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Comparison of Ventilatory Patterns in the Treatment of

Freshwater Near-drowning in Dogs

Robert E. Bergquist, M.D.,* Mark M. Vogelhut, M.D.,* Jerome H. Modell, M.D.,t
Stacy J. Sloan,t Bruce C. Ruiz§

The authors compared controlled mechanical ventilation
(CMYV) plus positive end-expiratory pressure (PEEP) with con-
tinuous positive airway pressure (CPAP) when expiratory pres-
sure was increased in 5.cm H,0 increments to lmprove Pa,, and
decrease intrapulmonary physiologic shunting (Q,,/Q)) in 30 dogs
that had been near-drowned with fresh water (22 ml/kg). After
aspiration, significant arterial hypoxemia and increased Q./
Q. developed in all the animals. When Fl(,, was increased from
0.21 to 0.4, a significant decrease in Q.,/Q, occurred.

Thirty minutes after aspiration, the dogs were divided into
four treatment groups. In dogs that breathed spontaneously
with zero end-expiratory pressure (ZEEP), Group I, Q,,/Q, did not
change after the initial response to an increased F1,,,, Controlled
mechanical ventilation (CMV) with ZEEP, Group II, produced a
further moderate decrease in Q.,/Q,. The response to spontaneous
ventilation with continuous positive airway pressure {CPAP),
Group III, was variable. Four dogs had decreases in Q,,/Q at
15 cm H,O CPAP to less than 12 per cent of cardiac output,
whereas the other six dogs had pulmonary shunting that remained
above 40 per cent of cardiac output. All dogs treated with CMV
plus PEEP, Group IV, had significant decreases in Q,/Q, at 15
to 20 cm H,O PEEP. There was a transient increase in pul-
monary artery-occluded pressure after aspiration, with a per-
sistent increase in pulmonary vascular resistance. Cardiac out-
put decreased significantly with CMV and with the application
of 15 and 20 cm H,O PEEP and CPAP. It was lowest with the
combination of CMV plus PEEP.

This study suggests that PEEP was most effective in reversing
Q./Q: and hypoxemia after freshwater near-drowmng. This effect
was most consistent in those animals receiving CMV, despite
significant decrements in cardiac output. Continuous positive air-
way pressure alone was variably effective. (Key words: Drown-
ing. Lung: shunting. Ventilation: continuous positive airway
pressure; continuous positive-pressure breathing; positive end-
expiratory pressure; shunting; zero end-expiratory pressure.)

Previous stupies of dogs have shown that controlled
mechanical ventilation (CMV) must be combined with
positive end-expiratory pressure (PEEP) to improve
arterial blood oxygen tension (Pay,) after aspiration of
fresh water.! Those studies used a fixed level of 10 ¢m
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H,O PEEP. In clinical practice, rather than being setat
one level, PEEP is frequently varied 1o obtain optimal
responsc in Pag,, physiologic intrapulmonary shunt
(Q./Qy), or compliance. During treatment of human
victims of freshwater near-drowning, we noticed that
in some patients Pag, increased and Qq/Qq decreased
during spontancous ventilation with varied PEEP or
continuous positive airway pressure (CPAP), but
others needed the addition of CMV 10 PEEP for op-
timal improvement (personal observation). In this
study we compared CMV plus PEEP with CPAP when
expiratory pressure was varied to improve Pag, and
decrease intrapulmonary physiologic shunting in dogs
near-drowned with fresh water.

Methods

Thirty mongrel dogs weighing 21 =3 kg (mean
% SD) were anesthetized with sodium pentobarbital,
25 mg/kg, intravenously, and their tracheas were in-
tubated with cuffed endotracheal tubes connected to a
constant-volume ventilator (J. H. Emerson Co.)
cquipped with an air-oxygen blender (bird Corp.).
This system allowed us to deliver CMV with zero end-
expiratory pressure (ZEEP), CMV with PEEP or con-
tinuous positive-pressure ventilation (CPPV), or spon-
tancous ventilation with cither ZEEP or CPAP. Addi-
tional 25-mg increments of sodium pentobarbital were
given as needed to prevent spontancous movement.
Lactated Ringer’s solution at a rate of approximately
12 ml/kg/h was given for maintenance. Femoral-
artery and 5-Fr quadruple-lumen thermodilution,
flow-directed pulmonary-artery catheters were placed
percutancously.  Position of the pulmonary-artery
catheter was verified by intravascular pressure trac-
ing. The animals’ body temperatures were maintained
at 37 = 1 C with heat lamps when necessary. Femoral
arterial blood pressure (BP), mean pulmonary arterial
pressure (PAP). Pulmonary artery-occluded pressure
(PAOP), heart rate (HR), respiratory rate (f), and
temperature were monitored. Cardiac output (Qy) was
calculated by the thermodilution method (IL 601, In-
strumentation Laboratories, Inc.), using the mean of
three successive determinations during exhalation.
The IL 113 clectrode system was used to measure
PH., Paco, Pag,, pHy, Picg,, and Py,,; these values
were corrected to body temperature. Hematocrit was
mcasured by the microcapillary method. Right-to-left
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TasLe L. Intrapulmonary Physiologic Shunt Fraction (Qu/Qy) (Mean = SD) Pre- and Post-Freshwater Aspiration and
During Spontancous Ventilation (Group 1), GMV (Group 1), CPAP (Group I11), or CMV with PEEP (Group 1V):
Statistically Significant Differences (P < 0.05) are Marked and Defined

