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Regional ventilation in statically
and dynamically hyperinflated dogs

ROLF D. HUBMAYR AND SUSAN S. MARGULIES
Division of Pulmonary and Critical Care Medicine, Mayo Clinic, Rochester, Minnesota 55905; and
Bioengineering Department, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6392

Hubmayr, Rolf D., and Susan S. Margulies. Regional
ventilation in statically and dynamically hyperinflated dogs.
J. Appl. Physiol. 81(4): 1815–1821, 1996.—Using the paren-
chymal marker technique in normal anesthetized dogs, we
compared the dynamics of regional lung expansion between
two ventilation strategies designed to increase mean thoracic
volume. Dynamic hyperinflation (DH) was produced by venti-
lating the lungs at a rate of 50 breaths/min and with a duty
cycle of 0.5. Static hyperinflation (SH) was produced through
the application of extrinsic positive end-expiratory pressure
while the lungs were ventilated at a rate of 15 breaths/min
and with a duty cycle of 0.15. Regional tidal volume (VT,r),
regional functional residual volume, and the time delay
between regional expansion and the flow signal at the com-
mon airway were computed for up to 100 regions/lobe in 5
animals. Ventilation strategy had no effect on the overall
variance of VT,r within lobes. Although the VT,r measured
during SH correlated with VT,r measured during DH, the
average correlation coefficient was only 0.69. Ventilation
rate-related differences in VT,r and regional functional re-
sidual capacity varied with the regional time delay in ways
qualitatively consistent with parallel inhomogeneity of unit
time constants. However, a large component of frequency-
dependent behavior remains unexplained by established
mechanisms. We conclude that DH and SH should not be
considered equivalent lung unit recruitment strategies.

lungmechanics; mechanical ventilation; parenchymalmarker
technique

THE RECRUITMENT of atelectatic or flooded lung units is
an important therapeutic goal in the ventilatory man-
agement of patients with pulmonary edema. It can be
accomplished by raising lung volume either statically
with extrinsic positive end-expiratory pressure (PEEP)
or dynamically with inverse-ratio ventilation at high
rates. According to the classic time-constant model of
Otis et al. (20), the two approaches are not equivalent.
For the same overall increase in lung volume, static
hyperinflation (SH) with PEEP ought to be more effec-
tive in raising the functional residual capacity (FRC) of
‘‘fast’’ lung units with short time constants, whereas
dynamic hyperinflation (DH) would be more effective in
raising the FRC of ‘‘slow’’ units with long time con-
stants. Experimental support for these predictions
rests on the observed frequency dependence of regional
pressures and volumes in multicompartment models
(20, 21), on the fall in lung compliance with panting
frequency (5, 6, 16), and on the flow dependence of the
lobar distribution of ventilation in normal volunteers
(2). However, alternative mechanisms for frequency-
dependent lung and tissue behavior have been identi-
fied (7, 12), and up until now the methods used to

measure regional ventilation in intact humans or ani-
mals have lacked the necessary spatial and temporal
resolution to characterize its rate dependence.
With the parenchymal marker technique, the volume

and shape of a lung region can be measured with a high
degree of precision up to 33 times/s (25). Using this
technique in normal dogs, Hubmayr et al. (15) have
previously demonstrated a substantial degree of spa-
tial heterogeneity in FRC and apparent static compli-
ance at a scale between 1 and 3 cm3. In the present
study, we have examined the frequency dependence of
regional lung function in dogs and have compared our
experimental results to predictions based on the model
of Otis et al. (20). Our findings demonstrate for the first
time in an intact preparation that rate alters regional
FRC (rFRC) and VT,r values in normal lungs in ways
consistent with a linear time-constant theory. Neverthe-
less, a large component of frequency-dependent behav-
ior remains unexplained by the linear model.

