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Abstract
Increased ventilator use during the COVID-19 pandemic resurrected persistent questions regarding mechanical ventilation 
including the difference between physiological and artificial breathing induced by ventilators (i.e., positive- versus negative-
pressure ventilation, PPV vs NPV). To address this controversy, we compare murine specimens subjected to PPV and NPV 
in ex vivo quasi-static loading and quantify pulmonary mechanics via measures of quasi-static and dynamic compliances, 
transpulmonary pressure, and energetics when varying inflation frequency and volume. Each investigated mechanical param-
eter yields instance(s) of significant variability between ventilation modes. Most notably, inflation compliance, percent 
relaxation, and peak pressure are found to be consistently dependent on the ventilation mode. Maximum inflation volume and 
frequency note varied dependencies contingent on the ventilation mode. Contradictory to limited previous clinical investiga-
tions of oxygenation and end-inspiratory measures, the mechanics-focused comprehensive findings presented here indicate 
lung properties are dependent on loading mode, and importantly, these dependencies differ between smaller versus larger 
mammalian species despite identical custom-designed PPV/NPV ventilator usage. Results indicate that past contradictory 
findings regarding ventilation mode comparisons in the field may be linked to the chosen animal model. Understanding 
the differing fundamental mechanics between PPV and NPV may provide insights for improving ventilation strategies and 
design to prevent associated lung injuries.

Keywords Mouse lung · Pulmonary mechanics · Compliance · Viscoelasticity · Hysteresis · Positive-pressure · Negative-
pressure

Introduction

Uncovering differences between ventilating using posi-
tive- and negative-pressure has been a long-standing mis-
sion extending to the polio pandemic and “iron lung” [25]. 

Reminiscent of the polio pandemic, the COVID-19 pan-
demic and predicted urgency to ventilate patients caused a 
ventilator supply deficit, pushing the ingenuity and involve-
ment of various companies (i.e. GM, Dyson, and Tesla) in 
ventilator design and manufacturing [2, 11, 16, 18]. Optimal 
settings for modern mechanical ventilators are vital [76], 
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but the most reoccurring concern is whether to artificially 
ventilate with positive- or negative-pressure [2].

The two ventilation modes differ by how the transpulmo-
nary pressure gradient is stimulated: in physiological breath-
ing, the contracting diaphragm is responsible for inducing 
the pressure gradient; this can be mimicked by applying 
a negative-pressure (NPV) to the chest [83]. In positive-
pressure ventilation (PPV), the gradient is implemented by 
forcing air through the trachea, directly expanding the lungs. 
Modern mechanical ventilators, for both invasive and emerg-
ing non-invasive ventilation, utilize PPV [19, 44]. Despite 
the demonstrated oxygenation and hemodynamic benefits, 
coupled with shorter periods of support associated with 
NPV [20, 33, 75], on top of the harmful side effects of short 
and long term PPV (including ventilator induced lung injury 
(VILI), pneumonia, diaphragm atrophy, and brain injury), 
PPV remains the main form of ventilation [4, 48, 57, 62, 
67, 74]. Preference for PPV stems from cost-effective, com-
pact equipment design, which is more feasible for clinical 
settings compared to more cumbersome negative-pressure 
devices that restrict patient access and care. Additionally, 
PPV allows for ventilation despite airway obstruction unlike 
NPV devices [2].

Previous studies of PPV versus NPV focused on clinical 
parameters, such as induced trauma, oxygenation, and blood 
flow [1, 8, 12, 33, 65]. While these end-result clinical factors 
are important for patient comfort and survival, their explo-
ration has yielded contradictory results [9, 27, 33, 65] and 
perhaps a mechanics-focused approach to PPV versus NPV 
can provide complementary insights to clinical concerns, 
inform and optimize ventilator use and design to prevent 
damage, while adding to the experimental basis for informed 
and beneficial computer models [31, 42, 49, 63]. Mechanical 
comparisons of PPV and NPV previously required the use of 
multiple ventilators creating confounding factors stemming 
from mismatched ventilation strategies and different animal 
sets being used for each ventilation mode [1]. To address 
this concern, a new subset of custom-designed ventilation 
systems, to which ours belongs, allows testing of the same 
specimen in PPV and NPV to isolate the influence of the 
loading mechanism [24, 27, 52]. These systems are ex vivo 
and replicate PPV or NPV by pushing air into the lung or 
removing air from the air-tight tank enclosure respectively 
[24, 27]. Additionally, in contrast to many of these new sys-
tems, which are pressure-controlled, our device is volume-
controlled allowing the insightful viscoelastic characteriza-
tion of stress relaxation analyses [66, 71, 79].

