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water in eight
dogs were measured using the double indicator
injection technique. No significant change in
water volume was found from the start (phase 1
mean = 108 = SE 7 ml) to the end (phase 2 mean
=92 +SE 9 ml) of three hours of haloth
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creased pulmonary water volume regularly ac-
companied anesthesia, it might be concerned
in the etiology of the decreased arterial oxygen
tension that has been reported.®+ Therefore,
.we determined the pulmonary estravascular

oxygen hesia with hanical ventilation at a
constant pressure and rate. Total extravascular
pulmonary water volumes (mean = 176 = SE 1235
ml) were also measured by weighing after sacri-
ficing the animals. The relationship between the
results of the two methods of measuring pulmo-
nary water and the factors determining changes
in volume are discussed. (Key words: Lung
water; Pul y extrav: water; Pul y
circulation; Venous admixture; General Anes-
thesia; Pulmonary transit times.)

A variery of clinical states ! lead to increased
volumes of water in the pulmonary extravas-
cular tissues without the development of frank
pulmonary edema and often accompanied by
deterforation of pulmonary function. Hydro-
static, mechanical, and osmotic pressure differ-
ences exerted across the alveolar—capillary in-
terspace ? determine the exchange of pulmo-
nary water. This balance of forces may be
disturbed by many different factors, all of
which have a “common” clinical expression as
pulmonary interstitial edema.

We have seen this condition recently in
three patients in the ecarly postoperative pe-
riod, and wondered whether general anesthesia
could be contributory. Furthermore, if in-
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water vol in dogs during uncomplicated
general anesthesia with mechanical ventilation.

Methods
GENERAL METHODS

In eight dogs (six male and two female) of
mixed breeds (weight, mean 28.2+SE 0.5
kg) anesthesia was induced with intravenous
thiopental sodium (Pentothal) (15 mg/kg)
and the tracheas intubated. The dogs were
secured in the supine position and anesthesia
was maintained with halothane (Fluothane)
(0.5-1.0 per cent) in oxygen from a calibrated
vaporizer (Drager Vapor) via a circle ab-
sorber system. Intravenous gallamine triethi-
odide (Flaxedil) was administered intermit-
tently (mean total dose = 100 mg).

The lungs were ventilated mechanically
(Bird Mark IV) to obtain an end-tidal carbon
dioxide tension of approximately 35 torr (God-
dart Capnograph) and the respiratory rate
and volume (8 ml/kg approximately) were
not altered thereafter. The inspired oxygen
tension was measured with a calibrated para-
magnetic analyzer (Beckman D2).

Through an incision in the neck a carotid
artery (15-ga Jeleo) and a jugular vein (6-
inch Intracath, o.d. 0.06 inches) were cannu-
lated. A double-lumen (Coumand, 9 Fr.)
cardiac catheter was inserted in another neck
vein and positioned so that pulmonary arterial
pressure could be observed from the distal
lumen and right ventricular pressure from the
proximal lumen. These pressures, together
with that of the carotid artery, were transduced
(Statham P23 strain gauges) and recorded on
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a Gilson Polygraph. After securing hemostasis
the animals were heparinized (10,000 units
IV). Body temperature was measured with
a rectal thermistor probe and maintained with
heating pads (mean temperature = 38.3 = SE
0.3 C).

The above preparations occupied approxi-
mately an hour, following which arterial blood
and mixed venous blood were sampled for
measurcment of oxvgen and carbon dioxide
tensions, oxvgen content, pH, hemoglobin,
hematocrit, and the first measurements (phase
1) of pulmonary extravascular water volume
and cardiac output obtained with the double
injection technique (sce below).

Three hours later the above measurements
were repeated (phase 2). Immediately fol-
Jowing this, the chest was opened and the lungs
removed after clamping the hila, for deter-
mination of lung water volume by weighing.
The positions of the cardiac catheter openings
were confirmed.

MEASUREMENT OF PuLmoNany ExTna-
VASCULAR WATER VOLUME (P.E.W.V.)