EXPERIMENTAL METHODS

The parenchymal marker technique has been described in
detail previously (15, 25). In brief, 10–15 radiopaquemarkers
were implanted in the right upper and right caudal lobes of
five beagles, and the dogs were allowed to heal for 6 wk. On
the morning of the study, the animals were anesthetized with
pentobarbital sodium (25 ml/kg), intubated with a no. 9
endotracheal tube, and placed in either the right or left
lateral decubitus posture on a fluoroscopy table. A balloon
catheter was introduced under fluoroscopic guidance into the
esophagus for the subsequent recording of pressure. The
lungs were ventilated with a Siemens 900C ventilator set to
deliver a tidal volume (VT) between 15 and 20 ml/kg at a
constant inspiratory flow. Flow and airway pressure were
measured at the oral end of the endotracheal tube, and
volume was computed by integration of the flow signal.
Electrocardiogram, body temperature, and expired CO2 ten-
sions were monitored to assure the stability of the prepara-
tion. Pressures, flow, and volume were recorded on a strip-
chart recorder (Hewlett-Packard), and their electrical
analogues were encoded on videotape in synchrony with the
biplane images.
Biplane fluoroscopic images of the static thorax were

recorded on videotape at several volumes between total lung
capacity (TLC) and relaxation volume (Vrel) and during
mechanical ventilation of the lungs at two rate and duty cycle
settings. TLC was defined as the lung volume at a respiratory
system recoil of 30 cmH2O. Measurements were made in the
right and left lateral decubitus postures with the beaded
lobes either dependent or nondependent. During so-called DH
runs, the ventilator rate and duty cycle were set to 50
breaths/min and 0.5, respectively. Trapped volume above Vrel
was measured directly from the volume trace and inferred
from changes in end-expiratory recoil pressure of the lungs
and respiratory system. During SH runs, the ventilator rate
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and duty cycle were reduced to 15 breaths/min and 0.15,
respectively. Expiratory airway pressure was raised with an
underwater seal system until overall FRC and recoil pressure
equaled those of the DH runs.
The two-dimensional locations of markers in <60 image

pairs obtained at a sampling rate of 33 Hz and taken at equal
intervals from 3 breaths were calculated with an operator-
interactive computer-based video-tracking system. The three-
dimensional locations of markers were determined from the
two-dimensional views, and the volumes of the tetrahedra
formed by taking four markers as the apexes of the tetrahe-
dra were computed. The volume of tissue per tetrahedron was
also computed assuming that the lung at TLC contains 15.8 ml
air/mg tissue. A few hundred tetrahedra could be formed by
combiningdifferentmarkers, ofwhichup to60were chosenbased
on previously established size and shape criteria (15).
Data analysis. Tetrahedron data yielded between 10 and 61

regional spirograms/lobe from which VT,r, rFRC, regional
mean volume (Vrmean), and regional TLC (rTLC) were derived.
Vrmean is defined as the volume of gas contained in a tetrahe-
dron midway between end inspiration and end expiration; it
is not time weighted. The time delay between flow delivered
to the common airway and regional volume change was
computed with a cross-correlation analysis. Regional and
whole lung spirograms were offset relative to each other in
nine 30-ms time increments and decrements. Correlation
coefficients (r) between the two time series were computed at
each interval, and a parabola was fit to r with respect to the
time from the onset of a ventilator breath. The time at which r
was predicted maximum defined the time delay of a region or
tetrahedron. Frequency dependence of regional lung function
was inferred from differences in regional behavior between
DH and SH runs, yielding parameters such as (VT,r/Vrmean)DH 2
(VT,r/Vrmean)SH for each tetrahedron. Such indexes of fre-
quency dependence were regressed against time delay with
data sets grouped by lobe and posture. Data are presented as
means 6 SD. Unless stated otherwise, the sample size was
considered 10 (lobes as opposed to dogs) and statistical
significance was assumed with 95% confidence.

RESULTS

During SH, a pressure of 7 6 1 cmH2O was applied to
the airway during expiration to match the intrinsic
PEEP present during DH. This raised the mean lobar
FRC to 59 6 12% of TLC, slightly below the mean lobar
FRC of 616 12% of TLC during DH (P, 0.05). The post
hoc lobar-volume analysis derived from the means of
the tetrahedron data revealed that the extrinsic PEEP
required to match overall FRC between experimental
conditions had been underestimated by a small amount
in four of five dogs.
Figure 1 shows the VT,r distributions in each lobe at

the two ventilation frequencies (DH and SH) and in the
two postures (dependent and nondependent). VT,r val-
ues are expressed as a fraction of Vrmean. Figure 1
emphasizes two findings: 1) VT,r/Vrmean is greater when
the lobes are dependent than when they are nondepen-
dent (this finding can be attributed to both a fall in
Vrmean and an increase in VT,r in the dependent pos-
ture) and 2) frequency has no effect onmean lobar VT or
its variability within lobes. Table 1 summarizes these
data in terms of mean VT,r/Vrmean and its SD within
each lobe.