Recent mechanics-focused (e.g., surface strain, elastance, 
peak-inspiratory measures) examinations have unearthed 
both ventilation mode dependencies and non-dependencies 
[24, 73]. Large and small mammalian species mechanics 
investigations (murine, ovine, and porcine) found equivalent 
end-inflation pressure and volume measurements whether 

testing with pressure- or volume-controlled apparatuses [24, 
27, 73]. However, other mechanical measures in large mam-
malian species, such as resistance and elastance, yielded 
divergent results between modes; specifically, ovine lungs 
experienced lower lung resistance and elastance in NPV 
compared to PPV and noted varying levels of expansion 
of distal airways between the two modes [24]. Similarly, 
a porcine study observed ventilation modes dependencies 
via diverse surface strain tendencies between PPV and NPV 
[73]. Investigation of PPV/NPV dependencies in porcine 
specimens also revealed volume dependencies of compli-
ance measures differ between PPV and NPV, demonstrating 
complex interdependencies regarding ventilation modes [73, 
40].

Small-scale investigations of PPV versus NPV mechanics 
of murine lung mechanics have been pivotal in addressing 
the connection between oxygenation and fundamental pres-
sure–volume (PV) mechanics [27]; however, these methods 
were limited to end-inspiratory and waveform mechanics. 
Moreover, the laboratory mouse has assisted in pulmonary 
research via the study of important questions ranging from 
lung cancer treatments to the basis of biological agents 
responsible for lung injury [26, 42]; the translational poten-
tial of exploring murine lung mechanics may offer advanta-
geous insights to the root causes of greater levels of VILI 
[13, 33, 65] and to uncover anticipated disparate mechani-
cal trends, given observed loading mechanism dependencies 
in larger specimens. As such, this murine study seeks to 
explore a comprehensive set of elastic and energetic meas-
ures over an expansive span of volumes and frequencies 
under both ventilation modes to enable insights regarding 
alveolar recruitment and viscoelastic behaviors lacking from 
the current literature [30, 80, 22].

Materials and Methods

Animals

C57BL/6J mice (n = 5, male, 8–12 weeks, 31.3 ± 4.5 g) were 
purchased through Jackson Laboratory (Bar Harbor, ME, 
USA), housed and monitored for 21 weeks under a 12:12 h 
light-dark cycle with standard mouse chow diet and drink-
ing water ad-libitum. During which time, mice intranasally 
received 1× phosphate buffered saline (PBS) thrice weekly 
to serve as a control group in a larger study. Sacrifice was 
completed via isoflurane overdose. The trachea was can-
nulated (20-gauge) and the heart-lung bloc removed. An 
effort was made to minimize injury during this process, 
although the action of organ removal is inherently disrup-
tive. Air was introduced into the lung (0.5 ml) to prevent 
atelectasis during transport. All experiments and procedures 
were approved by the University of California Riverside 
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Institutional Animal Care and Use Committee (IACUC; 
protocol #20200014; some specimens were also utilized in 
Quiros et al. [64]).

Positive‑ and Negative‑Pressure Ventilation

PV testing occurred approximately three hours postmortem, 
using our validated custom-designed ventilator [70]. Briefly, 
PPV was accomplished by pushing an applied volume of air 
into the lungs through the secured cannula via tubing con-
nected to a piston actuator. NPV was conducted by removing 
air from the tank to induce sub-atmospheric pressure. Dur-
ing the inflation-deflation cycle, real-time measurements of 
lung volume and transpulmonary pressure were collected. 
It is important to note the distinction between applied vol-
ume, which is delivered to the specimen via piston actuation, 
compared to our capability to measure compressed air lung 
volume directly via the secondary response piston [70]. The 
volume data presented here pertains to the more relevant 
behavior of the lung volume resulting from known applied 
volumes.

