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Mechanical ventilation in patients with acute respiratory distress
syndrome and acute lung injury (ALI) remains a difficult challenge
because of the conflict between maintaining adequate gas ex-
change and furthering lung injury via overdistention. In a recent
study, Lefevre and colleagues (

 

Am. J. Respir. Crit. Care Med.

 

 1996;154:
1567–1572) suggested that mechanical ventilation with natural
biologic variability (BV) in breath-to-breath respiratory frequency

 

(f) and V

 

T

 

 could reduce lung injury and improve gas exchange
without increases in mean airway pressure (Paw) or peak inspira-
tory pressure (PIP). However, significant differences in cardiac

 

output (CO), Pa

 

CO2

 

, pH, and delivered V

 

T

 

 between the treatment
groups in their study could have influenced these results. Because
of the potential implications of these findings for patient care, we
attempted to confirm these findings by Lefevre and colleagues in
a canine model of oleic acid-induced lung injury. Eighteen mon-
grel dogs were anesthetized in the supine position, paralyzed, and
mechanically ventilated with 50% O

 

2

 

 at f 

 

5

 

 15 breaths/min, and
V

 

T

 

 was adjusted to achieve an end-tidal CO

 

2

 

 of 30 to 35 mm Hg.
Lung injury was produced by infusion of 0.06 ml/kg oleic acid solu-
tion into the right atrium over a 30-min period. Animals were then
randomized to either conventional ventilation at the baseline set-
tings (n 

 

5

 

 9) or to BV at the same mean V

 

T

 

 and f (n 

 

5

 

 9). Both
groups received comparable degrees of injury, and hemodynamic
and ventilatory parameters were closely matched, with no differ-
ences in mean V

 

T

 

, PIP, mean Paw, Pa

 

CO2

 

, pH, CO, pulmonary artery
occlusion pressure, or arterial pressure (Pa). However, no differ-
ences between the two groups were found in Pa

 

O2

 

, shunt, or static
compliance over a 4-h period. When hemodynamic and ventila-
tory parameters were well matched in a canine model of ALI, BV
showed no advantage over conventional ventilation at constant V

 

T

 

and f.

 

In the lungs of patients with acute respiratory distress syn-
drome (ARDS), a large portion of alveoli are atelectatic or
fluid-filled (1), whereas other lung regions are aerated and rel-
atively unaffected by the disease process (2). Traditional tech-
niques of mechanical ventilatory assistance involve a generous
tidal volume (V

 

T

 

) and positive end-expiratory pressure (PEEP).
However, many animal studies suggest that this approach can
perpetuate or exacerbate lung injury from high pressures and
overdistention of the aerated lung regions. Consequently,
there has been considerable interest in alternative ventilatory
methods to improve oxygenation in these critically ill patients.

In a pig oleic acid (OA) model of ARDS, a novel mechani-
cal ventilatory approach utilized a computer programmed to
vary the breath-to-breath respiratory frequency (f) and V

 

T

 

with natural biologic variability (3). Compared with conven-
tional mechanical ventilation (CV) at the same mean f and V

 

T

 

,
such biologically variable ventilation (BV) was associated with
a higher Pa

 

O2

 

 and static compliance (Cst), and with reduced
shunt and lung water content over a 4-h observation period.
These salutary changes could be explained by recruitment of
small airways and alveoli, which the investigators who con-
ducted the study attributed to an intrinsic characteristic of
the biologic variability in f and V

 

T

 

. For example, increased
recruitment could have been induced with the larger BV
breaths, but in some way that was different than that with reg-
ularly spaced large tidal volumes (sighs), which have had in-
consistent effects on arterial oxygenation in previous studies
(4–6). Decreased lung water in the BV group was interpreted
to represent decreased ventilation-associated lung injury,
which could also be explained by better airways recruitment.

The results of this initial experience with BV are poten-
tially important because improvements in oxygenation appear
to have been achieved without increased risk of volutrauma to
the lungs. If validated, this novel strategy could represent a
significant advance in patient management. However, there
were significant differences in cardiac output (CO), Pa

 

CO2

 

, pH,
and actual delivered V

 

T

 

 between the CV and BV groups,
which could have influenced the results of the study. Because
of the potential implications of these findings for patient care,
we have attempted to confirm these results in a dog OA model
of ARDS. In contrast to the results of Lefevre and colleagues,
we found no improvement in Pa

 

O2

 

, Cst or shunt with BV in
our experiments.

 

METHODS

 

Experimental Preparation

 

The study was approved by the Animal Care and Use Committee of
The Johns Hopkins University. Eighteen mongrel dogs weighing 9 to
31 kg (mean: 15.9 kg) were anesthetized with pentobarbital sodium
(30 mg/kg intravenously), orally intubated, and placed in the supine
position. Pancuronium (3 mg bolus, followed by 1 to 1.5 mg/h intrave-
nously) was administered for muscle relaxation. Isoflurane was ad-
ministered at 1 to 1.5% end-tidal in 50% O

 

2

 

 for maintenance of anes-
thesia. A catheter was placed in the femoral artery for blood gas
sampling and monitoring of arterial pressure (Pa). A size 7.5-French
Edwards Swan–Ganz catheter was inserted into the pulmonary artery
via the external jugular vein. Mixed venous blood was sampled from
the distal end of the pulmonary artery catheter. An esophageal bal-
loon was inserted into the esophagus, and located at the point of max-
imum swings in tidal pressure, and its pressure (Peso) was continu-
ously recorded. All pressure transducers were zero-referenced to the
midchest level. Lactated Ringer’s solution was given as a bolus until
the animal’s initial pulmonary artery occlusion pressure (Ppao) was
8 mm Hg, and was then infused continuously at 10 ml/kg/h for the du-
ration of the experiment. At the end of the experiment the animal was
killed by intravenous injection of saturated potassium chloride, after
supplementation of anesthesia with additional barbiturate.