As dictated by the experimental design, VT,r/Vrmean
when averaged across dogs, lobes, and postures was
identical during SH and DH runs (0.28 6 0.08 vs.
0.28 6 0.08; P , 1.0). The VT of upper lobes averaged
0.26 6 0.07 ml/kg during SH and 0.26 6 0.06 during
DH (P , 0.9). The VT of lower lobes averaged 0.31 6
0.09 during SH and 0.30 6 0.10 during DH (P , 0.8),
indicating that the different means by which lung
volume was raised had no effect on the lobar distribu-
tion of ventilation. The within-lobe heterogeneity of
regional ventilation was estimated from the average
SDs of VT,r/Vrmean. These were also unaffected by rate,
and thus mode, of raising FRC and averaged 0.044 6
0.018 and 0.044 6 0.013 during SH and DH, respec-
tively (P, 0.9). The conclusions derived from Fig. 1 and
Table 1 would have been identical had VT,r been
normalized by rTLC or regional Vrel instead of Vrmean
(data not shown).
Figure 2 shows a comparison of lobar time delays in

the two postures. Data were computed from the aver-
ages of all regions during DH and SH runs. The data
are labeled according to lobe. The figure emphasizes
two statistically significant findings: 1) expansion of
the caudal lobe precedes that of the upper lobe by 44 6
22 ms (P , 0.01) and 2) changing from the nondepen-
dent to the dependent posture delayed lobar filling by
13 6 19 ms (P , 0.05). The tendency for time delays to
decline with frequency, i.e., the difference in average
time delays between SH and DH (51 6 39 vs. 40 6 21
ms) did not reach statistical significance (P , 0.11).
Figure 3 shows two representative examples of

within-lobe correlations between regional time delays
and the frequency dependence of VT,r (Fig. 3A) and
rFRC (Fig. 3B).
Figure 3A illustrates that the relationship between

the dependent variable (difference in regional ventila-
tion during SH and DH runs) and the independent
variable (regional time delay) has a positive slope. This
means that regions with above average time delays
(slow regions) received a relatively smaller VT during
DH than during SH runs. In contrast, regions with
below average time delays (fast regions) received a
relatively larger VT during DH compared with during
SH runs. Figure 3B illustrates that the relationship
between the dependent variable (difference in rFRC
between SH and DH) and the independent variable
(regional time delay) has a negative slope. This implies
that the FRC of regions with above average time delays
(slow regions) was greater during DH than during SH
runs. In contrast, the FRC of fast regions was greater
during SH than during DH runs.
The slopes of the relationships between time delay

and frequency dependence (see examples in Fig. 3)
were computed for each lobe and experimental condi-
tion. Those slopes pertaining to frequency dependence
of volume (FRC) and ventilation (VT) have been plotted
against each other, as shown in Fig. 4.
Figure 4 demonstrates that 1) the frequency depen-

dence of VT on time delay (analogous to the slope in Fig.
3A) had a positive value inmost instances (P, 0.05), 2)

1816 REGIONAL VENTILATION IN HYPERINFLATED DOGS

 on M
ay 6, 2010 

jap.physiology.org
D

ow
nloaded from

 

http://jap.physiology.org


the frequency dependence of FRC on time delay (analo-
gous to the slope in Fig. 3B) had a negative value in
most instances (P , 0.05), and 3) the two parameters
are correlated with each other. This means that the
lobes with the most pronounced frequency dependence
of regional ventilation also had the most pronounced
frequency dependence of regional gas trapping.

DISCUSSION

We have shown that in normal mechanically venti-
lated dogs the distribution of regional lung volume and

ventilation changes with the rate of breathing. Fre-
quency dependence of regional lung expansion was
observed over a physiological range of rates, and it
followed predictions of linear models with parallel
time-constant inhomogeneity (20). However, we also
observed a large residual variability in regional lung
dynamics that is not readily explained by established
mechanisms.
Forty years ago, Otis et al. (20) pointed out that

differences in regional lung properties produce fre-
quency-dependent regional lung expansion and that

Fig. 1. Identity plots of regional tidal volumes measured during static and dynamic hyperinflation runs (VTSH and
VTDH, respectively) for 5 dogs (nos. at top of columns) according to lobe and posture: upper lobe nondependent (A),
upper lobe dependent (B), lower lobe nondependent (C), and lower lobe dependent (D). Regional tidal volumes were
normalized by the corresponding regional mean volume. Solid lines, lines of identity. No. of regions analyzed ranges
between 10 in lower lobe of dog 4 to 61 in the upper lobe of dog 2.