To evaluate various inflation volumes in PPV and NPV, 
four applied volumes were used under PPV (0.3, 0.5, 0.7, 
0.9 ml) in ascending order. To comparably assess lung 
expansion between PPV/NPV, the applied volume under 
NPV was selected after PPV was conducted such that the 
resulting maximum recorded lung volumes between PPV 
and NPV were matched within ± 10% (Fig. 1). Preliminary 
studies showed the ordering sequence of PPV and NPV tests 
did not influence the tissue behavior, in agreement with 
recent studies [24]. Additionally, to quasi-statically mini-
mize air flow resistance and investigate frequency trends, 

three cycling frequencies (5, 10, 20 breaths per minute, 
BPM) were tested [6, 39, 46].

For each volume and frequency tested, specimens’ vol-
ume history and consistent datum states were established by 
first applying a preload of 5  cmH2O, then preconditioning 
with three ventilation cycles [14, 64, 70, 80]. Subsequently, 
a fourth inflation-deflation cycle was implemented for analy-
sis, followed by a fifth inflation and hold (24 seconds) to 
assess viscoelastic effects [30, 70]. All cycles were inflated 
to the tested peak volume and frequency.

Calculations

As PV curves were collected under quasi-static conditions, 
it is assumed that peak pressure and plateau pressure are 
equal, thus quasi-static compliance was calculated as the 
ratio of maximum lung volume to peak pressure [3, 78]. 
Four measurements of dynamic compliance (as established 
in the literature [80]) were calculated via automated linear 
regression analysis over a range of data points such that 
R2 ≥ 0.90 at four regions of the breathing cycle using MAT-
LAB (MathWorks Inc., Natick, MA, USA) as previously 
described and subsequentially confirmed [64, 80]: briefly, 
starting compliance (Cstart) and inflation compliance (Cinf), 
as shown in Fig. 3A, were respectively calculated as the 
initial slope at the start of inflation and as the slope after the 
knee of the curve in the most compliant region (when vis-
ible) [80]. Additionally, top compliance (Ctop) and deflation 
compliance (Cdef), were respectively calculated as the slope 
at initial deflation and the slope of the curve at the end of 
deflation as shown in Fig. 4A (i.e., before and after the knee 
of the deflation curve) [64, 80]. Peak pressure was recorded 
at the end-inspiration. The viscoelastic measurement of per-
cent relaxation, Fig. 6, was calculated as the percentage drop 
of pressure over the first 24 seconds to sufficiently measure 
the replicated response of a natural mouse sigh [84]. The 
energetic measure of hysteresis was calculated as the area 
enclosed by the PV curve and normalized to assess energy 
loss accounting for the increasing loop size for 0.5–0.9 ml 
(Fig. 7) [17, 53].

Statistical Analysis

Results of all ten parameters are reported in Table 1 as 
mean ± standard deviation. Circles on bar graphs indicate 
individual specimen values. Black significance brackets 
demonstrate statistical differences between PPV and NPV. 
Blue and grey significance brackets indicate significance 
within PPV and NPV measurements, respectively, across 
volumes and frequencies. Statistical analysis was completed 
using GraphPad Prism 9 (Version 9.1.0, GraphPad Software, 
San Diego, CA, USA). Nonparametric analyses utilized to 
account for the small sample size. To compare volume and 
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frequency variables, Friedman’s Test was utilized with post 
hoc analysis completed via Dunn’s Test [7]; comparison of 
PPV and NPV, was completed using Wilcoxon signed-rank 
test. As established in the literature, by virtue of the nature 
of Wilcoxon signed-rank test on small sample sizes, the 
minimum obtainable significance value of p = 0.0625 was 
used as the significance threshold [54, 55].