Minutes Group | Group 11
alter Spontancous MV
Aspiration Fry, with ZEEP with ZEEP
0 21 0.10 = 0,04 0.12 = 0.06
15 21 0.72 % (),12% 0.78 + 0.08*
30 21 0.68 = 0.08* 0.64 = 0.16*
45 40 0.60 = 0.16* 0.53 = 0.14% ——
60 40 0.61 = 0.15% 0.42 = 0.1 1*
75 40 0.58 + (.15% 0.44 = 0.05%§
90 40 0.55 = 0.16* 0.41 + 0.12%§
105 40 0.61 = 0.18* 0.42 = 0.09*§
120 40 0.62 = 0.13* 0.38 + 0.07*%

CMV

PEEP
or CPAP Group 111 Group 1V
{em H,0) Spontancous CMV
— with CPAP with PEEP
0 0.10 £ 0.05 0.11 £ 0.06
0 0.69 = (,12% 0.75 % 0.08*%
0 0.67 = 0.10* 0.67 = 0.11* .
0 0.59 = 0.13%§ 048 =000 EMV
5 (0,46 * 0.13*§t 0.29 = 0.12%4%
10 0.35 = 0.16%t% 0.22 + . 13%}%
15 0.28 = 0.18*1% 0.19 = 0.171%
20 0.29 = 0.19*§t% 0.13 = 0.10+%
0 0.42 % 0.18*+% 0.40 = (.13%¢

* P < 0.05 when compared with values at zero time period for
the same group.

t P <0.05 when compared with values at the 45-minute time
period for the same group.

intrapulmonary physiologic shunt fraction (Qu/Q))
was calculated with the computer program of Ruiz ef
al.,* and oxygen availability was calculated as Cay,
X Q¢ X 10. Pulmonary vascular resistance (PVR)
was calculated as

PAP — PAOP

PVR = X 79.98

t

Control data were obtained while the animals
spontaneously breathed room air. To qualify for this
study, Pag, = 70 torr and Pagg, < 45 torr were re-
quired of all dogs immediately after induction of
anesthesia. All dogs aspirated distilled water, 22 ml/
kg, at time zero via a gravity-flow device described
previously.? After aspiration, the animals were allowed
to breathe room air spontancously at ZEEP, and all
measurements and calculations wer'e made 15 and 30
min later. Next, the fraction of inspired oxygen
(F1o,) was increased to 0.4. Fifteen dogs, chosen ai
random, were paralyzed with a continuous infusion of
succinylcholine hydrochloride and CMV was instituted
with a tidal volume (V) of 15 ml/kg and £ 10/min. The
remaining 15 animals continued to breathe spon-
taneously. After 15 min had elapsed, data were obtained.

The two groups were then divided into two sub-
groups. Each of the four resultant groups reccived
one of four treatment modalities. Five dogs were al-
lowed to continue breathing spontaneously at ZEEP
(Group I). Another five dogs were ventilated by CMV
and ZEEP (V¢ = 15 ml/kg; f = 10/min) (Group II).
Ten dogs were allowed to breathe spontancously and
CPAP was increased by 5 cm H,O every 15 min until
20 cm H,O was reached (Group I1I). Ten dogs re-
ceived CMV (Vy = 15 ml/kg; f = 10/min) and PEEP
was increased by 5 cm H,O every 15 min until 20 ¢cm

1 P < 0.05 when compared with Group Lat the same time period.
§P <005 when comparing Group II or Group Il with
Group IV at the same time period.

