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Pressure breathing and particularly PEEP were found to alter pulmonary
metabolic activities. In animals treated with PEEP: there was release
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“k’t aho I ic Con sequences o I Pressure Breathing

.~~) Release o I negat i ve i not 11)1) ic agent (s)

Ik’mova I of’ chest wa Ii (I

‘
~ so r i es of’ cxper i iivnts wore conducted in dogs who had tn~dergonc

comp lete  chest %ca 11 resect ions. fl~ i s  pr~paI~It ion assured the maintenance

of a constant pleura I pressure. ~k’chan ical e ifects of PEEP on the veins of

the chest and on the coronary ci rcu ia t  ion were removed .

i ght doi~s on mech~ui i ca I vent i 1 at  ion underwent complete chest wa I

I on so tha t pl eura l pressure was a I ways atmospheric. Centra l venous

u~’ lmona rv and sy stemic a r t e r i a l  and 1 o t t  at I’ I a I catheters were placed

I ~ .i t on of I ~ cm of I~I~l~I~ caused a si  gui f i cant  drop in the nnod i itit ion

Pk’ Isu red ~•O from a mean ot’ 3.03 to . . 0(~ 1 / mi i i  (p . 0 1) and im~rn svstemi c

a r te r i a l  p r~ssti re (~~\P) f rom I OS to  ~9 m 1hz (P .001 ) .  Concurrent lv ,

there  was a r ise  in mean centra l VOI1OII5 pressure (CVP) f rom 5. 5 to 8.3 ii~n

I Ig (p ~- .01 1 and mean It’ ft at v i a l  pr~ sstin’ (L\P) from ( . 3 to S .0 nm I Ig

(P  .03) . l i gh t e n i n g  of ptiliiioi ~ iiy ;irt or ~’ choker to reProduce the elevated

P \1’ observed with I 5 cm of I’1~F1’ , from a mean of 18.0 to .4 . 1  nm I ~z (p .001) ,

t . i  i led to  Cf l i S i ’ a drop i n CO. There w ;i~ a I so no s i gu i I i cant change in C\1~,

or

li~ie dat ;i  in d i c . i t e  th at  1Th1~P may depress the CO i ndependent of i n t r a —

thor ac i t ’ pressure . I’h I s drop in CO i s :IL’compan ied 1w a r i se  in both r i g ht

and Ic f t  Vent r icul .ir f i l l  ing j e u r e s , the c r i t er i a  for hi  vent r icular

ía i i  tire . l t i r t he  nuore • ( ‘0 does not drop when r i ght ven t r i cu la r  a fterload

s increased to a leve I (‘qua I to that at which  PEEP causc l a fall in (fl.

l’ik’ r esu l t  s ~ii’e cons i ste nt ~ th the act ion of a neura l and/or hiunoral agent

on ~ .ird i i c Ituic t i on . ihe resti i t  S do not support prey (flIS concepts con —

cc 111 lug the nvchan i sins of the hemodvnam i c ahnorma l i t  ics induced w i t h  PEEP.
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Despite the fact that the same amount of PEEP (15 cm 1120) was applied

to the no chest (logs that had previously ban applied to a closed chest group ,

the depression in (:0 and increase in f i l l i n g  pressures were si gni f icant ly

greater in the no chest group. This  led us to theorize that the 1~EEP

effect was primari ly related to lung stretch and not to applied pressure.

The absence of the restraining effect of the chest wall led to markedly

greater resting lung volunes in the no chest group.

Cross Circulat ion (2)

Since the lungs are ki~own to he metabolically active organs , we

postulated that pulmonary stretch caused the release of a hiunoral agent that

led to cardiac failure . In the next set of experiments (now completed) ,

stron g support was g i ven to this concept .

To examine the hypothesis that the hiventricular fa i lure induced by

PEEP could he 1u~nora11v mediated , we studied a group of 16 dogs (ei ght pairs)

using a cross circulation preparation where 300 ml blood was exchanged

per minute . One member of each pair was arbitrarily designated as donor and

the other as recipient . The recipient ’s PAWP was maintained constant through-

out the experiment by the infus ion of f luid.  When the donor ’s end expiratorv

pressure was increased fran 0 to 15 cm 1120, the recipient ’s cardiac i ndex fell from

95.2 ml/min.Kg to 74.1 ml/min .K g (p < .01) and returned towards baseline

levels with the removal of PEEP. These data confirm the hypothesis that

PEEP induces cardiac depression which is mediated in part by hinnoral factors .