Mechanical ventilation was provided via a portable piston ventila-
tor (PLV-102; Lifecare, Lafayette, CO), which was modified by the
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manufacturer to allow remote computer control. The ventilator was
set at 15 breaths/min, with the V

 

T

 

 adjusted to maintain the end-tidal
P

 

CO2

 

 (P

 

ETCO

 

2

 

) at 30 to 35 mm Hg. Two sighs (each equal to three tidal
breaths) were induced in each animal by occluding the expiratory
limb of the ventilatory circuit before beginning control measure-
ments. Compliance of the ventilator circuit was 0.57 ml/cm H

 

2

 

O.
After administration of the initial fluid bolus was completed, base-

line measurements were obtained of hemodynamic, respiratory, and
lung mechanics parameters. These included heart rate, Pa, right atrial
pressure (Pra), pulmonary artery pressure (Ppa), and Ppao. All were
recorded on a Gould 2600S oscillograph (Gould, Inc., Cleveland,
OH). CO was measured by thermodilution, using a 5 ml injection of
saline at room temperature (mean of three measurements). Measure-
ments of arterial and mixed venous blood gases (Model 248 pH/Blood
Gas Analyzer; Ciba Corning Diagnostics, Medfield, MA) and he-
moglobin concentrations (OSM3 Hemoximeter; Radiometer, Copen-
hagen, Denmark) were also made. The O

 

2

 

 saturations of arterial and
mixed venous blood gas samples were calculated with the equations
for the pH-corrected O

 

2

 

 dissociation curve (7). Pulmonary vascular
resistance (Rpv) and shunt fraction (venous admixture, 

 

S

 

/

 

T

 

) were
calculated with standard formulas (8). Static compliance was obtained
by clamping the expiratory limb of the ventilatory circuit at end-inspi-
ration for 1 to 2 s to obtain a plateau pressure. The V

 

T

 

 used for calcu-
lation of compliance was that set on the ventilator. FRC, measured in
triplicate with the helium dilution method, and a quasistatic pressure–
volume (PV) curve (three cycles at 2 L/min at a Paw between 2 and 30
cm H

 

2

 

O) were obtained at baseline and after OA injury. For the last
five animals in the CV group and last six animals in the BV group, in-

Q
.

Q
.

 

spiratory flow was measured with a pneumotachograph (Hans Ru-
dolph Inc., Kansas City, MO), and instantaneous flow and airway
pressures (Paw and Peso) were digitized at 10 Hz and stored in a com-
puter (Macintosh PM7100/80; Apple Computer, Cupertino, CA) us-
ing a Superscope data-acquisition system (GW Instruments, Inc.,
Somerville, MA). These acquired data were used for the breath-by-
breath analysis of mean Paw, peak inspiratory pressure (PIP), and de-
livered V

 

T

 

, as subsequently described.

 

Lung Injury

 

Lung injury was induced by infusion of 0.06 ml/kg pure OA (Sigma
Chemical Co., St. Louis, MO), diluted 1:2 with absolute ethanol, over
a period of 30 min, into the right atrial port of the Swan–Ganz cathe-
ter with the animal in the supine position. This dose was chosen on the
basis of preliminary experiments designed to identify the OA dose
necessary to achieve a level of lung injury similar to that in the re-
cently reported study of BV in pigs (3). At the end of OA infusion,
animals were randomly assigned to one of two ventilatory modes: CV,
fixed at the baseline V

 

T

 

 and f of 15 breaths/min, or BV, with the same
mean f and V

 

T

 

 as subsequently described. As in the previous study of
BV (3), no PEEP was used in either group. Ventilation was continued
with either CV or BV for the duration of the experiment, and hemo-
dynamic, respiratory, and lung mechanics data were obtained every
30 min for 4 h. Four animals in the CV group and three animals in the
BV group did not survive to 4 h, but all animals lasted at least through
the 180-min measurement period.

 

BV Ventilation System

 

The Superscope data-acquisition system used to digitize the Paw, Peso,
and flow signals also directed the PLV-102 ventilator to deliver bio-
logic variations in f and V

 

T

 

 according to a previously generated file of
interbreath periods from an awake, spontaneously breathing, quies-
cent dog (provided by Dr. Paul Murray and Jim Palazzo of the Depart-
ment of Anesthesia, Cleveland Clinic). The original breathing file con-

Figure 1. (A) BV f file and (B) corresponding VT file before (open sym-
bols) and after (closed symbols) editing, plotted against breath number.
Breaths with too high or too low frequencies were adjusted to meet
mechanical constraints of the BV ventilator system.

Figure 2. Histograms of BV f file before (open symbols) and after (closed
symbols) editing. Editing maintained the overall shape of the distribu-
tion. Both distributions have a mean f of 15 breaths/min.

 

TABLE 1

CHARACTERISTICS OF THE BV f AND V

 

T

 

FILES

 

f
(

 

breaths/min

 

) Normalized V

 

T

 

Mean 15 1
SD 3.6 0.23
10th percentile 11.3 0.75
25th percentile 12.2 0.88
50th percentile 14.2 1.06
75th percentile 17.1 1.23
90th percentile 19.9 1.33
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tained 784 breaths with an f value of 37 

 

6

 

 9.7 breaths/min (mean 

 

6

 

SD) (coefficient of variation [CV]: 26.2%). This data set was scaled to
a mean f of 15 breaths/min for use in this protocol. It was necessary to
edit the file such that the f and V

 

T

 

 differences between any two adja-
cent breaths were within limits imposed by the mechanical capability
of the ventilator. This resulted in minor changes in the frequency spec-
trum (Figures 1 and 2). The edited and scaled file contained 784
breaths with an f of 15 

 

6

 

 3.6 breaths/min (CV: 24%). The minimum
and maximum f of the file were 6.5 and 30 breaths/min, respectively
(Figure 1A). Histograms of the f distribution before and after editing
are shown in Figure 2. A corresponding V