Results

Compliance

Figure 2 shows NPV resulted in lower quasi-static com-
pliance than PPV: except at 0.3 ml for 5 BPM and 0.7 ml 
for 10 BPM. For both PPV and NPV, increasing volume 
was found to increase quasi-static compliance (Friedman 
p < 0.0001, Fig. 2). Under PPV, increasing volume from 
0.3 to 0.9 ml increased compliance at all frequencies, and 
increasing volume from 0.5 to 0.9 ml at 5 BPM increased 
compliance. Similarly, under NPV, compliance increased 

as volume increased from 0.3 to 0.9 ml at all frequencies. 
Increased frequency (5 to 20 BPM) decreased compliance 
in both ventilation modes at all volumes.

Inflation Compliances

Analysis of compliance slopes in Fig. 3A, demonstrates 
Cinf was lower under NPV versus PPV; except at 0.9 ml 
for 5 BPM (Fig. 3B). Cinf was not volume dependent under 
either ventilation mode. Increased frequency (5 to 20 BPM) 
decreased Cinf under NPV at 0.7 and 0.9 ml.

Figure 3C shows Cstart was lower under NPV compared to 
PPV at 0.7 ml for 5 and 20 BPM. Under PPV, Cstart increased 
when volume increased from 0.3 to 0.9 ml at 10 and 20 
BPM. Cstart was not frequency dependent.

Deflation Compliances

Analysis of slopes in Fig. 4A, demonstrates Ctop was lower 
in NPV compared to PPV at 0.9 ml (Fig. 4B). Ctop increased 
with increased volume: For PPV, Ctop increased when 

Table 1  Mean ± SD of lung volume, peak pressure, quasi-static compliance, starting compliance, inflation compliance, top compliance, deflation 
compliance, percent relaxation, hysteresis, and energy loss in PPV and NPV for applied volumes 0.3, 0.5, 0.7, 0.9 ml at 5, 10, and 20 BPM
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volume increased from 0.3 to 0.9 ml at 5 and 20 BPM, and 
from 0.5 to 0.9 ml at 20 BPM. Comparably, under NPV, Ctop 
increased when volume increased from 0.3 to 0.9 ml at 20 
BPM, from 0.5 to 0.9 ml at 10 BPM, and from 0.7 to 0.9 ml 
at 10 BPM.

Compared to NPV, Cdef was lower for PPV at 5 BPM 
for 0.7 and 0.9 ml, at 10 BPM for 0.5 ml, and at 20 BPM 
for 0.3 ml (Fig. 4C). For PPV and NPV, increasing volume 
from 0.3 to 0.9 ml increased Cdef. Additionally, increasing 
from 0.5 to 0.9 ml increased Cdef at 5 BPM for PPV, and at 

Fig. 2  Quasi-static compliance was lower in NPV compared to PPV at most test sequences. Increased frequency decreased C for both ventilation 
modes. Increasing volume increased compliance for both modes indicated by Friedman’s test (p < 0.0001****)

Fig. 3  A PV curves demonstrating Cstart and Cinf. B Cinf was depend-
ent on ventilation mode at most test sequences. Increased frequency 
decreased Cinf for NPV. C Cstart was lower under NPV compared to 

PPV at 0.7 ml for 5 and 20 BPM. Increased volume increased Cstart 
in PPV. Tangents are extended slightly past fit region for enhanced 
visibility
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Fig. 4  A PV curves demonstrating Ctop and Cdef. B Ctop was lower 
under NPV compared to PPV at 0.9 ml. Ctop increased with increased 
volume in PPV and NPV, but was uninfluenced by BPM. C Cdef was 
lower under PPV compared to NPV at a single BPM for each vol-

ume. Cdef increased with increased volume under both modes and 
decreased with increased frequency. Tangents are extended slightly 
past fit region for enhanced visualization

Fig. 5  Peak pressure was lower in PPV compared to NPV at most test sequences. Increased BPM increased peak pressure during PPV and simi-
larly affected NPV at a single transition. Increased volume increased peak pressure figure for both ventilation modes
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both 10 and 20 BPM for NPV. Cdef decreased with increas-
ing frequency: PPV was frequency dependent at 0.3 and 
0.5 ml when frequency increased from 5 to 20 BPM, and 
NPV was dependent at 0.5, 0.7, and 0.9 ml for the transi-
tion from 5 to 20 BPM.

