to evaluate how 

PPV mechanical features fair against the mechanics of NPV.

To address this question, this study utilizes an established custom-designed ventilation 

device to perform positive- and negative-pressure inflation testing on excised mouse lungs 

with two separate forms of late-stage COPD (emphysema and inflammation-associated 

peribronchial fibrosis) and compare results with proven PPV findings (25, 26). Established 

pulmonary disease models (3, 12, 27, 28) were analyzed with a range of lung organ-level 

mechanics (quasi-static compliance, starting compliance, inflation compliance, deflation 

compliance, Salazar–Knowles K, viscoelastic relaxation, hysteresis, and energy loss) (17, 

26, 29–32).

First, emphysema was modeled via a standard elastase exposure as previously performed 

(33, 34), which has been studied extensively for PPV (12); this allows rigorous comparisons 

between available PPV literature and our current PPV/NPV study. In this model, the porcine 

pancreatic elastase introduced into the lung results in the progressive destruction of tissues 

simulating emphysema (12). Second, we expand this question to separately investigate 

how lung mechanics are altered due to chronic dust exposure. This organic dust exposure 

causes chronic inflammation resulting in small airway disease (i.e., peribronchial fibrosis) 

and COPD (35, 36); this exposure model is vastly understudied (3, 27). Investigating and 

understanding the mechanics behind these various avenues of disease manifestation and 

progression are pertinent to the development of vital early diagnosis techniques (3, 16, 37, 

38).

Both mouse COPD models are used to compare prevailing PPV biomarkers within the 

existing literature to PPV and NPV findings of this current work, with special attention 

given to PV metrics recently noted to vary between the two ventilation modes (21, 24). 

Ultimately this study determines if mechanics found to differ between healthy and disease in 

PPV are applicable and present in NPV; the insights from this study illuminate whether 

ventilation mode or diseased-state mechanisms and dependencies command biomarker 

behaviors.

MATERIALS AND METHODS

Mouse Models

Twenty male C57BL/6 mice weighing 29.4 ± 3.5 g (8–12 wk old, Jackson Laboratory, 

Bar Harbor, ME) were separated into four unique treatment groups—two exposed groups 

coupled with two control groups—to independently assess the pulmonary mechanics of 

two different models of COPD: elastase-induced and chronic-dust exposure. Outlined 

exposures Groups I to IV followed previously established methods and protocols to endorse 

desired disease manifestations (27, 33): [Group I: porcine pancreatic elastase-exposed (PPE-

exposed)] emphysema was induced (n = 5) via a single intranasal instillation of porcine 

pancreatic elastase (0.9 U) and euthanized 4 wk postexposure as previously performed and 

validated via mean linear intercept method (33, 34); [Group II: age-matched control for 

Group I (PPE-control)] the emphysema control group received (n = 5) a single instillation 
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of 1X phosphate-buffered saline (PBS) and aged for 4 wk. [Group III: hog dust extract 

exposed (HDE-exposed)] Chronic inflammation and resulting peribronchial fibrosis were 

induced (n = 5) via intranasal exposure to 12.5% hog dust extract (HDE) (vol/vol) thrice 

weekly for 21 wk as previously performed and validated via Ashcroft’s score (27, 34). 

[Group IV: age-matched control for Group III (HDE-control)] The HDE-control group (n 
= 5) intranasally received 1X PBS thrice weekly for 21 wk. Mice were anesthetized with 

isoflurane for procedures and monitored and housed under a 12:12-h light-dark cycle with 

ad-libitum access to food and water. All the experiments and procedures were approved 

by the University of California, Riverside’s Institutional Animal Care and Use Committee 

[IACUC; protocol #20200014; some control mice were also part of a previous analysis (24, 

26) and then utilized in (34)].

Pulmonary Function

Mice were euthanized on the day of testing by isoflurane overdose, after which trachea 

cannulation and lung inflation to 0.5 mL followed to prevent atelectasis. The heart-lung bloc 

was removed and stored in PBS. Exposure and euthanasia protocols were performed by a 

separate set of individuals than mechanical testing and analysis to ensure measurements and 

analysis were done in a blind manner. Mechanical testing was performed by cyclic inflation-

deflation and was conducted by using our established custom electromechanical ventilation 

apparatus, as previously described (25, 26, 39). During testing, real-time measurements 

of transpulmonary pressure and lung expansion volume (not just applied volume) were 

collected (25, 26). The inflation protocol was as follows: initial 5 cmH2O preload, three 

preconditioning cycles, one test cycle, and one inflation ramp preceding a 120 s hold. 