Two methods for measuring the P.EW.V.
were used. The first employed the double
indicator injection technique. Details of and
rationale for this method have been discussed
by others,5 ¢ but the principles are as follows.
An indicator confined to the vascular space
(indocyanine green) is injected rapidly into
a central vein and the concentration time curve
of the indicator in a peripheral artery recorded.
From this curve, after correction for recircula-
tion, the cardiac output and mean transit time
(%) may be calculated, and hence, the central
blood volume included between the site of in-
jection and the site of sampling may be ob-
tained by multiplication. If a second indicator
that is freely diffusible at the pulmonary capil-
laries (tritiated water) is injected simultane-
ously, a sccond concentration time curve is
obtained and longer mean transit time (tw)
calculated. Cardiac output is the same in
both instances, and therefore the volume of
distribution calculated for the freely-diffusible
indicator is larger and includes the central
blood volume and pulmonary extravascular
water volume. The latter volume may then
be obtained by subtraction (AV).
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In using this technique we injected 1 ml of
a mixture of 5 mg indocyanine green and 100
pe tritiated water rapidly into a jugular vein.
Simultaneously, carotid arterial blood was
pumped (Sigmamotor 60-80 ml/min) into a
timed, rotating rack so that a sample of ap-
proximately 1 ml was obtained each second for
30 seconds.

The sccond technique ¥ used for measuring
whole-lung water volume (T.W.) was to sacri-
fice the animals by opening the chest, rapidly
clamp both hila, and remove the lungs. The
lungs were trimmed of large vessels and bron-
chi, weighed, and homogenized in an electric
blender; three weighed samples were removed
for estimating the blood content by the acid
hematin method and the remainder was dried
to a constant volume in an oven at 100 C.

AxavyTic MeTHODS

Blood gas tensions and pH were measured
with a Corning microelectrode system. The
sample for arterial oxygen tension (Pag.) was
analyzed immedintely after withdrawal and
corrected only for temperature and the blood—
gas electrode differences. The remaining sam-
ples were immersed in ice water before analy-
sis and corrected for both time and tempera-
ture differences.3:® Composition of calibrat-
ing gases was determined (Scholander’s tech-
nique).1®

Saturation and hemoglobin content were
measured spectrophotometrically (Instrumen-
tation Laboratory CO-Oximeter) and the oxy-
gen content was caleulated from these mea-
surements together with the addition of dis-
solved oxyvgen.

For the measurement of whole blood con-
tent of indocyanine green a 0.4-ml blood sam-
ple was diluted with 0.8 m! of isotonic saline
solution and centrifuged at 1,500 rpm for ten
minutes. The optical density of the super-
natant was measured at 805 my spectrophoto-
metrically and the indocyanine green concen-
tration obtained from a calibration line pre-
pared for each experimental phase.

The tritiated water concentration was de-
termined by liquid scintillation counting
(Packard 3000 series). A 0.2-ml sample was
pipetted into 20 ml of liquid scintillant (scin-
tillant composition: P.P.O. 25 g, dimethyl
P.O.P.O.P. 2.5 g, Triton 2 I, and toluene to
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5 1). The vial was capped, centrifuged for
ten minutes at 2,000 rpm and left in the re-
frigerated counting racks overnight at 4 C to
minimize the background count. The re-
corded counts were converted to concentra-
tions of radioactive water in pc/l with a cali-
bration line prepared for each phase. The
counting efficiency for this technique was ap-
proximately 15 per cent (a reasonable figure
for this low-energy B-emitter).

For the estimation of pulmonary tissue
whole-blood content, the weighed samples of
homogenized lung were mixed with 10 ml of
0.01 N HCI to convert the hemoglobin to acid
hematin. The samples were filtered and the
optical density read at 540 my in a spectro-
photometer. The acid hematin coneentrations
were determined with a calibration line pre-
pared from whole-blood standards treated
similarly.

CALCULATIONS

Alveolar oxygen tension (Pao,) was caleu-
lated from:

Pao, = Pio, — PE:0 — Paco:

where the Plo, was obtained from the para-
magnetic oxygen analyzer. Pii-0 is the satu-
rated vapor tension at body temperature and
Pacos is assumed equal to Paco,-

The alveolar-arterial oxygen difference
[P(A — a)0:DJ was calculated by subtraction
and the percentage venous admixture (Q./Q.%)
obtained from:

AN o P(A —2)0:D X«
Q% = P(A — 2)0:D X a + C(a —¥)0:D

where a the solubility coefficient of oxygen
— 0.0031 and C(a —¥)0:D is the arterio—
mixed venous oxyzen content difference.