Table 1. Effect of frequency and posture on lobar tidal volumes

Dog 1 Dog 2 Dog 3 Dog 4 Dog 5

SH DH SH DH SH DH SH DH SH DH

ULd 0.3160.07 0.3660.07 0.2360.05 0.2360.04 0.2860.05 0.2760.04 0.3360.07 0.2560.06 0.3260.03 0.3360.04
LLd 0.3160.06 0.3160.05 0.3060.04 0.3760.05 0.3560.04 0.3760.04 0.4560.04 0.4060.04 0.4560.06 0.4760.05
ULnd 0.2160.05 0.2560.05 0.1560.03 0.1660.02 0.3460.08 0.2860.05 0.1960.03 0.2160.05 0.2560.02 0.2360.04
LLnd 0.2060.02 0.2060.03 0.2060.06 0.2160.06 0.2560.04 0.1860.03 0.3060.04 0.2860.03 0.2560.02 0.2360.03

Values are averages 6 SD of regional tidal volume normalized by regional mean volume during static (SH) and dynamic hyperinflation
(DH). ULd, upper lobe dependent; LLd, lower lobe dependent; ULnd, upper lobe nondependent; LLnd, lower lobe nondependent.
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this mechanism may account for rate-related changes
in ‘‘effective’’ lung compliance. Otis et al. considered the
dynamics of two parallel units each consisting of a
resistive and a series elastic element [analogous to
electrical resistance and compliance (RC) circuits]. The
salient responses of such a system when it is driven
with sinusoidal flow are as follows.1 At zero frequency,
‘‘inspired volume’’ is distributed in direct proportion to
unit compliances. At infinite frequency, inspired vol-
ume is distributed in inverse proportion to unit resis-
tances. The regional dynamics in the intermediate-
frequency range are determined by the relative
differences in unit impedances. Filling and emptying of
the unit with the larger cross product of RC (or time
constant) is delayed relative to the common flow source.
Because of this delay, the slow unit’s end-expiratory
pressure (and volume) start to rise with rate, reducing
the overall driving pressure for flow into the unit.
Consequently the slow unit’s VT decreases with rate,
illustrating that the rate dependence of regional ‘‘gas
trapping’’ and regional ventilation are linked on a
fundamental level.
It has been known for some time that the normal dog

lung expands nonuniformly in situ (14, 15, 23). Hub-
mayr et al. (15) and Rodarte et al. (22) have previously
demonstrated that only a small fraction of the overall
nonuniformity is topographic and explained by gravi-
ty’s effects on lung/chest wall coupling. Consistent with
a large body of literature (reviewed in Ref. 18), we show
that a lobe receives more ventilation per unit volume
when it is dependent than when it is nondependent.
This observation is usually attributed to a decrease in

lobar volume and thus an increase in lobar compliance
in the dependent posture. In addition, we now demon-
strate that the ventilation of dependent lobes is delayed
relative to that of nondependent lobes. To the extent to
which the decreased volume of dependent lobes is
associated with a greater lobar compliance and resis-
tance, this finding is also consistent with Otis-Mead-
type models.
Although there remains considerable uncertainty

about the relative importance of different mechanisms
leading to nonuniform expansion, we now show that
the heterogeneity of the normal dog lung contributes to
frequency-dependent behavior in situ. The frequency
dependence of regional lung expansion is not a random
process because, as predicted, rate effects on VT,r and
rFRC scaled with regional time delays. The time delay
between regional expansion and the volume recorded at
the mouth was measured as an index of in situ regional
RC. The variance in time delays between regions
served as a measure of heterogeneity in regional RCs.

1 The closed system is being oscillated as opposed to being venti-
lated; in the latter instance, expiratory flow is a monoexponential
function of time.

Fig. 2. Comparison of mean regional or lobar time delay averaged
across frequencies between dependent and nondependent postures.
Solid line, line of identity. s, Lower lobe; r, upper lobe. For further
explanation, see text.