To investigate known pressure and frequency dependencies (26, 29, 31, 40–42), two peak 

pressures (20 and 40 cmH2O ± 15% with a volume-control apparatus) (40), each at two 

cycling frequencies [5 and 20 breaths per minute (BPM)] were tested. This protocol was 

completed under PPV and NPV as previously and extensively described where, briefly, NPV 

was conducted by applying a negative pressure to the lung until the targeted lung pressure 

was reached (25, 26).

To quantify the structural alterations induced by pulmonary disease (28), the elastic 

and energetic measures of pressure-volume (PV) curves were analyzed. Two promising 

biomarkers, as identified in the literature as deflation compliance (Cdef) and quasi-static 

compliance (C), were calculated and analyzed (18, 19, 43). C was calculated as the ratio 

of peak-lung volume to peak pressure, where peak and plateau pressures were assumed 

equal due to slow inflation rates (17, 44). Other compliance measures, starting compliance 

(Cstart), inflation compliance (Cinf), and deflation compliance (Cdef), were also calculated 

as tangents to the PV curve in their respective locations by using linear regression, as 

described previously (Fig. 1A) (26, 29). To compare alternative analysis methods, the 

Salazar–Knowles equation was also used to quantify the deflation section of the PV curve 

(45):

V = A − Be−KP

(1)
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where V is volume, P is pressure, and A, B, and K are constants.

Lung volume (V) was recorded for each test and analyzed. Viscoelastic alterations to the 

tissue were quantified as the percentage drop in measured pressure during the constant 

load (120 s) (30). Two energetic measures, hysteresis and energy loss, were calculated and 

analyzed as the area encapsulated by the PV curve and the normalized area, respectively 

(Fig. 4A) (46, 47).

Bronchoalveolar Lavages

Bronchoalveolar lavage fluid (BALF) was collected and centrifuged at 1,500 rpm for 5 min. 

Cells from three washes were combined (total 3 mL PBS). Differential cell counts were 

performed for each mouse where 300 cells were counted for the number of macrophages, 

eosinophils, neutrophils, and lymphocytes.

Statistical Analysis

The student’s t-test was performed to compare values between exposed and control groups 

(unpaired) with P = 0.05 declared as the threshold for significance (48) (Version 9.1.0, 

GraphPad Software, San Diego, CA). Occasionally, lungs failed to reach the target pressure 

and these trials were discarded.

RESULTS

Compliances and Lung Volume

Effects of emphysema were demonstrated by a leftward shift of the PV curve of the PPE-

exposed group compared with the PPE-control group (Fig. 1, A and F) (49). Figure 1, B–E 

and G–J, reports static and dynamic compliances for PPE-control (white) and PPE-exposed 

(green) groups under PPV and NPV, respectively. Under PPV, the alterations to the PV curve 

of the PPE-exposed lungs were manifested as increased C at 40 cmH2O at 5 BPM and 

increased Cstart at 40 cmH2O at 5 and 20 BPM when compared with the PPE-control group 

(Fig. 1, B and C). Similarly, under NPV, C (40 cmH2O at 5 BPM), Cstart (40 cmH2O at 20 

BPM), and Cdef (40 cmH2O at 20 BPM) increased in PPE-exposed lungs (Fig. 1, G, H, and 

J).

HDE also altered the lung PV response resulting in differed compliance measures between 

HDE-control (black) and HDE-exposed (purple) (Fig. 2, A and F). Specifically, in PPV, C 
decreased at 40 cmH2O at 5 and 20 BPM (Fig. 2B), whereas in NPV, C (40 cmH2O at 5 

BPM), Cinf (40 cmH2O at 5 and 20 BPM), and Cdef (40 cmH2O at 5 BPM) were reduced 

(Fig. 2, G, I, and J) for the HDE-exposed group compared with the respective HDE-control 

group.