Peak Pressure

Figure 5 shows peak pressure was lower under PPV com-
pared to NPV; except for 0.5 ml at 20 BPM. Peak pressure 
increased with increasing volume (Friedman p < 0.0001). 
For PPV, peak pressure was frequency dependent at all vol-
umes from 5 to 20 BPM. At lower volumes no peak pressure 
frequency dependence was found under NPV, however, at 
0.9 ml peak pressure was frequency dependent.

Percent Relaxation

Percent relaxation (Fig. 6A) was lower under NPV com-
pared to PPV, except for 0.3 ml at 20 BPM (Fig. 6B). Per-
cent relaxation was volume dependent almost exclusively in 
PPV, where viscoelastic relaxation increased with increas-
ing volume from 0.3 to 0.9 ml and from 0.3 to 0.7 ml. In 
contrast, under NPV, one instance of volume dependence 
occurred (0.3 to 0.9 ml at 20 BPM). Relaxation was fre-
quency dependent for both ventilation modes: increasing 
with frequency for PPV at 0.5, 0.7, and 0.9 ml and under 
NPV at all volumes.

Fig. 6  A Comparison of viscoelastic response in PPV and NPV over 
24  s hold (PPV, solid blue; NPV, dashed grey). B Percent relaxa-
tion was lower under NPV compared to PPV at most test sequences. 
Increased volume increased percent relaxation under PPV and simi-

larly under NPV increased volume increased percent relaxation 
across a single volume transition. Increasing frequency increased per-
cent relaxation for PPV and NPV

Fig. 7  A Hysteresis and energy loss calculation as � and �

�+�
 respec-

tively. B Hysteresis was lower under PPV compared to NPV at 0.7 ml 
and 5 BPM. Under PPV, increased frequency decreased hysteresis at 
0.5 ml but increased hysteresis at higher volumes. Under NPV, only 

0.5 ml resulted in frequency dependence. C Energy loss was lower in 
NPV compared to PPV at 20 BPM for 0.5 and 0.9 ml. Increased BPM 
increased energy loss in PPV. Conversely, under NPV, increased 
BPM decreased energy loss at 0.5 ml
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Energetics

The energetics (Fig. 7A) had few instances of significance 
between ventilation modes; for hysteresis (Fig. 7B), only 
0.5 ml at 5 BPM resulted in higher hysteresis under NPV 
compared to PPV. Lower energy loss (Fig. 7C) under NPV, 
in comparison to PPV, occurred for 0.5 and 0.9 ml at 20 
BPM. Both energetics frequency trends differed between 
ventilation modes at higher volumes. In PPV, hysteresis and 
energy loss increased with increasing frequency at 0.7 and 
0.9 ml, but in NPV neither energetic measure was frequency 
dependent. Additionally, for both ventilation modes, hys-
teresis decreased with increasing frequencies from 5 to 20 
BPM at 0.5 ml. This pattern remained after normalization 
in NPV (i.e., energy loss decreased between 5 and 20 BPM 
at 0.5 ml) but was not observed in PPV.

Discussion

Key Findings

In this study we examine the dependencies of elastic, ener-
getic, and viscoelastic measures on loading mechanism, 
namely positive- versus negative- pressure ventilation. 
Interdependencies arising from varied inflation volume 
and frequencies under the two ventilation strategies are 
also investigated. Critical findings are as follows: (1) For 
all ten reported parameters, the values varied significantly 
between ventilation modes at select volume and frequency 
pairings. Furthermore, we note differing volume and fre-
quency dependencies between loading mechanisms as fol-
lows: (2) Peak pressure is found to be dependent on cycling 
rate in only PPV. (3) Elastic measurements show starting 
compliance is affected by volume in PPV, and inflation 
compliance is frequency dependent in NPV. (4) Viscoelastic 
measures reveal differing dependencies: percent relaxation 
is almost exclusively affected by changing volume under 
PPV; hysteresis and energy loss are not intrinsically vol-
ume dependent but are influenced by frequency in PPV and 
NPV. Interestingly, volume and frequency interdependen-
cies are noted under both loading modes; at low volumes, 
hysteresis and energy loss decrease with frequency for both 
ventilation modes but, at higher volumes, energetic meas-
ures increase with frequency in PPV only. In the following 
sections, we present these results in the context of the litera-
ture and investigate these trends, hypothesizing the reasons 
behind how these measures are connected to the underlying 
physiology.