Fig. 3. A: effect of rate on distribution of regional tidal volume shown
by relationship between regional time delay and VTSH minus VTDH
B: rate effect on distribution of regional functional residual capacity
(FRC) shown by relationship between regional time delay and
difference in regional FRC between static and dynamic hyperinfla-
tion runs (FRCSH minus FRCDH). For further explanation, see text.
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Regional dynamics were evaluated for two ventilation
strategies during which the lungs were cycled at differ-
ent rates but with the same VT and over the same
absolute lung volume range. Both produced hyperinfla-
tion, albeit by different mechanisms. The difference in
VT,r and rFRC between the SH and DH runs were
taken as two measures of rate effect. We show that rate
effects on VT,r and rFRC are linearly related to time
delay as predicted bymodels with parallel nonuniformi-
ties in time constants. The VT values of regions with the
smallest time delays (fast units) were greater during
DH than during SH runs, whereas the opposite was
true for regions with large time delays (slow units).
This explains the positive slope of the relationship
shown in Fig. 3A. Alternatively, the FRCs of regions
with the smallest time delays tended to be lower during
DH than during SH; the opposite was true for regions
with large time delays. This explains the negative slope
of the relationship shown in Fig. 3B. Considering that
the strengths of these relationships are measures of
frequency dependence on a sublobar scale, we note that
the lobes with the greatest frequency dependence of
rFRC also had the greatest frequency dependence of
VT,r (Fig. 4).
The frequency dependence in regional expansion of

normal canine lungs is not as large as Hubmayr et al.
(13) had previously observed in methacholine-con-
stricted canine lungs. This is not surprising in view of
the considerably greater heterogeneity in airway dimen-
sions (and presumably time constants) after broncho-
provocation (19). The difference in frequency depen-
dence between normal and constricted lungs may also
reflect differences in the mechanisms responsible for
hyperinflation. In the normal lung, DH is the result of a
high endotracheal tube and ventilator circuit resis-

tance, whereas in the constricted lung, it is caused by
flow limitation in small parallel airways (13). Figure 4
illustrates that the frequency dependence was greatest
in dependent lower lobes. In this posture, lower lobes
have decreased end-expired volumes so that in some
regions expiratory flow could have been maximal and
contributed to dyanmic airway collapse.
Compared with SH induced with PEEP, the ventila-

tor-delivered minute volume was substantially greater
during runs associated with DH. This undoubtedly
produced alveolar hypocapnia. Alveolar hypocapnia
causes pneumoconstriction that, in turn, could have
promoted frequency-dependent behavior (24). The com-
bined effects of hypocapnia and rate of lung inflation on
regional airway and tissue impedance have not been
delineated. It is, therefore, not clear to what extent the
topographic distribution of regional ventilation-perfu-
sion, alveolar CO2, and regional mechanical constants
could have differed between the two frequency settings.
Because there appears to be a great deal of variabil-

ity in frequency dependence of regional volume and
ventilation that is not explained by linear RC models,
we must address methodological limitations and con-
sider biological sources of nonlinear behavior. The
parenchymal marker technique was developed and
originally validated in the 1970s (4, 25). Since then, we
have implemented many upgrades in imaging and
analysis hardware and software that have improved
the accuracy and precision of the technique. With the
current system, the error of a single intermarker
distance measurement made on a stationary object
with known dimensions is ,0.5 mm 95% of the time.
The volume and ventilation data presented in this
paper were computed from spirograms (tetrahedron
volume vs. time traces) that contain information from

Fig. 4. Relationship between frequency de-
pendence of regional tidal volume (VT,r)
and frequency dependence of regional FRC
(rFRC) on time delay. Variables represent
slopes of relationships shown in Fig. 3 and
are shown according to lobe and posture:
upper lobe nondependent (r); upper lobe
dependent (s); lower lobe nondependent
(l); and lower lobe dependent (n). For
further explanation, see text.
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up to 1,000 projection images/region and experimental
condition. Even by most conservative estimates, the
random marker tracking error explains ,25% of the
observed interregional variability in VT. To test whether
breath-to-breath variability of a region’s VT estimate
accounts for the apparent interregional variability in
VT, we generated spirograms of 10 lower lobe tetrahe-
dra during volume-preset ventilation by sampling re-
gional volumes for 2 min at a rate of 8.2 Hz. Ninety-five
percent of single-breath VT estimates fell within 616%
of the 40-breath VT averages, and the variability in VT
seemed to be randomly distributed over time.
In light of these precision estimates, it seems remark-