Figure 3 reports the resultant V for PPE (Fig. 3, A and C, PPV and NPV respectively) 

and HDE (Fig. 3, B and D, PPV and NPV respectively) groups. Under PPV, the peak-lung 

volume did not vary between PPE-exposed and PPE-control lungs; moreover, volume was 

reduced at 40 cmH2O at 5 and 20 BPM in HDE-exposed lungs under PPV. Under NPV, 

PPE-exposed lungs reported increased V at 40 cmH2O at 5 and 20 BPM compared with 
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PPE-control subjects and HDE-exposed lungs demonstrated reduced V at 40 cmH2O at 5 

BPM compared with HDE-control subjects.

Figure 4A demonstrates the goodness of fit of the Salazar–Knowles model (blue) for PV 

curves collected at 20 (black dashed line) and 40 cmH2O (grey solid line). Figure 4, B and 

D, shows that K detected no clear differences between the PPE-exposed and PPE-control 

groups under PPV nor NPV. For the HDE groups, K was lower in HDE-exposed specimens 

for 40 cmH2O at 20 BPM under NPV alone (Fig. 4D).

Energetics

Energetic measures including hysteresis and energy loss are reported in Fig. 5, A–C and F–

H, for PPE groups under PPV and NPV, respectively. At 40 cmH2O and 20 BPM, hysteresis 

was greater for the PPE-exposed group than the PPE-control group solely under NPV (Fig. 

5G). Energy loss did not vary between PPE-exposed and PPE-control groups under PPV nor 

NPV (Fig. 5, C and H).

Although the HDE-exposed group showed decreased hysteresis compared with HDE-control 

specimens, the difference was not significant (Fig. 6G). Energy loss did not vary between 

HDE-exposed and HDE-control groups (Fig. 6, C and H).

Viscoelastic Relaxation

Figure 5, D and I, demonstrates representative relaxation curves for PPE groups under PPV 

and NPV, respectively. Similarly, Fig. 6, D and I, demonstrates representative relaxation 

curves of HDE groups under PPV and NPV, respectively. Under PPV and NPV, relaxation 

did not vary between exposed and control groups for PPE or HDE (Fig. 5, E and J, and Fig. 

6, E and J, respectively).

Bronchoalveolar Lavages

Differential cell counts from collected BALF showed total cell counts (P = 0.0029, total 

cell count, HDE-exposed) and macrophages (P = 0.0312, macrophages, HDE-exposed) were 

elevated in both the PPE- and HDE-exposed groups and neutrophils were significantly 

higher in the HDE-exposed group (P = 0.0123, neutrophils, HDE-exposed). Eosinophils and 

lymphocytes did not vary between either exposed or control group.

Reported values for lung volume, quasi-static compliance, starting compliance, inflation 

compliance, deflation compliance, Salazar–Knowles K, viscoelastic relaxation, hysteresis, 

and energy loss under PPV and NPV can be found in Table 1 and Table 2, respectively.

DISCUSSION

This study seeks to determine the commanding mechanisms (i.e., ventilation mode or 

diseased state) responsible for PV curve alterations in diseased lungs ventilated with positive 

and negative pressures. To that aim, results of biomarkers in HDE- and PPE-exposed groups 

collected under NPV are compared with PPV counterparts and existing PPV results from 

the literature to determine if biomarkers are sensitive to the mode of ventilation. This novel 

study was motivated by recent renewed debates regarding PPV versus NPV, where studies 
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suggest that mechanics are dependent on inflation mode (21–23, 50–53). Here, negative-

pressure PV curves of exposed groups demonstrated similar behavior to well collected and 

documented shifts in PV curves from PPV (Table 3) (20). However, a greater number of 

significant biomarker alterations are noted here under NPV than our PPV counterparts. 

Specifically, at 40 cmH2O, for PPE-exposed, static and starting compliance (C and Cstart) are 

increased in diseased states under NPV and PPV but under NPV alone, volume, deflation 

compliance (Cdef), and hysteresis are also increased. Correspondingly, for HDE-exposed, 

volume and static compliance are decreased in diseased states under NPV and PPV but 

under NPV alone, inflation and deflation compliance (Cinf and Cdef), and K, are additionally 

decreased in disease. Neither exposure group reports significant differences at 20 cmH2O 

(Table 1 and Table 2). The observed differences at high pressures were anticipated as 

disparities between healthy and diseased subjects within the literature are often reported at 

higher pressures (Table 3) (18, 19).