Inflation Compliances

Cstart in this study was volume dependent under PPV; aera-
tion and alveolar recruitment are potential causes of this sin-
gle mode dependency. In previous larger mammalian stud-
ies, Cstart was not volume dependent under PPV [73, 80, 82], 
but rather Cstart was volume dependent when ventilated with 
NPV. The contrasting Cstart trends in the porcine study exist 
despite near identical calculation methods, with similarly 
high confidence intervals (R2 > 0.90), and posited delayed 
recruitment in PPV was the main explanatory variable for 
the Cstart trends [73]; as more alveoli are recruited during 
NPV with increasing volume, the stress on initially opened 
alveoli is eased, altering starting compliance. Applying that 
logic here implies the inverted significances for murine sub-
jects means the reverse, where greater recruitment occurred 
during Cstart in PPV.

However, alveolar recruitment does not occur in mice 
during Cstart, rather, alveoli expand under PPV but do not 
become more numerous [56]. The lack of recruitment during 
Cstart is agreeable with the noted correlation between Cstart 
and the level of tissue-aeration at end-expiration (atmos-
pheric pressure) [32, 60]. The two ideas are directly corre-
lated such that instead of new alveoli opening, the compli-
ance is attributable to the number of opened alveoli at the 
start of inspiration and should therefore not be altered by 
further inflation. Neither notion, recruitment nor tissue-aer-
ation, explain the PPV volume dependency seen here. How-
ever, when coupled with previous findings that the amount 
of aerated tissue at end-expiration is dependent on volume 
history [21], the dependency of initial tissue aeration may 
explain our noted volume dependency. Moreover, aerated 
tissue dependency on inflation history has been observed in 
a clinical study at high plateau pressures, where aeration at 
end-expiration increased with increasing peak inflation pres-
sures for mechanically ventilated subjects [21]. While not 
assessed by Crotti et al., our observations suggest the trend 
persists at lower inflation pressures causing our observed 
volume dependencies. Together, these findings suggest aera-
tion may be volume dependent under mechanical ventilation 
alone, causing differing trends between the two modes. It 
remains to be explored as to why this trend is reversed in 
larger specimens.

Additionally, previous comparisons of PPV and NPV 
mechanics demonstrated matched volume history led to 
matched pulmonary mechanics, and the percentage of aer-
ated tissue at end-expiration was comparable between the 
two modes [27, 36]. Given this study’s use of the matched 
volume history establishment, and the presumed matched 
initial aeration, Cstart should not vary between ventilation 
modes, as seen here, if it is strictly dependent on the amount 
of initial aerated tissue. This implies other potential contrib-
uting factors which result in differing volume dependencies 
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and instances of statistically significant steeper slopes under 
PPV compared to NPV. As such, the ventilation mode dis-
crepancies regarding Cstart warrants further study.

Similarly, opposing trends between species occur for Cinf. 
In porcine and ovine lungs, Cinf varied with inflation volume 
in PPV and NPV, and with pressure in PPV, respectively; 
whereas for murine lungs, neither ventilation mode dem-
onstrated Cinf volume dependency [24, 73]. Recruitment 
may play an important role in the differing trends of Cinf, 
given Cinf’s link to recruitment [60], where the disparate 
lung structure of the three mammalian species is responsi-
ble for altered recruitment levels. Specifically, the marked 
increased collateral ventilation noted in murine lungs versus 
porcine lungs may be, in part, responsible for the differing 
trends [43, 61]. In the region of Cinf, recruitment of alveoli 
via collateral ventilation is documented in the murine lung 
(i.e., increasing the regions available for inflation to accom-
modate larger volumes and prevent volume dependency) 
[56]. While collateral ventilation is not a prominent mode 
of air distribution in porcine specimens, it is demonstrated in 
ovine specimens. Therefore, collateral ventilation is unlikely 
the main cause for volume dependency trends given ovine 
and porcine specimens share dependencies, but murine and 
ovine subjects share secondary recruitment tactics [45].