The degree of decrease in CD in the anima l treated with PEEP was

significantly correlated with the decrease in CO in the untreated animal.

These results indicate the release of a hunoral agent whose cardiac effects

cou ld he both qual itative1~’ and quantitatively transferred through the

ci rculatorv system .

L _ _



Isolated Hearts (3)

Experiments were conducted in a group of 55 temperature controlled ,

isolated , paced , canine hearts undergoing coronary perfusion f ran a support

dog, at a fixed rate of 1. 3 ml/min.g t issue . A lef t  ventricular balloon

was used to construct Star l ing  curves during each period that a new variab le

was applied to the support dog. Application of 15 cm lI~O PEEP led to a f a l l

in peak systolic pressure (PSP) w i t h i n  2 to 5 minutes in the isolated heart .

This occurred at each of Ii ye diastolic pressures (UP) tested w i t h  in the

range 7 . 1  to 19.4 m Hg (~ .01) .  Thus , at a PP of 19.4 ma h g , PSP fell

from 152 to 112 ma I l g a f ter  PEEP was app l ied  (p .01) . Bleed i ng the support

dog while on (1 cm 1120 PEEP ( EEP) to reduce cardiac output (CU) to levels

observed on PEEP led to an adrenerg ic response . PS1~ inc reased relative

to the I’S!1 observed during :EEP (p ~- .011 . PEEP plus blood infu sion s to

restore CO of the support dog to baseline levels , led to mvocardi al depression

(p .01) . Final lv , iS cm 1l~O PEEP was applied while pleural and ai ncav

pressures were equa l . This  condit ion was achieved by coupling the expi ratorv

port to hi latera l thoracostomv tubes. The functional residual capacity

was held constant. The isolated heart was not depressed (p . (11) . Levels

of PGF 1,~ and its metabolite 15-keto_13 ,l4-dihvdro-PGF2c , measured by

radioinum.rnoassav in arterial , 1~ 
linona t ar terial  and coronary sinus blood

were unchanged during PEEP. Indomethac in b lockade lowered PGs but d id not

abolish the PEE!’ effect .  Results indicate that lung stretch produced 1w

PEEP causes the release of a lunnoral agent wh i ch decreases left  ventr icular

contract ilitv.

h) Pressure Breathing and Altered F ibr in o l  t Ic A c t i v i t y  (4)

Mechanical lv ventilated , anesthet i zed pat i ents undergoing surge ry

show inc reased peripheral ~~us f ib r  inolyt i c act ivi tv (FA ) . This study 
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examines the role played by pressure breathing in stimulating the fibrino-

lytic system. Ten anesthetized dogs were intubated. Euglobulin lysis

times, expressed as FA units were obtained from femoral (a), pulmonary

artery (p) , infra (i) and supra (s) renal vena caval blood . During spon-

taneous breathing FA activity increased across the peripheral circulation

froni 1
~’a 

= 3.2 ± 0.6 units (mean standard deviation ) to FA~ = 4.5  ± 0.9

(p < .01) and further increased after admixture with renal blood , FA~ 
= 7.9 ±

0.6 (p < .001). Ilepatic clearance reduced FA~ to 5.3 ± 1.1 , but this level

remained hi gher than F;\3 (p < .01) indicating loss of FA in the lungs.

Positive inspiratory pressure , :EEp1 (rate 12 , tidal volinne 15 mi/kg) in-

creased FAa to 5.8 ± 0.9 a value now higher than FAp (p < .05). After

application of end expiratory pressure, (15 cm H20 PEEP) FAa rose to 8.5 ±

1.0, hi gher than EEP 1 (p < .001). FA~1 returned to ZEEP1 levels with

removal of PEEP. During the study, FA~ increased with FAa (r .67, p < .05)

while FA~ and F:\5 remained constant. This indicates a reciprocal relation-

ship between renal and pulmonary !\ function. Lung biopsy showed a l3.3~

fall in saline extractable plasminogen activator during ZEEP (p < .0 5)

and a 37.9% fall after PEEP (p < .001). Fibrinogen , plasminogen and fibrin

degrad~.tion products were unchanged . These results indicate that the lungs

normall extract and perhaps store plasminogen activator, secreted in large

part by the kidneys. Pressure breathing, particularly PEEP, causes the

release of activator from the lungs with an increase in arterial and

peripheral venous FA activity.

c) Pressure Breathing and Systemic Organ Function

Barbiturate metabolism is thought to occur primarily in the liver.