Interestingly, within the literature, each previously studied biomarker that was noted here 

to be altered solely under NPV has been observed to be altered due to disease under PPV 

in at least one study. In other words, although in this current study we do not observe 

the same biomarker differences under PPV that we observe under NPV, other studies 

have documented each of these significances under various PPV studies (see Table 3). 

For example, we do not observe significant volume alterations in PPE-exposed under PPV 

despite Limjunyawong et al. (18), Devos et al. (20), and Hantos et al. (54) observing 

significant volume changes in elastase-induced emphysema under PPV; here this volume 

alteration is observed in only our NPV study. The inability for PPV to recreate the totality 

of multiple NPV biomarker significances is noteworthy and may indicate that NPV is more 

sensitive to the physical alterations that accompany disease.

In the following sections, we contrast our resulting NPV mechanics to our PPV counterparts 

and existing PPV results from the literature, summarized in Table 3, to discuss the potential 

underlying physiological basis for any differences or lack thereof. Unfortunately, chronic-

dust exposure models are not well studied and articles reporting the lung mechanics of these 

diseased mice were unavailable at the time of this manuscript’s publication. However, this 

exposure model has been demonstrated to result in fibrotic regions in the lung (27), which 

aligns with the mechanics reported here, as such, the HDE-exposed mice are compared with 

other fibrosis models (i.e., bleomycin).

Inflation Mechanics

Under NPV, C, Cstart, Cinf, and V were altered in exposed groups, where specifically, C, 

Cstart, and V increased in PPE-exposed, whereas C, Cinf, and V decreased in HDE-exposed 

groups compared with the respective control groups (Figs. 1 and 2). These C, Cstart, and V 
trends are similarly demonstrated here in our PPV counterparts and or found in PPV global 

lung mechanics studies (Table 3) (20, 28, 54). Furthermore, this restricted expansion—lower 

V—is demonstrated in PPV digital image correlation (DIC) studies of murine lungs, which 

find reduced surface strains in HDE-exposed lungs compared with control groups (37). The 

mechanisms responsible for these alterations in NPV are likely identical to those suggested 

in PPV studies. Specifically, the decreased C and V noted in HDE-exposed lungs are caused 
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by excessive collagen deposits that restrict lung expansion (27, 34, 43) and the increased C 
and V in PPE-exposed occur due to the loss of septal walls—characteristic of emphysema—

which increases internal volume and eases expansion (4, 12).

For inflation mechanics, the comparative results between our NPV findings and PPV 

counterparts appear to inconsistently reflect the disparities reported within the literature 

between the two ventilation modes. For example, Cinf has been shown to be ventilation 

mode-dependent (i.e., lower under NPV compared with PPV) and here is seen to be sensitive 

to HDE exposure under NPV but not PPV (24). Similarly, Cstart is thought to be less 

ventilation mode-dependent and here we observe agreement between PPV and NPV in 

PPE-exposed. Although this indicates that ventilation mode heavily influences potential 

biomarker behavior, not all metrics analyzed here reflect that finding. Particularly, quasi-

static compliance has been shown to be lower under NPV compared with PPV in murine 

subjects (i.e., ventilation mode-dependent) but here is sensitive to both exposures under both 

modes (24). This conflicting applicability of healthy PPV versus NPV results demonstrates 

that ventilation mode dependence in healthy animals alone is not enough to fully predict 

which potential disease biomarkers may be affected by ventilation methodologies.

This puts into perspective the limitations of other literature, which examines ventilation 

mode dependencies. Including prior studies of healthy porcine lungs which find inflation 

pathways differ between ventilation modes and find surface strains resulting from NPV are 

lower and more evenly distributed than those reported in PPV, despite expansion to identical 

lung volumes (21). Special attention should be given to reevaluating ventilation mode 

dependencies in different disease models, which has briefly been explored (23, 55). The 

results presented here are additional indicators that these ventilation mode dependencies are 

not thoroughly understood. Although they are currently thought to be caused by disparate 

levels of recruitment, gas decompression in peripheral alveoli, and or energy dissipation in 

parenchymal tissues which may be affected by disease (21, 56).