End‑Inspiration Behavior

Comparing end-inspiratory pressure under matched volumes 
between PPV and NPV resulted in higher pressures under 
NPV. Increased peak pressure can be indicative of injury in 
the form of surfactant disruption, but as the same lung was 
tested for PPV and NPV, any surfactant contributions would 
be nearly, if not completely, identical between the two modes 
[81]. Airway resistance could additionally be responsible for 
the disparity but can be neglected as the quasi-static nature 
of the experiments results in a relatively small resistive 
contribution to overall pressure [6]. Investigation of peak 
pressure has yielded conflicting results in both quasi-static 
and non-quasi-static studies [24, 65, 73]. In contrast to our 
findings, ex vivo larger mammalian studies have reported 
matched peak volume and pressure behavior between modes 
[24, 61, 73]: an ovine study noted both ventilation modes 
resulted in matched maximum pressures, despite hypothesiz-
ing a differing interior pressure gradient may coincide with 
noted uneven peripheral airway distension between modes 
[24]. It was suggested that this gradient occurs too deep in 
the lung to detect [24]. However, murine lungs are substan-
tially smaller, potentially allowing the divergent peripheral 
airway opening and coupled pressure gradient to be closer 
to the trachea, a potential cause for the observed disparate 
pressures.

On the other hand, a previous murine investigation 
found transpulmonary pressure had no ventilation mode 
dependency [27]. The matched end-inspiratory mechan-
ics from Engelberts et al. disagree with our diverse peak 
pressures, despite comparable testing volumes (Engel-
berts: ~ 0.22–0.45 ml; this study: 0.3, 0.5 ml) [27]. Engel-
berts’ ex vivo study was performed in situ, and it is not 
obvious if the contributing effects from the chest cavity 
and surrounding tissues could explain disparate trends [38]. 
However, differing peak-inspiratory behavior from PPV 
and NPV have been noted in in vivo clinical studies sug-
gesting the presence of the ribcage alone does not eliminate 
divergent pressure responses [65]. While the volumes were 
comparable, the cycling frequencies were not (Engelberts: 
90 bpm; this study: 5–20 bpm). Indicating the contribu-
tion of resistance in Engelberts’ study may be causing the 
discrepancy, as resistance is comparably negligible in this 
quasi-static study [27].

Additionally, the frequency trends of peak pressure dif-
fer between modes. For 0.3–0.7 ml, peak pressure increases 
with increasing frequency in only PPV. At 0.9 ml, peak 
pressure varied with frequency under both modes. The NPV 
dependency has not previously been investigated, and the 
differing dependencies between the two modes merits fur-
ther study.

Viscoelastic Response

Despite testing the same specimen under both ventilation 
modes—reducing inter-specimen variability by comparing 
each lung’s behavior to itself under either PPV or NPV—
we demonstrate lower stress relaxation in NPV compared 
to PPV similar to porcine lungs [73]. While stress relaxa-
tion is knowingly influenced by a variety of dependencies 
(e.g. temperature, volume, and rate), only recently was the 
loading mode discovered to influence this metric, and this 
study concurs [64, 69, 73]. Given the specimens are shared 
between modes in this study, the contributing effects of tis-
sue and surfactant [5, 30, 47] are consistent and, therefore 
are unlikely the source of variability. A new theory posits 
PPV/NPV differences are attributable to alveoli loading 
acting as thick-walled vessels instead of the traditionally 
modeled thin-walled systems [73]. Another contribution to 
lower relaxation in NPV may be the increased openness of 
peripheral airways in NPV [24, 29]; given the lower stress 
relaxation of the small airway tissues, the larger contribu-
tion of small airways at end-inflation may result in altered 
relaxation contributions and conflicting end-results between 
modes [24, 30].