 

T

 

 file was generated from
this f file on the basis of the control V

 

T

 

 for a given animal: the V

 

T

 

 of
each breath was calculated such that minute ventilation (

 

E

 

 

 

5

 

 f 

 

3

 

 V

 

T

 

)
remained constant (Figure 1B). The mean f and V

 

T

 

 of these files were
thus equal to the f and V

 

T

 

 of the baseline ventilation settings. Because

V
·

 

inspiratory flow and the I:E ratio were kept constant, larger breaths
had longer inspiratory times followed by longer expiratory times. Ta-
ble 1 presents the characteristics of scaled f and normalized V

 

T

 

 files af-
ter editing. For example, 50% of breaths (25th to 75th percentile) were
within the f range of 12.2 to 17.1 breaths/min with V

 

T

 

 between 88%
and 123% of the control value. At a mean f of 15 breaths/min, the BV
file lasted about 52 min, and thus was repeated several times during
the 4-h experiments. Ventilator settings were transiently returned to
the baseline settings for 3 to 5 min while hemodynamic and compli-
ance measurements were made, after which BV was resumed.

PV curves were obtained before and after OA-induced lung in-
jury, with examples shown in Figure 3. A computer-controlled system
measured quasistatic PV curves during inflation and deflation of the
lungs at a constant flow of 2 L/min from values of Paw of 2 to 30 cm
H

 

2

 

O for three cycles. Paw, Peso, and airway opening flow signals were
digitized and stored on the computer for subsequent analysis. The PV
curve of the OA-injured lung often exhibits a change in slope (Pflex)
on the early-portion of its inspiratory limb, as has been described in
many patients with ARDS (9–11). Pflex was determined from the PV
curves as the intersection of the linear projections of the early and
midportions of the first cycle inspiratory curve.

 

Statistical Analysis

 

Data were subjected to longitudinal analysis, using the STATA statis-
tical software package (Stata Co., College Station, TX). This analysis
takes into account the missing data for animals that did not survive for
the full 4 h of the experimental period, and fits linear models to com-
pare the time courses of different parameters, with the assumption that
data values depend upon each other over time. The data values at the
time of development of initial injury were used as the “baseline” val-
ues for the longitudinal analysis. Student’s 

 

t

 

 test was used for single-
time-point comparisons between groups. Survival differences between
groups were tested with a log-rank test (Stata). A value of p 

 

,

 

 0.05 was
considered significant in both longitudinal analysis and with Student’s 

 

t

 

test. Data are presented as mean 

 

6

 

 SEM unless otherwise noted.

 

RESULTS

 

OA infusion caused significant lung injury, with decreased
Pa

 

O2

 

 and Cst and increased airway pressures observed at 30
min after OA infusion in both the CV and BV groups. Compa-
rable levels of injury were achieved in the two groups, with

Figure 3. PV curves before (darker line) and 240 min after (lighter line)
OA-induced lung injury. PV curves were acquired from Paw values of 2
to 30 cm H2O for three cycles each, at a constant air flow of 2 L/min.
Upward shift with subsequent cycles reflects lung volume recruitment.
The noisy appearance of the curves is caused by cardiac oscillations in
Peso. Note Pflex on the inspiratory limb of the PV curve of the OA-in-
jured lung.

 

TABLE 2

HEMODYNAMIC DATA*

 

Parameter Baseline 30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min

Pa, mm Hg
CV 95 

 

6

 

 4 88 

 

6

 

 4 101 

 

6

 

 6 99 

 

6

 

 4 99 

 

6

 

 6 97 

 

6

 

 8 100 

 

6

 

 9 102 

 

6

 

 15

 

§

 

102 

 

6

 

 14

 

‡

 

BV 102 

 

6

 

 8 94 

 

6

 

 6 102 

 

6

 

 6 103 

 

6

 

 6 104 

 

6

 

 6 102 

 

6

 

 7 104 

 

6

 

 7 99 

 

6

 

 7

 

¶

 

100 

 

6

 

 7

 

§

 

Ppa, mm Hg
CV 18 

 

6

 

 1

 

†

 

20 

 

6

 

 2 21 

 

6

 

 2 23 

 

6

 

 2 26 

 

6

 

 3 27 

 

6

 

 3 29 

 

6

 

 3 30 

 

6

 

 4

 

§

 

37 

 

6

 

 4

 

†‡

 

BV 15 

 

6

 

 1 17 

 

6

 

 1 18 

 

6

 

 1 19 

 

6

 

 2 20 

 

6

 

 2 23 

 

6

 

 3 26 

 

6

 

 3 23 

 

6

 

 2

 

¶

 

24 

 

6

 

 2

 

§

 

Ppao, mm Hg
CV

 

i

 

8.3 

 

6

 

 0.5 8.0 

 

6

 

 1.1 9.4 

 

6

 

 1.3 9.1 

 

6

 

 1.3 9.4 

 

6

 

 1.2 8.8 

 

6

 

 1.5 9.6 

 

6

 

 1.4 8.7 

 

6

 

 1.5

 

§

 

8.8 

 

6

 

 1.3

 

‡

 

BV 6.4 

 

6

 

 0.9 6.3 

 

6

 

 1.0 6.4 

 

6

 

 1.1 6.8 6 1.1 7.3 6 1.3 7.4 6 1.3 7.4 6 1.1 7.0 6 1.4§ 6.5 6 1.5‡

Rpv, mm Hg/min/L
CVi 3.2 6 0.5 6.7 6 1.2 6.5 6 1.6 8.8 6 2.7 10.8 6 3.3 12.1 6 3.8 13.6 6 4.3 14.0 6 5.7§ 15.9 6 5.6‡