Cstart indicates airway compliance in degassed lungs and is altered in PPV-tested diseased 

states, suggesting damaged airway structures (57). In non-degassed diseased subjects, 

however, Cstart has not previously been investigated and is thought to reflect the number 

of naturally open “lung units” (i.e., level of aeration) at end-expiration in healthy lungs. 

This means that Cstart is less reflective of alterations to tissue compliance and is rather 

more reflective of aeration state (29, 58). Therefore, the results of this study, increased 

Cstart in emphysema (i.e., PPE-exposed) under both PPV and NPV, may arise due to the 

characteristic destruction of septal walls, which increases the amount of open air spaces at 

end-expiration, thereby increasing the starting compliance (49). Furthermore, this observed 

mechanical trend appears to quantitatively measure the known increases in aeration levels 

demonstrated by computed tomography (CT) images in mouse models of elastase-induced 

emphysema and human clinical studies, which similarly occurs due to increased air-space 

enlargement in emphysema (59, 60).

Deflation Mechanics

K and Cdef both quantify the compliance of the deflation portion of the PV curve but 

are calculated differently and are thus influenced by different factors (28, 29, 45). K, for 
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instance, is fundamentally uninfluenced by volume, as described by the Salazar–Knowles 

model (Fig. 4), whereas Cdef is influenced by lung volume as the slope of the PV curve near 

end-expiration (Fig. 1, A and F, and Fig. 2, A and F) (28, 29, 45). As such, both measures 

of deflation compliance were analyzed in this study to assess, which is more reliable for 

disease detection under NPV. We find that these two measures of deflation compliance 

do not agreeably identify disease in either the HDE-exposed or the PPE-exposed group, 

and we propose the different calculation methods are likely the reason for the discrepancy. 

Furthermore, here neither K nor Cdef is altered in either disease model under PPV.

Specifically, Cdef demonstrates biomarker behavior—significant differences between control 

and exposed—for both disease models under NPV but solely at high pressures (40 cmH2O) 

(Figs. 1J and 2J). However, in this study, K was not altered in PPE-exposed under PPV 

or NPV in direct disagreement with numerous PPV studies that report K is reduced in 

elastase-induced emphysema models (Fig. 4, Table 3); this indicates K may be ventilation 

mode-dependent, which has not previously been demonstrated; however, again, we could 

not replicate K alterations seen in the literature under PPV (Fig. 4) (19, 28). For our 

HDE model, K does report biomarker behavior at 40 cmH2O, indicating a stiffer lung in 

the HDE-exposed group (Fig. 4). Detectable stiffening in HDE-exposed was anticipated 

as chronic dust exposure induces chronic inflammation and subsequently fibrosis [as 

previously verified via Ashcroft’s score (27)], where the characteristic collagen buildup 

indicative of fibrosis restricts lung expansion (27, 37, 61). These results of HDE-associated 

fibrosis agree with K results reported with other fibrosis models (28, 34, 62).

Interestingly, K counterintuitively indicated softer tissue compliance in the HDE-exposed 

group at lower pressure/higher frequency and higher pressure/lower frequency despite 

indicating stiffer tissue behavior at higher pressure/higher frequency, as expected (28, 34, 

62). To explain this apparent inconsistency, we propose the decrease in K observed in this 

study is due to the mechanisms of strain stiffening at higher frequencies and higher pressures 

as opposed to overall tissue stiffening (26, 63, 64). This proposition is emboldened by the 

fact that the disagreement between frequencies occurs at 40 cmH2O, where, at this pressure, 

most alveoli are recruited and the lung has expanded past the stretch limitations of the 

elastin, engaging the less-extensible and stop-length collagen fiber response (4, 65, 66). It 

is worth noting that the divergent and unexpected results indicating a softer lung were not 

present in the compliance measure of Cdef but unique to K.