Similarly, and in agreement with Sattari and colleagues, 
we found differing stress relaxation volume dependencies 
between the two modes [73]. PPV was more dependent on 
volume, with only one point of significance in NPV. The 
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volume and frequency dependencies of percent relaxation 
have previously been investigated under solely PPV with 
differing findings [64, 69]. In this study, we note that PPV 
relaxation increased with increasing frequency while another 
conflicting study noted opposing trends where relaxation 
decreased with increasing flow rates [23]. However, both 
studies conclude viscoelastic relaxation increases with 
increasing volume in the quasi-static realm [23]. This finding 
is supported by prior investigations of viscoelasticity under 
dynamic conditions which also demonstrate viscoelastic 
volume dependence [68]. Given the demonstrated volume 
and frequency dependencies of the viscoelastic contributions 
of pulmonary tissue, the influence of viscoelasticity on PV 
curves should not be discounted as a potential contribution 
to the frequency and volume dependencies noted within this 
study for all mechanics [68, 79, 86].

Energetics

We find interdependencies between ventilation mode and 
frequency for energetic measures are altered at larger vol-
umes despite duplicate specimen testing resulting in identic 
energetic contributions of surface tension and tissue [85]. 
At lower volumes, the frequency dependencies of hyster-
esis and energy loss trends were comparable between the 
two modes. At higher volumes, PPV frequency dependence 
reversed and NPV was unaffected. In PPV, the frequency 
dependence of hysteresis has been noted in mice, dog, and 
cat lungs [34, 37, 64], and the noted volume and frequency 
interdependency under PPV have also been demonstrated 
[34]. This PPV interdependency has been noted for other 
lung mechanics, such as local surface strains, and may indi-
cate differing frequency dependences among tissues in the 
extracellular matrix given the modified mechanical contri-
butions of tissues (e.g. collagen) across volumes especially 
considering the strain dependence of airway and surface tis-
sues [47–52, 58, 72, 77].

However, in NPV, while frequency dependencies on work 
of breathing have been noted [59], we find this joined vol-
ume and frequency interdependency of energetic measures 
under quasi-static conditions for the first time. Investiga-
tion in clinical applications have revealed the interconnec-
tion between volume and frequency on the effects of gas 
exchange; mechanical negative-pressure devices (i.e., Hayek 
oscillator) operate most efficiently at higher volumes and 
lower frequencies [10, 15, 35]. For clinical observations, 
varying loading parameters outside of the quasi-static 
regime introduces complex flows (i.e., pendelluft) caused 
by alveolar pressure gradients that alter mechanics [28]. 
Under the inflation protocols investigated here, disruptive 
flow patterns should not be present, but differing recruitment 
levels may alter frequency dependence due to recruitment 
potentially varying across ventilation modes [10, 73, 86].

Limitations

This study seeks to characterize organ mechanics with 
ex vivo testing, and therefore, the contributions of the chest 
wall are not analyzed despite their importance in respiratory 
mechanics; however, the influence of the soft chest wall on 
murine mechanics is less substantial [38, 41]. Additionally, 
lungs utilized here were not degassed in an effort to conduct 
a near physiological assessment of the organ. Not degassing 
allows for superior assessment compared to degassed lungs 
which are inherently damaged by the collapse of airways 
and alveoli. Although the measurement sequence was not 
randomized, the semi-crossover design of this study allowed 
paired comparison of PPV and NPV while accounting for 
ex vivo testing conditions (e.g., chest wall, surfactant dis-
ruption, etc.), given the same specimen was tested under 
both loading modes. While all tests were conducted under 
quasi-static conditions to isolate compliance behavior, mak-
ing flow resistance negligible, the study of volume and fre-
quency dependencies unavoidably results in comparison of 
different flow rates which alters knowingly negligible flow 
resistive contributions of PV curves. Additionally, due to the 
delicate nature of soft tissue testing, specifically the intricate 
organ removal process, damage and leaks were unavoidable, 
resulting in injury and causing dozens of lungs to be dis-
sected but limiting the successful acquisition of unpunctured 
specimens and thus the sample size.
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