BV 2.9 6 0.5 4.1 6 0.5 4.4 6 0.6 5.2 6 0.7 6.0 6 0.8 8.2 6 1.3 8.2 6 0.9 8.2 6 1.3‡ 8.4 6 1.4§

CO, L/min/kg
CV 0.24 6 0.04 0.14 6 0.01 0.14 6 0.02 0.14 6 0.02 0.13 6 0.02 0.14 6 0.02 0.15 6 0.03 0.14 6 0.02§ 0.15 6 0.02‡

BV 0.2 6 0.02 0.16 6 0.02 0.17 6 0.02 0.15 6 0.02 0.13 6 0.02 0.11 6 0.00 0.13 6 0.01 0.12 6 0.01¶ 0.12 6 0.01¶

Hb, g%
CV 9.6 6 0.8 10.5 6 0.8 10.9 6 0.7 11.2 6 0.6 11.6 6 0.6 12.1 6 0.7 12.7 6 0.8 12.2 6 1.1§ 12.2 6 1.6‡

BV 9.3 6 0.8 11.4 6 0.7 11.4 6 0.8 11.1 6 1.0 11.9 6 1.0 12.1 6 1.2 12.6 6 1.1 11.6 6 1.0¶ 11.8 6 1.0¶

Definition of abbreviations: CO 5 cardiac output; Hb 5 hemoglobin; Pa 5 arterial pressure; Ppa 5 pulmonary artery pressure; Ppao 5 pulmonary artery occlusion pressure; Rpv 5
pulmonary vascular resistance.

* Values are mean 5 SEM. Times are times after OA injury. n 5 9 except §n 5 4, ‡n 5 5, §n 5 6, ¶n 5 7, i n 5 8.
† p , 0.05 for differences between groups.
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PaO2 values of 89 6 9.7 mm Hg versus 77 6 6.4 mm Hg and
shunt values of 0.36 6 0.09 versus 0.42 6 0.05 for the CV and
BV groups, respectively, at 30 min after lung injury. In the CV
group, nine, six, and five animals survived to 180, 210, and 240
min, respectively, compared with nine, seven, and seven ani-
mals in the BV group (p 5 0.90).

Hemodynamic data are shown in Table 2. Some animals
died before 4 h, and the means at 210 and 240 min therefore
include fewer subjects, as indicated. Mean Pa, Ppao, and he-
moglobin (h) were constant over the 4-h experimental period
and showed no significant differences in the CV and BV
groups. Ppa and Rpv increased with time in both groups. How-
ever, the two groups were not statistically different except at
baseline and at 240 min. CO decreased significantly after OA
injury in both groups, and remained relatively unchanged
thereafter; the two groups were not statistically different in
CO at any time point. Longitudinal analysis showed no differ-
ences in the time courses of hemodynamics in the BV and CV
groups (Ppa: p 5 0.62; Ppao: p 5 0.98; Rpv: p 5 0.18; CO: p 5
0.99; Pa: p 5 0.61).

Respiratory gas data are summarized in Table 3 and Figure
4. In both groups, PaO2 and PvO2 decreased significantly after
OA injury, and were not statistically different in the two
groups at any time points or over time. PaCO2 increased and
pH decreased with time in both groups, but were not statisti-
cally different in the two groups. S/ T increased significantly
after OA injury, but was again not statistically different in the
two groups. By longitudinal analysis, significance values were
PaO2: p 5 0.77; PvO2: p 5 0.29; PaCO2: p 5 0.93; pH: p 5 0.92;
and shunt: p 5 0.86. Figure 5 shows the PaO2 data versus time
for the nine individual animals in each group.

Airway pressures, VT, and Cst are shown in Table 4 and Fig-
ure 4. PIP and mean Paw increased significantly after OA in-
jury and continued to increase with time, but the CV and BV
groups did not differ significantly (PIP: p 5 0.86; mean Paw:
p 5 0.68). PIP and mean Paw of individual breaths were cal-
culated from the digitized airway pressure data and averaged
over 30-min epochs after lung injury (CV group, n 5 5; BV
group, n 5 6). Cst decreased significantly after OA injury and
continued to decrease with time in both the CV and BV
groups. The two groups did not differ significantly in Cst (p 5

·Q ·Q

0.82). Delivered VT was well matched between groups, and the
baseline mean VT values were maintained throughout the ex-
periment (p 5 0.18 for VT versus time by longitudinal analysis).

DISCUSSION

The management of mechanical ventilation in patients with
ARDS and ALI remains a difficult challenge because of the
tradeoff between maintaining adequate gas exchange and fur-
thering lung injury by overdistention. Some innovative ap-
proaches and adjuncts to mechanical ventilation, such as ex-
tracorporeal gas exchange (12, 13), inverse-ratio ventilation
(14, 15), high-frequency ventilation (16, 17), and liquid venti-
lation (18) have been suggested to support gas exchange while
reducing potentially injurious overdistention. The recent
study of BV (3) described earlier suggested that mechanical
ventilation with natural biologic variability in f and VT could
reduce lung injury and improve gas exchange without in-
creases in mean Paw or PIP. In that study, VT gradually de-
creased in both CV and BV treatment groups. It decreased
more in the CV group, and this was associated with a higher
PaCO2, lower pH, and higher CO. The higher CO could have
affected the key outcome variable, oxygenation. Our experi-
ments were designed to assess effects of BV with constant
tidal volumes, PaCO2, and CO. With this approach, we found
no differences between our BV and CV groups in hemody-
namics, respiratory gas tensions, airway pressures, or lung me-
chanics. Other possible explanations for the differences in our
findings and those of the study described earlier (3) include
the animal models used and the BV pattern utilized.

Hemodynamic and Ventilatory Considerations

In the previous study (3), there were significantly higher mean
PaO2, lower shunt, and higher Cst values in the BV group than
in the CV group. However, the CV group had higher mean
PaCO2 and lower pH values, and CO was significantly higher
starting at 30 min after OA injury. Although the baseline val-
ues of VT were comparable in the CV and BV groups, mean
VT decreased with time in both groups and, more importantly,
the values of VT in the CV group became significantly smaller
than those in the BV group.