able that there is not greater agreement between VT,r
measurements across breathing rates. The average
correlation coefficient between the VT,r estimates in
Fig. 1 is 0.69, indicating that VT measurements made
at one frequency explain only 47% of the variability in
VT at another frequency. Although we are convinced by
the data provided in Figs. 3 and 4 that the general
principles first outlined by Otis et al. (20) apply in our
experimental system, we do not believe that linear RC
heterogeneity can explain all of the remaining 53% of
total variability. There is ample evidence fromparenchy-
mal-strip preparations and from alveolar capsule mea-
surements on whole lungs that tissue mechanics are
nonlinear (1, 3, 7, 11, 12). These studies have identified
lung parenchyma as the major site of flow resistance
and have deemphasized small-scale heterogeneity in
airway dimensions as a source of frequency-dependent
behavior. The conclusions follow logically from alveolar
capsule pressuremeasurements, which show that alveo-
lar pressure changes uniformly in the physiological
range of breathing frequencies. However, recent obser-
vations have raised questions about the validity of the
alveolar capsule technique, at least when it is used in
constricted lungs (13, 17). Alveolar pressure values
from capsules may be weighted toward low-impedance
pathways andmay underestimate regional heterogene-
ity. Because currently available experimental tech-
niques for measuring regional pressure and volume
have a limited resolution, conclusions as to the site and
nature of nonuniform regional lung dynamics are, by
necessity, inferential.
It would be inappropriate to make recommendations

about the ventilatory management of humans with
injured lungs on the basis of our findings on normal dog
lungs. However, our data emphasize that the choice
between SH andDH strategies for recruiting lung units
may not be a trivial one. The distribution of injury and
edema in patients with adult respiratory distress syn-
drome is nonuniform (10). Most analyses of regional
lung function after injury have been restricted to
statics and have focused on the topographic distribu-
tion of edema.Accordingly, Gattinoni and colleagues (8,
9) view the injured lung as having three compartments:
a nondependent compartment of air-filled and re-
cruited lung units, a dependent compartment of fluid-
filled and nonrecruitable lung units, and an intermedi-
ate compartment of partially edematous (and potentially

recruitable) lung units. Little, if anything, is known
about the mechanical properties of lung units and their
dynamics within or across these compartments so that,
at present, ventilation strategies for alveolar recruit-
ment cannot be based on time-constant considerations.

The authors thank Dr. Theodore Wilson for thoughtful contribu-
tions to this work and L. L. Oeltjenbruns for preparing the manu-
script.

This was was supported by National Heart, Lung, and Blood
Institute Grants HL-45026 and HL-49788.

Address for correspondence: R. D. Hubmayr, Rm. 4-411 Alfred
Bldg., Mayo Clinic, 200 First St. SW, Rochester, MN 55905.

Received 7 December 1995; accepted in final form 24 May 1996.

REFERENCES

1. Bachofen, H. J. Lung tissue resistance and pulmonary hyster-
esis. J. Appl. Physiol. 24: 296–301, 1968.

2. Bake, B., L. Wood, B. Murphy, P. T. Macklem, and J.
Milic-Emili. Effect of inspiratory flow rate on regional distribu-
tion of inspired gas. J. Appl. Physiol. 37: 8–17, 1974.

3. Brusasco, V., D. O.Warner, K. C. Beck, J. R. Rodarte, andK.
Rehder. Partitioning of pulmonary resistance in dogs: effect of
tidal volume and frequency. J. Appl. Physiol. 66: 1190–1196,
1989.

4. Chevalier, P. A., J. R. Rodarte, and L. D. Harris. Regional
lung expansion at total lung capacity in intact vs. excised canine
lungs. J. Appl. Physiol. 45: 363–369, 1978.

5. Forkert, L., N. Anthonisen, and L. D. H. Wood. Frequency
dependence of regional lung washout. J. Appl. Physiol. 45:
161–170, 1978.

6. Forkert, L., L. D. H.Wood, andR.M. Cherniack.Effect of gas
density on dynamic pulmonary compliance. J. Appl. Physiol. 39:
906–910, 1975.

7. Fredberg, J. J., and D. Stamenovic. On the imperfect elastic-
ity of the lung. J. Appl. Physiol. 67: 2408–2419, 1989.

8. Gattinoni, L., P. Pelosi, S. Crotti, and F. Valenza. Effects of
positive end-expiratory pressure on regional distribution of tidal
volume and recruitment in adult respiratory distress syndrome.
Am. J. Respir. Crit. Care Med. 151: 1807–1814, 1995.