The whole-blood coneentrations of indo-
cyanine green were converted to recovery ratios
(Rg) by dividing each value by the concentra-
tion of the dye injected. These recovery ratios
were then plotted against time on semiloga-
rithmic paper, and the slope of the exponential
washout determined to correct for recircula-
tion and to allow the area under the curve,
extrapolated to infinity, to be caleulated
(/o= Ru(t)dt). These calculations are illus-
trated in figure 1.

B. E. MARSHALL AND M. Q. WYCHE

Anesthesiology
June 1970

The cardiac output (Q‘) was caleulated
from:

o —
/o Rp(t)dt

The mean transit time (fs) was caleulated
from:

[ n-Rothat
Ty = = - — (catheter delay time)
/0 Rau(t)dt

where n is the sample number.
The distribution volume for the dye (Vy) is

then given by:
Vi = Q«.‘EB

The data from the tritiated water analysis
were treated similarly and the transit time
(t.) and volume of distribution (V) for the
water indicator calculated.

The extravascular volume of water dis-
tribution (AV) was then calculated:

AV =V, —-Vp

From the wet and dry lung weights total
pulmonary water volume (T.W.) was caleu-
lated after subtraction of the volume of con-
tained blood.

Calculations and statistical analysis with
Student’s ¢ tests for paired data were facili-
tated by programs written for a desk calculator.

Results

The two experimental phases were sepa-
rated by a mean time of 181 % SE 3.9 min.
Table 1 shows the experimental conditions.
The inspired halothane concentration (mean,
3.55 torr) and Pagy, (mean, 43 torr) were
unchanged between phases 1 and 2. The rec-
tal temperature increased 0.5 C and hemo-
globin concentration, systemic blood pressure
and C (a-v) OsD also increased slightly be-
tween phases. There was a small decrease in
pH, (from mean 7.340 to 7.310), indicating
slight metabolic acidosis. None of the above
changes was statistically significant. The only
sign of deterioration evident was the signifi-
cant (P < 0.001) decrease of the PaO. (mean,
phase 1= 541, phase 2 =511 torr).

€20z Aenue uo 1s9nb A - "
[ 8Z Uo ¥ q 1pd'€1000-000900.6 L-27S0000/ L€ 1L 062/0€S/9/2€/4pd-a|o1ue/ABojoIsayisaur/woo lIeydIaA|IS gese//:djy wouy pspeojumoq



PULMONARY EXTRAVASCULAR WATER VOLUME 3533

Volume 32
Number 6
100 T
80
6.0
"
v 40
[}
> L
Fic. 1. Representative =
data _obtained from the =
double injection tech- s 20}
nique. Curves are fitted c
to the points and the 8
best exponential washout <
slopes chosen. The g
points marked Exp.« and >
Exp.ie are the beginnings = 1ok
of the exponential ex- S L
trapolations used for cal- £ o8l
culating the area under 8 1L
the curves for_ tritiated -~
water and indocyanine o 06f
green, respectively. The s N
calculated mean transit ©
times for. these curves are - 04}
indicated on the abscissa 5
for tritiated water (tw) 3 B
and indocyanine green =1
- D
(tn). a-
02}
O-I ol ok om od

* = Tritioted Water

* =Indocyanine Green —
e Dog Na. ll06.1

That the condition of the animals was well
maintained is further supported by the de-
rived data in table 2. There were small
changes, not significant statistically, in cardiac
output, oxygen consumption, venous admix-
ture and central blood volume. The increased
mean transit times for both blood and water
reflect the decreased cardiac output during
phase 2. A significant (P < 0.001 increase
in P (A-a) O.D occurred (mean, phase 1
=128, phase 2 =156 torr), but this was not
related consistently to either an increased ve-
nous admixture or a decreased PvO. (table 1).

The excess volumes of distribution of water
(AV) in phase 1 (mean=108 =SE 7 ml)

Time in Seconds

and in phase 2 (mean = 92 = SE 9 ml) were
not statistically significant, but decreases oc-
curred in six of the eight animals. From the
lung-weighing technique a mean total pulmo-
nary water (T.W.) of 176 = SE 12 ml was
obtained; thus, the mecan water content of
these dogs” lungs was 78 = SE 1.2 per cent
of the wet lung weight or 3.8 = SE 0.2 ml/g
dry lung.