H,O was reached (Group 1V). Data were obtained 15
min after establishment of the new conditions. Finally,
end-expiratory pressure was decreased abruptly from
20 cm H,0 to zero in Groups [ and 1V and data were
obtained after 15 min.

The data were analyzed by use of Student ? tests for
paired and unpaired data to determine statistical
significances of differences between time periods in
each group and also among groups at cquivalent
time periods. P < 0.05 was regarded as significant.

Results

Significant increase in  Qu/Q developed after
aspiration in all the animals (table 1). When Fig, was
increased from 0.21 1o 0.40 in the 14 animalsY that
breathed spontancously after near-drowning (Groups
I and II1), Q4/Q, decreased an average of 8 per cent
of cardiac output within 15 min. The 15 dogs that
had their ventilation controlled during breathing of 40
per cent oxygen (Groups II and IV) had an average
decrease of shunting of 15 per cent within 15min. The
difference between the decreases in shunting of the
dogs that breathed spontaneously and those treated
by CMV was significant.

During the 75-min treatment period (from 30 to
105 min after aspiration), Q4/Q, did not change sig-
nificantly in the five animals that breathed spon-
taneously with ZEEP (Group 1) or in the five animals
that had CMV with ZEEP (Group 11) (table 1).

The ten animals that were treated with CPAP and
spontancous ventilation (Group I11) had variable re-
sponses. The mean Qq/Q, decreased with cach 5-cm

1 Blood was not analyzed for one animal at this time because of

technical difficulties.

¥20Z Yoie €} uo 3sanb Aq 4pd'80000-000200861-27S0000/9Z | ¥29/6Y L /2/2S/iPd-ajonie/ABojoisauisaue/wioo JIeydIaA|IS Zese//:dpy woly papeojumoq



144 BERGQUIST ET AL.

90-

80-

70-
Fl
£ 60-
e 8
] 2
T 504 Z
3 x |
5 <
2 40+ E ‘
~ ]
6 P
3 30{ |
0
(e}

o] |

10

o.i

F102 he——0.2|—+{=

Anesthesiology
V 52, No 2, Feb 1980

Fic. 1. Individual variations in intrapul-

cach animal after freshwater aspiration and
treatment with CPAP, which was varied from 0
to 20 cm H,y0. The Figy, was changed from
(.21 10 0.40 30 min after aspiration in all animals.

040

CPAP O 0 o 0 5

L 1 1 1 1

0 —I15—20—0

0 15 30 45 60 75 90
TIME (MINUTES)

H,O increment of CPAP from 0 to 15 cm H.O CPAP
(table 1). At each level of CPAP, the QS,JQ. was less
than at ZEEP. The Qq/Q, also was less at 15 and 20
cm HyO CPAP than at 5 cm H,O CPAP. When examin-
ing the responses of the individual animals in this
group to increasing levels of CPAP, we saw two dis-
tinctly different patterns. Four of the ten animals had
marked decreases in Qg/Q, with 15 cm H,O CPAP 1o
only 5 to 10 per cent of cardiac output. The remain-
ing six animals had Qu/Q greater than 40 per cent of
their cardiac outputs at 20 cm H,O CPAP (fig. 1).

In the ten animals that had PEEP applied while
CMV was being administered (Group 1V), Qu/Q, de-
creased with cach incremental increase in PEEP. The
Qa/Qy was less atall levels of PEEP than with ZEEP.
The range of Qu/Qq in the individual dogs at 20 ¢m
H,O PEEP with CMV was 4 to 32 per cent of cardiac
output; seven of the ten animals had shunting of 12
per cent or less at that time.

All of the animals experienced acidemia afier
aspiration, but the treatment groups could not be
differentiated from controls for cither PH, or Pagg,
(table 2). Changes in Pag, followed an inverse rela-

105 120

tionship to intrapulmonary physiologic shunting
(table 2).

The PAOP in the 30 dogs increased significanly
from 6 % 4 torr before near-drowning to 12 + 7 torr
15 min after aspiration. At 30 min, it had decreased
to 8 =6 torr, and by 45 min, it was no longer sig-
nificantly increased. The PAOP increased when PEEP
was applied in Groups III and 1V; however, since
intrapleural pressure was not measured, we were not
able to calculate the effective transmural filling pres-
sure (fig. 2).

Peripheral vascular resistance increased  signifi-
cantly from 183 £ 8210259 % 123 dynes/sec/cm™, 15
min afier the 30 dogs aspirated water. The values
were stll significantly increased 30 min and 45 min
alter aspiration, and for the control animals (Group 1),
they remained so at all time periods studied through-
out the experiment (fig. 3). The two groups treated
with end-expiratory pressure also had significantly
increased PVR even when mean Pag, had returned
to at least 99 torr.