TABLE 3

RESPIRATORY GAS DATA*

Parameter Baseline 30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min

PaO2, mm Hg
CV 289 6 19 89 6 10 85 6 10 86 6 14 83 6 16 69 6 10 62 6 10 71 6 11¶ 53 6 10‡

BV 264 6 8 77 6 6 66 6 4 75 6 8 78 6 11 81 6 16 82 6 20 94 6 24¶ 95 6 28¶

PaCO2, mm Hg
CV 35 6 1 42 6 3 44 6 2 45 6 2 46 6 3 48 6 3 53 6 3 49 6 5§ 55 6 5‡

BV 36 6 1 43 6 2 48 6 3 45 6 4 47 6 2 52 6 5 52 6 5 47 6 4¶ 45 6 3¶

PvO2, mm Hg
CV 75 6 10 46 6 4 46 6 3 45 6 3 41 6 3 38 6 3 33 6 4 38 6 4§ 36 6 5‡

BV 80 6 10 48 6 4 45 6 3 48 6 5 47 6 5 45 6 6 43 6 7 48 6 7¶ 47 6 7¶

pH
CV 7.42 6 0.01 7.35 6 0.02 7.33 6 0.01 7.32 6 0.01 7.31 6 0.02 7.29 6 0.02 7.27 6 0.02 7.27 6 0.03§ 7.24 6 0.03†‡

BV 7.40 6 0.01 7.34 6 0.02 7.31 6 0.02 7.32 6 0.03 7.29 6 0.03 7.29 6 0.03 7.28 6 0.04 7.33 6 0.03¶ 7.33 6 0.03¶

S/ T

CV 4.3 6 2.6 36.3 6 9.0 42.3 6 6.7 41.1 6 8.4 42.7 6 9.9 45.2 6 9.8 47.1 6 8.5 42.2 6 10.9§ 58.9 6 15.1‡

BV 9.2 6 3.1 42.3 6 4.7 51.0 6 6.5 46.4 6 6.3 45.0 6 6.4 46.4 6 8.1 48.2 6 9.3 40.9 6 9.3¶ 44.6 6 11.8¶

Definition of abbreviations: PaO2 5 arterial partial pressure of oxygen; PaCO2 5 arterial partial pressure of carbon dioxide; pH 5 arterial blood pH; PvO2 5 venous partial pressure of
oxygen; S/ T 5 shunt fraction.

* Values are mean 6 SEM. Times are times after OA injury.
† p , 0.05 for differences between groups.
n 5 9 except, ‡n 5 5, §n 5 6, ¶n 5 7.

Q
·

Q
·

Q· Q·
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Some of these results may be due in part to important differ-
ences between the ventilators used in this previous study and
our study. The ventilator used in the previous study appears
to have been load sensitive, so that the delivered VT progres-
sively decreased as compliance decreased, whereas our ventilator
delivered a VT independent of compliance. As a result, airway
pressures in our animals progressively increased. Although our
baseline oxygenation was similar to that in the previous study,
gas exchange deteriorated during our study, whereas it stabi-
lized or improved in the previous study. Perhaps this was caused
by the higher airway pressures in the face of falling compliance
in our study, leading to further ventilator induced lung injury.
However, despite similar mean Paw and PIP values in our two
study groups, there was no apparent salutary effect of BV.
Moreover, the peak and mean pressures were lower than those
known to cause ventilator-associated lung injury, and were
lower than those obtained in the prior study. Nonetheless, the
possibility of ventilator-induced lung injury cannot be excluded.

Differences in CO between treatment groups may also have
had an effect on the shunts in the groups, a possibility recog-
nized in the previous study. In an isolated blood-perfused dog
lung lobe preparation, Sandoval and coworkers (19) showed
that with a fixed PvO2, a changing CO had no immediate effect
on shunt, and that with a fixed CO, shunt was linearly related

to PvO2. They postulated that decreases in pulmonary arterial
PO2 could contribute to hypoxic pulmonary vasoconstriction,
altering the distribution of pulmonary blood flow at constant
CO and changing the extent of shunt. In light of this, the inves-
tigators in the previous BV study reasoned that the differences
in CO observed in their experiments did not cause the differ-
ences that occurred in shunt, since the PvO2 values were similar
in the CV and BV groups. Thus, they attributed the improved
gas exchange with BV to enhanced airway recruitment.

However, aside from the immediate influence of CO and
PvO2 on shunt, the development of alveolar edema after OA-
induced changes in lung vascular permeability depends
strongly on the level of perfusion of the injured lung regions
(20, 21); a higher CO can increase shunt through further wors-
ening of lung edema (22, 23). Moreover, decreased ventilation
in the CV group in the previous study of CV and BV could
have contributed to the increased shunt in that group owing to
the smaller delivered VT and decreased end-inspiratory re-
cruitment (24). Hypercarbia and acidosis may have further
contributed to the higher CO found in the CV group, through
reflex sympathetic stimulation. The differences in Cst in the
previous study are also difficult to interpret. They may repre-
sent a beneficial effect of BV on lung recruitment, and the hy-
poventilation in the CV animals may have resulted from their
falling compliance. Alternatively, the lower Cst may merely
reflect the greater edema resulting from the higher CO, and/or
decreased end-inspiratory recruitment from the decreased VT

in the CV group. Thus, smaller values of VT, decreased venti-
lation, and higher CO are confounding factors that may have
influenced the results of the previous study. In our experi-
ments, VT, PaCO2, PvO2, and CO were well matched in the CV
and BV groups, and no differences were found in the resultant
PaO2, shunt, or Cst.

BV Data Sources

A potentially important difference between the previous study
of BV and our study was the source of the data used to gener-

Figure 4. Time course of mean Paw, PaO2, and S/ T for BV and CV
groups. OA was infused from time 5 0 to time 5 30 min. Values are
means 6 SEM.