Under NPV, Cdef, which has demonstrated ventilation mode dependence between PPV 

and NPV (21, 24), in this study portrays behavior in line with previous positive-pressure 

investigations, where Cdef increased in PPE-exposed and decreased in HDE-exposed groups 

but did not vary here under PPV (Fig. 1, E and J, and Fig. 2, E and J) (18, 19). The inability 

to recreate PPV findings may be the result of the ventilation mode dependency of Cdef or 

could indicate that PPV is less reliable at detecting disease via PV curves.

Energetics

The detailed contributions of lung hysteresis during inflation/deflation testing are not well 

understood (67). In isolated tissues, hysteresis is ascribed to ECM structural properties such 

as fiber concentrations, friction between fibers, and tissue viscoelasticity (34, 68–70). In 
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lung inflation tests, noted hysteresis indicates additional contributions of surfactant, alveolar 

recruitment/decruitment, and the network behavior of individually inflating/deflating alveoli 

(71, 72). Whether or not ventilation mode is also a contributor to hysteresis is unclear.

The ventilation mode dependence of hysteresis has recently been investigated with divergent 

results (i.e., hysteresis was lower in NPV as compared with PPV in porcine lungs but 

slightly elevated in NPV as compared with PPV in murine lungs) (21, 24). In this 

study, trends from PPV and NPV tests are not comparable despite agreement between 

prior PPV emphysema studies and the NPV test reported here (Figs. 5 and 6) (Table 3) 

(28). This inconsistency again makes it difficult to decipher if any potential ventilation 

mode dependence is affecting the mechanics responsible for hysteresis in diseased states. 

The reasoning behind this increased hysteresis in diseased states is not entirely clear. In 

emphysema, increased hysteresis is likely connected to the altered recruitment mechanisms 

associated with the emphysematous lung due to septal wall destruction (49, 59).

Confirmation of Disease State

To confirm disease states, the BALF from each lung was collected and a differential 

cell count was performed. This analysis was conducted to allow further confirmation of 

the disease in addition to our prior publications, which demonstrate the success of these 

exposure models through the appropriate histology and morphological analysis (e.g., mean 

linear intercept and Ashcroft’s score) (27, 33). Differential cell counts from collected BALF 

endorsed diseased states as results—elevated total cell counts, macrophages, and neutrophils 

(HDE-exposed only)—align with reports from the literature (12, 27, 28, 33, 73).

Limitations

The connection of the results presented herein to the literature is done tentatively as 

differences in protocols (e.g., ventilatory apparatus, testing procedure, model type, and 

implementation) limit the comparability as partially described in Table 3. The results from 

this study may have diagnostic relevance but is worth clarifying that PV curves have not 

been considered a viable diagnostic tool for some time and that their usage has limitations 

(74). However, the potential of PV curves to be used as supplemental diagnostic tools 

should not be ignored, given the documented potential and the need for improved diagnostic 

strategies (75, 76) as spirometry and CT have inherent flaws (e.g., cost, reliability, and 

sensitivity) (15, 77). It is also worth noting that the ventilator apparatus we use most closely 

resembles a dual limb circuit and results from a single limb or passive circuit may differ. We 

recognize that employing quasi-static ex-vivo testing limits the assessment of physiological 

contributions (e.g., perfusion, gas exchange, and surfactant generation), given that the lung 

is removed fromits environment; however, this trade-off enables the evaluation of elastic 

properties by isolating effects fromflow resistance and the chest cavity (17, 54, 63), although 

the contribution of the latter is relatively small in C57BL/6 mice (78). Throughout this study, 

chronic-dust exposure fibrosis is compared within the severely limited body of literature to 

partially relevant available models (i.e., bleomycin) (27). Although comparisons between 

PPE- and HDE-exposed groups would have been interesting, the utilized diseasemodels 

required different aging periods and age is known to alter lung mechanics (79). This study 

used all male mice, given the dependence of sex on lung mechanics, particularly from 
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COPD subjects, findings need to be confirmed in female mice (80). Thus, the results 

reported here should not be assumed to be identical for female subjects. In addition, 

although pressures were meticulously monitored, the use of a volume-controlled apparatus 

resulted in unavoidable slight deviations in plateau pressures. Finally, leaks are known to be 

inevitable, and occasionally inflation tests failed to reachmaximumpeak pressures within an 

acceptable range and these subjects’ results were not reported. Unfortunately, this decreased 

the number of subjects analyzed and affected significances.
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Figure 1. 
Representative PV curves demonstrating upward shifts of PPE-exposed (green) curves under 