Fifteen minutes after aspiration, cardiac output de-
creased from 4.4 + 0.9 to 3.4 = 1.0 Vmin in the 30

monary physiologic shunt fraction (Q,-,,/Q,) of
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Fig. 2, Pulmonary arterial occlusion pressure (PAOP) (mean = 1 SE) before and after near-drowning in animals permitied to breathe spon-
tancously at ZEEP (Group ), with CMV (Group I1), with CPAP (Group I11), and with CPPV (Group 1V). All groups had significant increases

in PAOP 15 min after asy
in Groups HI and 1V,

dogs. However, 30 min after aspiration, cardiac out-
put values for the dogs did not differ from those
measured prior to near-drowning. Treatment with
CMV alone decreased cardiac output significantly
(table 3). Application of 5 and 10 ¢cm H,O CPAP did
not decrease cardiac output in spontaneously breath-
ing dogs, nor did 5 or 10 em H,O PEEP further
decrease cardiac output in animals receiving CMV.
However, application of 15 and 20 cm H,O PEEP
with both spontancous and controlled ventilation did
significantly decrease cardiac output. Cardiac output
was depressed more when CMV was being given
simultancously with 15 and 20 em H,O PEEP than
with spontancous ventilation and CPAP. ‘When the
relationship between cardiac output and Qu/Q in
theanimals receiving positive end-expiratory pressure
was subjected to regression analysis, there was a sig-
nificant correlation in the dogs breathing spon-
tancously (n = 58; r = (.55; P < (.001), but not in
those whose ventilation was controlled mechanically
(m=60;r=0.19 P> 0.92).

Fiftcen minutes afier PEEP was abruptly decreased
from 20 ¢cm H,O to zero in Groups 111 and 1V, there
were significant increases in Qg/Q, and cardiac out-
put and a decrease in Pag, values (tables 1, 2, and 3).

viration. PAOP then returned to pre-aspiration levels, but became significantly increased again at 75, 90, and 105 min

Oxygen availability decreased significantly after
near-drowning and remained depressed in all four
groups. When comparing groups, we saw no differ-
ence among treated and untreated animals at any
time period except during CMV with 20 cm H,O PEEP.

Discussion

All dogs that aspirated distilled water had severe
arterial hypoxemia and intrapulmonary physiologic
shunting. Spontancous breathing of 40 per cent oxy-
gen for 15 min decreased Qq/Q,, which suggests that,
although Q./Q, was caused largely by perfused arcas
of lung that had no ventilation, a fraction of the
Qu/Qq can be categorized as relative shunting, or
areas of low but finite ventilation-to-perfusion ratio.*
A further decrease in Qg/Q, occurred when CMV
was applied while the dogs breathed 40 per cent
oxygen. This suggests that CMV either further re-
cruits alveoli to participate in gas exchange or de-
creases cardiac output, cither of which produces a
secondary decrease in Qgu/Q,. However, we could not
demonstrate a significant correlation between cardiac
output and Qg/Q, in animals whose ventilation was
controlled, thus suggesting that recruitment occurred.
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Fii. 3. Pulmonary vascular resistance (PVR) (imean = 1 SE) before and after near-drowning in animals permitted o breathe spontancously
at ZEEP (Group 1), with CMV (Group 1), with CPAP (Group 111), and with CPPV (Group IV). The PVR was significantly increased at i

least four time periods after aspiration in all groups.

We found that CPAP significantly increased Pay,
and decreased QS,JQ( in some animals but not others.
However, every animal treated with CMV and PEEP
had a significant improvement in arterial oxygenation
and decrease in shunting. It has been shown that
freshwater aspiration alters the surface tension prop-
erties of pulmonary surfactant and thus promotes
alveolar instability and collapse.® It may be that some
of our animals needed a greater transpulmonary pres-

sure than they could spontancously generate to open
alveoli. Therefore, CPAP at the levels used was unable
to maintain a sufficient functional residual capacity
(FRC) to better match V,\/Q. By producing higher
peak-inflation pressure and thereby, increased trans-
pulmonary pressure, CMV may have cffectively
opened alveoli in these animals’ lungs and allowed
PEEP to maintain a_more normal FRC.