Q· Q·

Figure 5. Time course of PaO2 for the nine individual animals in each of
the CV and BV groups.
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ate the f variability files. The previous study used the peak-to-
peak variability in systolic blood pressure of an anesthetized
pig as the basis for the breathing f file, based on the previous
demonstration that variability in heart rate, peak-to-peak
changes in systolic blood pressure, and respiratory rate were
similar and shared a common centering frequency equal to
the respiratory f (25). In the present study, a file of actual in-
terbreath periods, obtained from an awake, spontaneously
breathing, quiescent dog was used to generate the BV breath-
ing pattern. The frequency distributions of the f files for the
two studies were similar in shape (Figure 2; [3]: Figure 2), but
our file was longer (784 versus 368 breaths), and its coefficient
of variation was considerably higher (24% versus 11.5%). It is
possible that BV showed no advantage in our study because of
differences in these f distributions. For example, improvement
in alveolar recruitment implies that the net effect of volume
gained during larger breaths must exceed the effect of any vol-
ume lost during smaller breaths. The larger coefficient of vari-
ation indicates that our file had more breaths below as well as
above the mean, and the more numerous smaller breaths may
have counteracted the benefits of the larger breaths.

Species Differences

Another potentially significant difference between the previ-
ous study and our study of BV is the animal model of pig ver-

sus that of dog. Although we adjusted our OA dose to provide
a similar initial PaO2 as Lefevre and colleagues, the higher
mortality (six of 18 animals) and progressive deterioration in
oxygenation in both of our study groups suggests a species dif-
ference that resulted in a more severe injury that was not re-
sponsive to BV.

Perhaps the most noteworthy anatomic difference between
the pig and the dog is that the dog has collateral ventilation
channels in the distal lung, which in the pig are virtually absent
(26). These channels, which primarily connect at the level of
the alveolar duct (26), provide an alternate pathway for infla-
tion of distal lung units. Human lungs also contain collateral
channels. In pathologic conditions in which airway obstruction
may occur at any level of branching, collateral channels may
provide a partial bypass to the obstruction and increase the
number of pathways available for opening distal airways. In
addition, collateral channels improve mechanical interdepen-
dence, which further supports uniform expansion of air spaces
(27). When surrounding airways are partly inflated, obstructed
alveolar ducts may open because tethering forces act down-
stream of the obstructed region. Thus, one would expect that
collateral channels would facilitate the recruitment of airways
and alveoli. However, since BV appeared to be more effective
in the pig than the dog, the presence of collateral channels
does not explain the difference in findings in the studies of BV
with these two species.

However, Kuriyama and associates (28) have hypothesized
that species with well-developed collateral channels (e.g., dogs)
have less need for a vasoconstrictor response to hypoxia,
whereas species with poorly developed collateral channels
(e.g., pigs) have a greater dependence on vascular responses
to maintain PaO2 when airways are obstructed. As they point
out, this may explain why dogs exhibit feeble pulmonary vas-
cular responses to hypoxia as compared with pigs, and why
shunts are greater in dogs than in pigs, as seen in our study and
that of Lefevre and colleagues (3). Although multiple airway
pathways are present and mechanical interdependence would
be expected to be improved with collateral channels, a poor
pulmonary vascular response to regional hypoxia in dogs may
help explain the difference in findings in the two studies.

Stochastic Resonance Hypothesis

Suki and colleagues proposed a mechanism invoking the statisti-
cal phenomenon of stochastic resonance to explain the effects of
BV seen in Lefevre and colleagues’ study of BV (29). Because of
the nonlinear shape of the PV curve of the injured lung, which

TABLE 4

DATA FOR AIRWAY PRESSURE, TIDAL VOLUME, AND STATIC COMPLIANCE*

Parameter Baseline 30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min

Mean Paw, cm H2O
CV‡ 6.2 6 0.9 7.9 6 0.9 8.9 6 0.8 9.5 6 0.7 10.1 6 0.7 10.5 6 0.8 11.0 6 0.7 10.3 6 0.6¶ 10.5 6 0.5¶

BV§ 6.4 6 0.8 8.5 6 0.5 8.6 6 0.5 9.5 6 1.2 10.5 6 0.6 10.6 6 1.1 11.6 6 1.2 10.7 6 2.0i 12.2 6 1.2i

PIP, cm H2O
CV‡ 11.8 6 2.2 16.4 6 1.9 18.7 6 1.7 20.0 6 1.4 21.1 6 1.3 21.9 6 1.3 22.8 6 1.4 21.4 6 0.7¶ 21.7 6 0.7¶

BV§ 12.2 6 2.1 16.9 6 1.1 18.1 6 1.2 19.6 6 2.2 21.5 6 1.3 21.9 6 1.9 23.2 6 2.2 21.9 6 3.4i 24.3 6 2.4i

Cst, ml/cm H2O/kg
CV 1.9 6 0.2 1.4 6 0.1 1.3 6 0.1 1.2 6 0.1 1.2 6 0.1 1.1 6 0.1 1.1 6 0.1 1.1 6 0.1§ 1.0 6 0.1‡

BV† 2.1 6 0.1 1.3 6 0.1 1.2 6 0.1 1.2 6 0.1 1.1 6 0.1 1.1 6 0.1 1.0 6 0.1 1.1 6 0.1‡ 1.1 6 0.1‡

VT, ml
CV‡ 229 6 34¶ 257 6 26 257 6 26 258 6 26 255 6 27 255 6 27 255 6 27 258 6 53¶ 256 6 53¶

BV‡ 243 6 11i 284 6 12 229 6 23 247 6 15 259 6 19 254 6 3 257 6 20 250 6 31¶ 269 6 15¶

Definition of abbreviations: Cst 5 static compliance; Paw 5 airway pressure; PIP 5 peak inspiratory pressure; VT 5 delivered tidal volume.
* Values are mean 6 SEM. Times are times after OA injury.
n 5 9 except, †n 5 8, ‡n 5 5, §n 5 6, ¶n 5 3, in 5 4.