PPV (A) and NPV (F). Means ± SD of extracted metrics from PPE-exposed (green) and 

PPE-control (white) subjects are reported for PPE treatment group at 5 and 20 BPM 

and 20 (circle) and 40 cmH2O (diamond) under PPV (half-filled) and NPV (solid): 

quasi-static compliance (B and G), starting compliance (C and H), inflation compliance 

(D and I), and deflation compliance (E and J). BPM, breaths per minute; NPV, negative-

pressure ventilation; PPE, porcine pancreatic elastase; PPV, positive-pressure ventilation; 

PV, pressure-volume.
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Figure 2. 
Representative PV curves demonstrating downward shifts of HDE-exposed (purple) curves 

under PPV (A) and NPV (F). Means ± SD of extracted metrics from HDE-exposed (purple) 

and HDE-control (white) subjects are reported for HDE treatment group at 5 and 20 BPM 

and 20 (circle) and 40 cmH2O (diamond) under PPV (half-filled) and NPV (solid): quasi-

static compliance (B and G), starting compliance (C and H), inflation compliance (D and I), 
and deflation compliance (E and J). BPM, breaths per minute; HDE, hog dust extract; NPV, 

negative-pressure ventilation; PPV, positive-pressure ventilation; PV, pressure-volume.
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Figure 3. 
Means ± SD of lung volume for PPE (A and C) and HDE (B and D) treatment groups 

comparing control (white) and exposed (green/purple) groups at 20 (circle) and 40 cmH2O 

(diamond) under PPV (A and B) and NPV (C and D). HDE, hog dust extract; NPV, 

negative-pressure ventilation; PPE, porcine pancreatic elastase; PPV, positive-pressure 

ventilation; PV, pressure-volume.
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Figure 4. 
A: PV curve (20 cmH2O, black dashed line; 40 cmH2O, grey solid line) fitted with Salazar–

Knowles equation (blue) to calculate parameter K. Means ± SD of K for PPE (B and D) and 

HDE (C and E) treatment groups at 5 and 20 BPM comparing control (white) and exposed 

(green/purple) groups at 20 (circle) and 40 cmH2O (diamond) under PPV and NPV. BPM, 

breaths per minute; HDE, hog dust extract; NPV, negative-pressure ventilation; PPE, porcine 

pancreatic elastase; PPV, positive-pressure ventilation; PV, pressure-volume.
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Figure 5. 

PV curves demonstrating hysteresis (β) and energy loss ( β
β+α ) of PPE-control (black) 

compared with PPE-exposed (green) subjects under PPV (A) and NPV (F). Means ± SD 

of resulting mechanics comparing PPE-control (white) and PPE-exposed (green) groups 

under PPV (half-filled) and NPV (solid): hysteresis (B and G) and energy loss (C and H) 

at 40 cmH2O. D and I: viscoelastic relaxation of a representative specimen demonstrating 

comparison of percent relaxation curves of PPE-control (black) and PPE-exposed (green) 

subjects. E and J: percent relaxation at 20 (circle) and 40 cmH2O (diamond). NPV, negative-

pressure ventilation; PPE, porcine pancreatic elastase; PPV, positive-pressure ventilation; 

PV, pressure-volume.
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Figure 6. 

PV curves demonstrating hysteresis (β) and energy loss ( β
β+α ) of HDE-control (black) 

compared with HDE-exposed (purple) subjects under PPV (A) and NPV (F). Means ± SD 

of resulting mechanics comparing HDE-control (white) and HDE-exposed (purple) groups 

under PPV (half-filled) and NPV (solid): hysteresis (B and G) and energy loss (C and H) 

at 40 cmH2O. D and I: viscoelastic relaxation of a representative specimen demonstrating 

comparison of percent relaxation curves of HDE-control (black) and HDE-exposed (purple) 

subjects. E and J: percent relaxation at 20 (circle) and 40 cmH2O (diamond). HDE, hog 

dust extract; NPV, negative-pressure ventilation; PPV, positive-pressure ventilation; PV, 

pressure-volume.
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