The increase in PAOP scen immediately after as-

Tane 3. Cardiac Output (Mean * SD) Pre- and Post-Freshwater Aspiration and during Spontancous Ventilation (Group 1),
CMV (Group 1), CPAP (Group I11), or CMV ivith PEEP (Group 1V): Statistically Significant Differences
(P < 0.05) are Marked and Defined

Cardiac Output (min) Cardiac OQuiput (Vmin)
PEEP
Minutes Group | Group 11 or CPAP Group 111 Group 1V
alter Spontancous CMV {cm HO) Spontancous CMV
Aspiration Fig, with ZEEP with ZEEP - with CPAP with PEEP
0 21 4.0 £ 0.5 4.4 + 1.0 0 4.3 +09 4.6 + 1.2
15 21 3408 2.9 = 0.6* 0 3.7+ 1.1 3.5 + ]2%
30 21 34 +08 4.1 + 1.2 0 4.0 = 14 3.9 = 1.0} .
a5 40 33+ 1.2 95+ L4 CMV 0 8.7 1.1 28+ 0.9x CMV
60 .40 3.2 £ 0.6% 2.6 x 1.1* 5 3.5 %09 2.6 = 0.9%
75 .40 3.2 = 0.6% 2.4 + 1.0% 10 3.2 % |.1% 2.5 £ (.7*
90 .40 3.1 £ 0.5% 2.3 + 0.3*%¢ 15 2,7 = 1.0*t§ 1.9 = 0.5%%%
105 .40 2.9 + 0.9* 2.1 = 0.5%%§ 20 2.4 £ (0.7%1§ 1.6 = (0.3*t%
120 40 3.0 1.1 2.5 + 0.9* 0 3.7 = 1.3%§ 2.4 = (.8%

* P < 0.05 when compared with values at zero time period for the
same group.

TP <0.05 when compared with values at the 45-minute time
period for the same group.

+ P < 0.05 when compared with Group Iat the same time period.
§ P < 0.05 when comparing Group Iland Group HI with Group
IV at the same time period.
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piration was probably due to a temporary hyper-
volemia from rapid absorption of the distilled water.
The return of PAOP 1o normal within 30 to 45 min is
consistent with results of previous studies that have
shown that the hypervolemia scen with aspiration of
this quantity of fluid is transient.* An increasc in PVR,
presumably in response to hypoxia, occurred im-
mediately after aspiration. Although this may have
contributed to the decrease in cardiac output that was
observed, the fact that cardiac output had increased
by 30 min, while PVR was still 67 dynes/sec/em™ above
normal and PAOP was 2 torr above normal, suggests
the heart was not capable of handling the acute in-
crease in blood volume that resulied from water
aspiration, but recovered once this fluid was re-
distributed and no longer caused a significant increase
in PAOP.

The results of this study differed from those of a
previous study of the effect of PEEP therapy on near-
drowned dogs breathing spontancously reported by
this laboratory.! In that experiment, we did not ex-
ceed 10 ecm H,O PEEP. In the current study, cight of
ten dogs had less QS,JQ. at 15 ecm H,QO CPAP than at
10 cm HL,O CPAP, which emphasizes the importance
of'individualizing positive airway pressure. Also, in the
previous study, inspiratory pressures were permitted
to decrease below ambient whereas in the present
study, CPAP was used to minimize decreases in in-
spiratory pressure. In clinical practice, we have ob-
served a decrease in Qg/Qq and an increase in com-
pliance when some patients are converted from PEEP
to CPAP while breathing spontancously even though
the transpulmonary pressure is decreased. Perhaps
this difference in pressure patiern may have helped
keep lung units functional during all portions of the
respiratory cycle in the dogs that had significantly de-
creased Qq/Q, when CPAP was applicd during spon-
tancous ventilation,

In the present study, we made no attempt to aug-
ment cffective circulating blood volume or cardiac

Anesthesiology
V 52, No 2, Feb 1980
output when PEEP was increased. Cardiac output was
most severely affected in those animals with CMV and
PEEP administered simultancously. Thus, even
though Pa,, was increased and QS,JQl decreased
compared with untreated animals, oxygen availability
was not improved. This finding prevents us from
making any definitive recommendations as to the
direct transfer of these animal studies to human ap-
plication. We conclude that PEEP is the single most
important variable in reversing the arterial hypoxemia
in freshwater near-drowning. An adequate response
can be produced by means of spontancous ventila-
tion and GPAP in some instances, but in others, it may
be necessary to combine mechanical inflation of the
lung with PEEP to improve arterial oxygenation sig-
nificantly. When treating an individual patient, we
must consider the effects of therapy on both cardiac
output and Qq/Qy. If a significant decrcase in cardiac
output occurs, it may be necessary to augment cardiac
output to ensure more adequate oxygen delivery.
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