TABLE 5

COMPARISON OF DISTRIBUTIONS OF PEAK INSPIRATORY
PRESSURE RELATIVE TO AIRWAY PRESSURE AT LOWER

FLEXION POINT OF PRESSURE–VOLUME CURVE AMONG
EXPERIMENTS WITH THEIR END ARTERIAL OXYGEN TENSIONS

Experiment
Pflex

(cm H2O)
Min PIP

(cm H2O)
Max PIP
(cm H2O)

Breaths with PIP
below Pflex

(%)
End PaO2
(mm Hg)

CV 6 14.5 17 20.6 0 63.6
CV 7 16 6.9 20.3 75.4 31.8*
CV 8 14 8.3 19.9 31.7 50.5
CV 9 14 13.3 24.2 8.1 37.9*
BV 4 15.5 4.9 30.8 38.7 32.5*
BV 5 15 6.6 31.4 29.6 32.3
BV 6 17 6.6 36.1 32.9 51.2
BV 7 15 7.3 38.4 15.6 26.5*
BV 8 17 4.5 25.9 95.8 166.6
BV 9 17 5.7 29.3 52.5 53.8

Definition of abbreviations: Pflex 5 airway pressure at lower flexion point of pressure
volume curve; PIP 5 peak inspiratory pressure.

* At 180 min after OA injury.
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typically exhibits a change in slope about the Pflex point on its
inspiratory limb (Figure 3), an increment in VT above a mean
value that extends above Pflex will cause a smaller increase in
Paw than the decrease in Paw caused by a corresponding decre-
ment in VT. As a result, when values VT are distributed above
and below Pflex, the resulting mean Paw is lower than it would
be for the same average VT delivered constantly. Through this
mechanism, therefore, BV could produce an increased average
end-inspiratory volume and consequently increased recruitment
without increases in mean Paw. It’s essential, however, that the
values of PIP be distributed about Pflex in order to take advan-
tage of the nonlinearity of the PV curve.

Although our study was not specifically designed to investi-
gate this hypothesis, we were able to examine the relationship
between PIP and Pflex for our last 10 animals, using an online
system in which Paw and flow of every breath were digitized
for subsequent analysis. Table 5 presents the relationship be-
tween the distribution of breath PIP values relative to Pflex
and the final PaO2. As required by the stochastic resonance hy-
pothesis, the majority of these animals did have their PIP val-
ues distributed about Pflex. Consequently, our data do not
support the stochastic resonance explanation for how BV
could improve recruitment and oxygenation. As intriguing as
the hypothesis of Suki and colleagues appears, a ventilation
scheme with a variable VT designed to distribute PIP about
Pflex may be of limited clinical relevance, since some clini-
cians and investigators recommend raising PEEP above Pflex
to prevent ventilator-associated lung injury from repeated
opening and closing of small bronchioles and alveoli (27, 30).

Variability or BV?

Although we used a BV file of dog respiratory breathing pat-
terns, we know of no advantage of “biologic” variability over
other forms of variability with respect to the explanations of-
fered for how BV ventilation could improve recruitment and ox-
ygenation. Both the “avalanche” model of recruitment (31) and
the stochastic resonance mechanism (29) would work equally
well with an arbitrarily imposed variation of appropriate size,
amplitude, and distribution. Alternatively, one could speculate
that, in addition to these mechanical explanations, there is a req-
uisite reflex component to the phenomenon of recruitment that
is activated only with “biologic” breathing patterns. Thus, al-
though we did not find a benefit to BV, it could be that our pat-
tern lacked some essential component of variability.

Conclusion

In summary, in a canine model of lung injury, we found no ad-
vantage to mechanical ventilation with f and VT varied in a
pattern derived from normal canine breathing as compared
with ventilation with a constant f and VT at equal minute vol-
umes. The previously reported benefit of BV in pigs may re-
flect technical or species differences, or may be due to the
lower CO in animals allocated to BV than in those given CV
in the study in which this was reported. Frequent large sighs
have shown transient improvement of oxygenation in ARDS
(4–6). However, we found no empiric advantage to either a
smaller variation in breath size and frequency or to a “natu-
ral” breathing pattern. These data suggest that BV neither
aids lung recruitment nor ameliorates lung injury.

Acknowledgment : The authors sincerely thank Dr. Wayne Mitzner for help-
ful discussions, Mansheung Fung for help with Superscope computer pro-
gramming, Freddie Jackson and Matthew Piper for help with the animal ex-
periments, Dr. Charles Rohde for statistical consultation, and Jim Palazzo
and Dr. Paul Murray for providing the BV breathing f file.

References
1. Maunder, R., W. Shuman, J. McHugh, S. Marglin, and J. Butler. 1986.

Preservation of normal lung regions in the adult respiratory distress
syndrome. J.A.M.A. 255:2463–2465.

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

3. Lefevre, G., S. Kowalski, L. Girling, D. Thiessen, and W. Mutch. 1996.
Improved arterial oxygenation after oleic acid lung injury in the pig
using a computer-controlled mechanical ventilator. Am. J. Respir. Crit.
Care Med. 154:1567–1572.

4. Housley, E., N. Lauzada, and M. R. Becklake. 1970. To sigh or not to
sigh. Am. Rev. Respir. Dis. 101:611–614.

5. Balsys, A., R. Jones, S. Man, and A. Wells. 1980. Effects of sighs and dif-
ferent tidal volumes on compliance, functional residual capacity and
arterial oxygen tension in normal and hypoxemic dog. Crit. Care Med.
8:641–645.

6. Pelosi, P., P. Cadringher, N. Bottino, M. Panigada, F. Carrieri, E. Riva,
A. Lissoni, and L. Gattinoni. 1999. Sigh in acute respiratory distress
syndrome. Am. J. Respir. Crit. Care Med. 159:872–880.