Discussion

An increased alveolar-arterial oxygen ten-
sion difference has been reported to occur dur-
ing general anesthesia and has been shown to
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TanLe 1. General Conditions:
Means =+ SE of Eight Dogs

Phase 1 Phasc 2
Rectal temperature (C) 38.1 38.6
+=0.3 +0.3
P halothane (torr) 3.6 3.5
=0.1 =%0.1
Hb, (/100 mb 1148 11.8¢
=04 =04
Systemie blood pressure 114 1225
(mean, torr) =5 E3
Pulmonary blood pressure 10.6 10.4
(mean, torr) +1.2 +0.8
Pulmonary pulse pressure s.0 9.6
(mean, torr) =1.1 1.1
Pacos (iorr) 428 43.3
+1.6 +2.0
Paos (torr) M1 H11*
=+=10 =9
Pro: (torr) 49.3 43.5
+2.6 *£2.9
C(a — ¥)0:D (mnl/100 ml) 52 5.6
+0.3 £0.5
pH, (units) 7.340 7.310
+0.021 | 20.023

* Difference between phases significant at 0.001
level.

result from both intra- and extrapulmonary
factors.®»* In both man and animals progres-
sive intrapulmonary changes may be mini-
mized by mechanical ventilation with large
tidal volumes independent of Paco, changes.™!
The present studies confirm this observation,
no consistent increases in venous admixture
percentage were observed between phases 1
(7.4 per cent) and 2 (8.2 per cent). The P
(A-2) 0.D, while greater than that measured
in conscious man, was comparable to values
previously observed in anesthetized dogs. The
significant increase of P (A-a) O.D observed
between phases 1 (128 torr) and 2 (156 tost)
was attributable partly to the increased C
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(a%) 0.D reflected in the decreased P¥o.
(mean, phase 1= 49.3, phase 2 =435 torr)
and partly to changes in venous admixture
percentage, but not consistently to cither.

Therefore, in the context of these studies,
the measurements of pulmonary water repre-
sent changes accompanying a steady state of
anesthesia in the absence of serious deteriora-
tions of arterial oxygenation.

The values of total pulmonary water (T.W.)
obtained by weighing (mean, 3.80 ml/kg body
weight) are comparable to the values of 3.73 12
and 3.5 3 ml/kg found in dogs by other inves-
tigators. Exposure to a total of four hours of
anesthesia, therefore, did not result in a gross
change in this volume, which includes both
intra- and extracellular extravascular water.

The mean values of P.E.W.V. obtained with
the double indicator technique (AV) did not
change significantly from phase 1 (108 ml) to
phase 2 (92 ml), but the interpretation of this
measurement was more complex. The errors
inherent in this technique are considerable,
but 85 per cent of duplicate measurcments
have been shown to differ by less than 15 per
cent.’®

The ratio of AV/T.W. indicates that the
double injection technique measured 33 per
cent of the total water present in these stud-
ies. Others have shown that this fraction re-
mains constant and that the volume of water
measured in the extravascular space with the
Jouble indicator technique is related linearly

to the total pulmonary water volume over a
wide range, including severe pulmonary
cdemat?

The reason for the discrepancy between the
water volumes measured by the two tech-
niques has not been established. That the
radicactive water was not “lost” (i.e., via the
respired gases) is indicated by the sum of the
recovery ratios for this indicator, which had
2 mean value of 101 per cent of that for the
intravascular indicator. However, the water
volume measured with the double injection
technique is that volume associated with per-
fused pulmonary capillaries and, therefore,
compared with the weighing technique will
not include unperfused alveoli or areas of the

[ Arenue . .
44 r 82 uo 3senb Aq ypd £ 1000-000900.6 L-Z¥S0000/LE L 062/0ES/9/2E/spd-alo1e/ABojoIsayISauR/WOD IBYDIBA|IS Zese//:diy wol papeojumod



Volume 32
Number 6
lung supplied by bronchial vessels. Further-
more, while tritiated water is freely diffusible
and AV may be expected to indicate both
intra- and extracellular water from the capil-
lary endothelial cells, across the pulmonary
interstitial space and including the alveolar
cells and lining layers, the exact boundaries
remain to be defined.