9. Gattinoni, L., A. Presenti, L. Avalli, F. Rossi, and M.
Bombino. Pressure-volume curve of total respiratory system in
acute respiratory failure: computed tomographic scan study. Am.
Rev. Respir. Dis. 136: 730–736, 1987.

10. Gattinoni, L., A. Presenti, A. Torresin, S. Baglioni, M.
Rivolta, F. Rossi, F. Scarani, R. Marcolin, and G. Cappel-
letti. Adult respiratory distress syndrome profiles by computed
tomography. J. Thorac. Imaging 1: 25–30, 1986.

11. Hantos, Z., B. Daroczy, B. Suki, S. Nagy, and J. J. Fredberg.
Input impedance and peripheral inhomogeneity of dog lungs. J.
Appl. Physiol. 72: 168–178, 1992.

12. Hildebrandt, J. Dynamic properties of air-filled excised cat
lung determined by liquid plethysmography. J. Appl. Physiol. 27:
246–250, 1969.

13. Hubmayr, R. D., M. J. Hill, and T. A. Wilson. Nonuniform
expansion of constricted dog lungs. J. Appl. Physiol. 80: 522–530,
1996.

14. Hubmayr, R. D., J. R. Rodarte, B. J. Walters, and F. M.
Tonelli. Regional ventilation during spontaneous breathing and
mechanical ventilation in dogs. J. Appl. Physiol. 63: 2467–2475,
1987.

15. Hubmayr, R. D., B. J. Walters, P. A. Chevalier, J. R.
Rodarte, and L. E. Olson. Topographical distribution of re-
gional lung volume in anesthetized dogs. J. Appl. Physiol. 54:
1048–1056, 1983.

16. Ingram, R. H., Jr., and D. P. Scilder. Association of a decrease
in dynamic compliance with a change in gas distribution. J. Appl.
Physiol. 23: 911–916, 1967.

17. Lutchen, K. R., B. Suki, F. Petak, A. Adamicza, and Z.
Hantos. Evidence of an artifactual increase in tissue resistance
detected by comparing impedancemeasurements with two differ-
ent resident gases (Abstract). Ann. Biomed. Eng. 23: S-11, 1995.

1820 REGIONAL VENTILATION IN HYPERINFLATED DOGS

 on M
ay 6, 2010 

jap.physiology.org
D

ow
nloaded from

 

http://jap.physiology.org


18. Milic-Emili, J. Static distribution of lung volumes. In: Hand-
book of Physiology. The Respiratory System.Mechanics of Breath-
ing. Bethesda, MD: Am. Physiol. Soc., 1986, sect. 3, vol. III, pt. 2,
chapt. 31, p. 561–574.

19. Nagase, T., A. Moretto, and M. S. Ludwig. Airway and tissue
behavior during induced constriction in rats: intravenous vs.
aerosol administration. J. Appl. Physiol. 76: 830–838, 1994.

20. Otis, A. B., C. B. McKerrow, R. A. Bartlett, J. Mead, M. B.
McIlroy, N. J. Selverstone, and E. P. Radford. Mechanical
factors in the distribution of pulmonary ventilation. J. Appl.
Physiol. 8: 427–443, 1956.

21. Pedley, T. J., M. F. Sudlow, and J. Milic-Emili. A non-linear
theory of the distribution of ventilation.Respir. Physiol. 15: 1–38,
1972.

22. Rodarte, J. R., R. D. Hubmayr, D. Stamenovic, and B. J.
Walters. Regional lung strain in dogs during deflation from total
lung capacity. J. Appl. Physiol. 58: 164–172, 1985.

23. Schmid, E. R., K. Rehder, T. J. Knopp, and R. E. Hyatt.
Chest wall motion and distribution of inspired gas in anesthe-
tized supine dogs. J. Appl. Physiol. 34: 544–547, 1980.

24. Severinghaus, J. W., E. W. Swenson, T. N. Finley, M. T.
Lategola, and J. Williams. Unilateral hypoventilation pro-
duced in dogs by occluding one pulmonary artery. J. Appl.
Physiol. 16: 53–60, 1961.

25. Smith, H. C., J. F. Greenleaf, E. H. Wood, J. Sass, and A. A.
Bove.Measurement of regional parenchymal movement in dogs.
J. Appl. Physiol. 34: 544–547, 1973.

1821REGIONAL VENTILATION IN HYPERINFLATED DOGS

 on M
ay 6, 2010 

jap.physiology.org
D

ow
nloaded from

 

http://jap.physiology.org