A series of 8 animals received a constant infusion of pentobarbitol . Blood

hBrh iturate levels were measured after 30 minutes of 0 or 15 cm H20 

-~~~- - -- . - -~~~. ~~~~~~~ —-~~~~~— ____________



-5-

pos i t  I ye end exp i i’ator~’ In’esstli’e. Barbiturate was si gn i I i cant I 
~ 

hi gher

during PEEP (p . 01) , r i s i n g  in all an i mals f rom a mean of 15.2 to 17 .3 ~ig/ m l .

l’hert’ was no evidence that this sinai I hut si gni f ican t r ise in barbiturate

induced mvoca rd I al  depress i Ofl Si  flCC i ndependent assays using an isolated

papi 1 Ia rv muscle showed depression in cont ract iii tv to occur at l evels

in excess et  100 ~/m1

I :Ict ;~te clearance (5) by the body was also st udied using a si mi l a r

protocol . Nenna 1 h PEEP does not lead to a l’ict i c acid acidos is  during

sal inc inf us i ons. h owever , infus i on of Ringers  lactate led to a r ise in

lactate from 1~ . 2 to 20.4 ;~1/g hib during PEEP (p < .01) , and a fa l l  in

base excess from -2. 5 to - . 8 meq/L (p < .01) . These changes reve rted to

norma l when PEEP was removed .

In add i t  ion to these abnormalities of lactate clearance associated

~ i th PEEP , we observed that lactate  in fus ion s dur ing PEEP led to a selective

red cel l  ac i dosis (5) .  I n t r ace l lu l a r  red cell ph! fel l  from .21 to ~.10

(p < .001) while plasma 1)11 fell  sli ghtly and nonsi gr i i f i c an t lv  froiii .45 to

‘. i . This resulted in a widening of the norma l pH difference between the

exter ior  and in te r ior  of the cells from .24 (during (1 on 1120 PEEP) to . 32 pH

tin its (p . 001) . Al I changes returned to basel inc with remova l of PEEP

and were not observed (lur ing sa l ine  infusions . The mechanisms for these

metabolic changes are unkno~s’n hut the observa t ions may be pertinent to

patients who receive lactate infusions .

Citrate clearance may also be abnorma l with PEEP and may have import -

ant clinical consequences regard i ng ioni zed Ca~~ levels tiuring blood tr~rns-

fusions.  In prel im inarv experiments (a = 2) the infus ion of 1 ml/kg CPU

so hit ion over 10 minutes to dogs (equivalent t o  I 1o~f ’  tin i t  of blood ) led

to a reduction f ‘a~~ irco 2 . 1 to 2 . 1  me~ ‘I. (0 cm h1’O PEEP). During PEEP ,

( a ~~ f e l l  to 1 .9 meq/L. Recover” of levels was prolonged during PEEP .

_ _ _ _ _ _ _ _ _ _ _ _ _  

- ‘



System ic flow red i ~ t ri but ion (o ) Jar i ng l’l~l~l~ was measu red t o  test

the hvpoth es is  that end exp I ru orv pressure m ’edi St ributes flow and m a y  be

di m’ect lv re~poius lb Ic for svs t emn i  c organ dvs iunct ion .

F i g u t  anes t het i zed dogs were studied ~lui’ jug (1) 0 cm 1120 PEEP (: 1

21 IS  cm 1170 PEEP ( 11) , (3 ) :2 and (4) bleeding (B) to reduce the CD to the

same l eve l as P. \t each of the -1 periods a dif ferent  , 15 r adio lahell ed

microsphere was injected into the l e f t  at ritun . Another 4 clogs were used to

var i Lv that each type of microsphere had the same flow distribution . CO

fell from 3.1 L/min to 1 .~~~ during P (p ~ .01) and to 2.0 during B (p < .01).