Changes in AV may be due either to hemo-
dynamic alterations in the area of lung being
perfused or to actual changes in P.EW.V. In
these studies the cardiac output, pulmonary
arterial pressure and pulmonary arterial pulse
pressure (table 1) did not change bebtween
phases. While the pulmonary venous pressure
wis not measured, it was unlikely to have al-
tered significantly without a change in pulmo-
nary arterial pressure,** and with constant ven-
tilatory pressures no changes in the distribu-
tion of the ventilation/perfusion zones would
be expected; therefore, the area of perfused
lung probably was unchanged.

Thus, the constancy of the AV indicates that
the volume of extravascular pulmonary water
in perfused areas of the pulmonary circulation
was not altered during three hours of general
anesthesia with mechanical ventilation. The
onset of mechanical ventilation is accompanied
by a reduction in AV % and the tendency for
AV to decrease (in six of eight dogs) was per-
haps due to this.

There are many circumstances 13 in which
this satisfactory state may be disturbed. Thus,
in sepsis and other forms of “shock,” heart fail-
ure, fat embolism, and even certain neurologic
lesions, the lungs are often characterized by an
interstitinl edema histologically. Clinical ob-
servations include decreased Pag,, “wet™
sounding lungs on auscultation, and gener-
alized fluffy opacities radiographically. It
seems probable that anesthesia and resuscita-
tion measures exacerbate some of these dis-
turbances, either by hemodynamic alterations
(including changes in plasma oncotic pres-
sure) or by more subtle influences, such as
decreased lymphatic drainage, changes in en-
dothelial permeability, or interference with
processes responsible for maintenance of nor-
mal alveolar and interstitial tissue architecture.
The investigation of these complex interactions
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TanLk 2. Derived Data: Means = SE of Eight Dogs
Phaset | Phasez
Cardiac output 2.540 2.306
(Qe, 1/min) =0.143 ] =0.197
Oxygen consumption 145 130
{Voz, ml/min STPD) %8 =12
Alveolar-arterial Pos differ- 128 156*
ence [P (A — 2)0:1), torr] =9 =10
Venous admixture YE 8.2
(Qu/Quy Ge) =1.0 £0.9
Mean transit time (blood) 11.9 13.5
(tn, sec) +0.6 =20.7
Mean transit time (water) 142 15.8
(tw, sec) %0.9
Central blood volume 528
{(Vy, ml) =37
Excess water volume 108 92
{AV, ml) &7 =9
Total pulmnu ary waterf —_ 176
, ml) 125
T-W._/g dry lungt (ml/g) —_ 3.8
0.2
AV/T.W.4 (%) — 53.1
+4.9

* Difference between phases significant at 0.001
level.

T Means from six animals.

AV from double indicator injection and T.W. from
lung-weighing techniques.

should prove fruitful for the understanding
and management of many clinical situations
which presently are puzzling.
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Pediatrics

CHILDHOOD ASTHMA Sisteen children, 8 to 14 years old, with symptomatic
childhood bronchial asthma resulting in forced expiratory volumes at one second
(FEV,) of less than 65 per cent of vital capacity, were studied. FEV, and ex-
piratory peak flow rate (EPFR) were evaluated 5, 15, and 30 minutes after inhala-
tion of 2.5 mg of isoproterenol acrosol.  Three test cvcles were performed, with five-
minute intervals between the 30-minute pulmonary function test and the next in-
halation of isoproterenol. The results indicate that FEV, increased an average of
57 per cent after the first dose and an average of 79 per cent 15 minutes after the
third dose. EPFR increased 31 per cent after the first dose and 54 per cent after the
third dose, with peak values occurring at the 5- or the 15-minute test. Heart rate
changes showed marked individual variations, with increases of 10 to 60 beats/min,
but bore no correlation to the increase in pulmonary function. Repeat doses of iso-
proterencl aerosol at 353-minute intervals resulted in significantly better FEV, and
EPFR than a single inhalation. Subsequent inhalations result in further improve-
ment because the initial inhalation has decreased airway obstruction to permit fur-
ther penctration of the aerosol into the smaller airways. (Featherby, E. A., Weng,
T. R., and Levison, H.: Mcasurement of Response to Isoprenaline in Asthmatic Chil-
dren, Arch. Dis. Child. 44: 382 (June) 1969.)
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