7. Severinghaus, J. 1979. Simple accurate equations for human blood O2
dissociation computations. J. Appl. Physiol. 46:599–602.

8. Nunn, J. F. 1987. Applied Respiratory Physiology, 3rd ed. Butterworths,
Boston. 167.

9. Matamis, D., F. Lemaire, A. Harf, C. Brun-Buisson, J. C. Ansquer, and
G. Atlan. 1984. Total respiratory pressure-volume curves in the adults
respiratory distress syndrome. Chest 86:58–66.

10. Ranieri, V. M., N. T. Eissa, C. Corbeil, M. Chasse, J. Braidy, N. Matar,
and J. Milic-Emili. 1991. Effects of positive end-expiratory pressure on
alveolar recruitment and gas exchange in patients with the adult respi-
ratory distress syndrome. Am. Rev. Respir. Dis. 144(3, Pt. 1):544–551.

11. Cook, C. D., J. Mead, G. L. Schreiner, N. R. Frank, and J. M. Craig.
1959. Pulmonary mechanics during induced pulmonary edema in anes-
thetized dogs. J. Appl. Physiol. 14:177–186.

12. Gattinoni, L., A. Pesenti, M. L. Caspani, A. Pelizzola, D. Mascheroni, R.
Marcolin, G. Iapichino, M. Langer, A. Agostoni, T. Kolobow, et al.
1984. The role of total static lung compliance in the management of
severe ARDS unresponsive to conventional treatment. Int. Care Med.
10:121–126.

13. Brunet, F., M. Belghith, J.-P. Mira, J. J. Lanore, J. F. Vaxelaire, J.
Dell’ava Santucci, and J. F. Dhainut. 1993. Extracorporeal carbon di-
oxide removal and low-frequency positive-pressure ventilation. Chest
104:889–898.

14. Tharratt, R. S., R. P. Allen, and T. E. Albertson. 1988. Pressure con-
trolled inverse ratio ventilation in severe adult respiratory failure.
Chest 94:755–762.

15. Lain, D. C., R. BiBenedetto, S. L. Morris, A. V. Van Nguyen, R. Sault-
ers, and D. Causey. 1989. Pressure control inverse ratio ventilation as
a method to reduce peak inspiratory pressure and provide adequate
ventilation and oxygenation. Chest 95:1081–1088.

16. Froese, A. B. 1997. High-frequency oscillatory ventilation for adult re-
spiratory distress syndrome: let’s get it right this time. Crit. Care Med.
25:906–908.

17. Fort, P., C. Farmer, J. Westerman, J. Johannigman, W. Beninati, S.
Dolan, and S. Derdak. 1997. High-frequency oscillatory ventilation
for adult respiratory distress syndrome—a pilot study. Crit. Care Med.
25:937–947.

18. Shaffer, T. H., M. R. Wolfson, and L. C. Clark. 1992. Liquid ventilation.
Pediatr. Pulmonol. 14:102–109.

19. Sandoval, J., G. Long, C. Skoog, L. Wood, and L. Oppenheimer. 1983.
Independent influence of blood flow rate and mixed venous PO2 on
shunt fraction. J. Appl. Physiol. 55:1128–1133.

20. King, E. G., W. W. Wagner, D. G. Ashbaugh, L. P. Latham, and D. R.
Halsey. 1971. Alterations in pulmonary microanatomy after fat embo-
lism. Chest 59:524–530.

21. Schoene, R. B., H. T. Robertson, D. R. Thorning, S. C. Springmeyer,
M. P. Hlastala, and F. W. Cheney. 1984. Pathophysiological patterns
of resolution from acute oleic acid lung injury in the dog. J. Appl.
Physiol. 56:472–481.

22. Lynch, J. P., J. G. Mhyre, and D. R. Dantzker. 1979. Influence of cardiac
output on intrapulmonary shunt. J. Appl. Physiol. 46:315–321.

23. Dantzker, D. R., J. P. Lynch, and J. G. Weg. 1980. Depression of cardiac
output is a mechanism of shunt reduction in the therapy of acute re-
spiratory failure. Chest 77:636–642.

24. Kiiski, R., J. Takala, A. Kari, and J. Milic-Emili. 1992. Effect of tidal vol-



1804 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 161 2000

ume on gas exchange and oxygen transport in the adult respiratory
distress syndrome. Am. Rev. Respir. Dis. 146(5, Pt. 1):1131–1135.

25. Rimoldi, O., S. Pierini, A. Ferrari, S. Cerutti, M. Pagani, and A. Malliani.
1990. Analysis of short-term oscillations of R-R and arterial pressure
in conscious dogs. Am. J. Physiol. 258:H967–H976.

26. Mitzner, W. 1991. Collateral Ventilation. In R. Crystal and J. West, editors.
The Lung: Scientific Foundations. Raven Press, New York. 1053–1063.

27. Mead, J., T. Takishima, and D. Leith. 1970. Stress distribution in lungs: a
model of pulmonary elasticity. J. Appl. Physiol. 28:596–608.

28. Kuriyama, T., L. P. Latham, L. D. Horwitz, J. T. Reeves, and W. W.

Wagner, Jr. 1984. Role of collateral ventilation in ventilation-perfu-
sion balance. J. Appl. Physiol. 56:1500–1506.

29. Suki, B., A. M. Alencar, M. K. Sujeer, K. R. Lutchen, and J. J. Collins.
1998. Life-support system benefits from noise. Nature 393:127–128.

30. Muscedere, J. C., J. B. M. Mullen, K. Gan, and A. S. Slutsky. 1994. Tidal
ventilation at low pressures can augment lung injury. Am. J. Respir.
Crit. Care Med. 149:1327–1334.

31. Suki, B., Z. Barabasi, Z. Hantos, F. Petak, and H. Stanely. 1994. Ava-
lanches and power-law behaviour in lung inflation. Nature 368:615–618.