~k~an arterial pressure (M\P) declined from 102 ma h g to 83 (p < .01) and

So (p < . 01) respect ive lv. left atri al pressure (LAP) rose from 5.0 ma h g

to 7.0 during P (p < .01) and fell during B to .~.7. CO and i ts  d i s t r i b u t i o n

was the same din ’ ing :1 ~mn d :2 . P ca used selective reduct ions in hepat I c  ( 5 )

adrenal (25~ ) and bronchia l  (24 ) bloo d Flo~s (p < .01) . in contrast

total flow to these organs during B was tile same as : . Total renal flop .

was unchanged by P or B hut the cot’t ical/medul lar flow rat io increased

du r ing P f rom 24 to -10 (p < .01) and was unchanged by B. P i nduced a

decrease in fundal mucosal flow compared with : (p < .01) . Total coronary

fl ow fell from 100 mi/mm to 04 during both P and B (p < .01). P led to

a selective fal l  i n subendocardial flow (6” ml/ min .100 g) compared with B

(82.5 , p < .01) as well as in the subendocardial/ subep icardial flow ra t io

(1.069 vs 1.112 , P < .05).

It is l i ke ly  that the hi gher left  ventr icular  f i l l i ng pressure (LW )

dur ing  P compa red w i t h  B compressed the endocardiun and induced relative

ischemia. Si mi lar ly  tile hi gh a i n~av pressure during P may have impeded

bronchial mucosal flow . The causes and consequences of the other P i nduced

v a r i a t  tons in flow are specula t ive . 

-~~~~~-~~~~~- --~~~~~~~ -
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d) Lung Isolation

Ten studies were done to examine tile cardiac and hemodynamic

consequences of PEEP when applied to an isolated left  l ower lobe (LLL)

per fused by a support anima l which in addition perfused an isolated heart .

Perfusion f1~~ to both the isolated heart and LLL was fixed at 217 mi / m m .

The system was temperature controlled . The LLL was venti lated w i t h  50°Q

0, and 5~, GO , at a t ida l  volume of 120 ml and rate of 10.

Application of 15 cm 1120 PEEP to the lobe led to a r ise i n mean

pulmonary arterial pressure (~fl~AP) from 10.1 3.3 nun h g (mean standard

deviat ion)  to 15.1 u: 4.2 mm fig (p < .01). Pulmonary venous PU2 increased

from 145 ± 45 mm fig to 165 48 mm fig (p < .001). The PC0~ and phi were

stable. With in  minutes , the support clog i n 9 experiments showed a fal l  in

mean arterial pressure (MAP ) from 110 14 mm Hg to ~)5 ± 20 mm Hg and a

fall in cardiac output (CU ) from 4.04 1 2.06 L/min to 3.48 + 2.24 L/min

(p < .01). The pulmonary arterial wedge pressure (PAWP) , CVP and MPAP

were unchanged . In the 10th experiment the support dog became extremely

hypotensi ve and d ied , despi te  massive fluid infus ions. Starl ing type per-

fo rmance curves were constructed in the isolated heart by i n f l a t i n g  a l e f t

ventricul~ r balloon . During PEEP peak systo lic pressure (PSP) decreased at

balloon volumes rang ing between 30 to 50 ml (p < .05 to p < .01) .  Coronary

per fus ion pressure was unchanged . After the remova l of PEEP support clog

hemodyn amics and PSI’ of the isolated heart returned to baseline . In I

e~per iments the support dog was excluded from the per Ins ion ci rcui t .  PEEP

did not affect PSI’ under these conditions . Flagran t pulmonary edema was

observed in S experiments : the lobe was i nvolved in 2 and the support anima l

in 5. in an addi t iona l 3 animals prostag lanthn F was measured 1w radioimmune

assay in pulmonary arterial and arterial blood . PEEP did not a l te r  lung

catabolism of t h i s  agent .

_ _ _ _ _  _ _ _ _  _ _  _  
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The results ‘Jemenstrate that PEEP will alter pulmonary metabolism

of an isolated perfused lung which will directly or indirectl y decrease

cardiac contractility and lead to systemi c hypotens i on .

Pre l iminary data in other studies of an isolated LLL , perfused 1w

a support dog (n = 5) indicate that s imi la r  hemodynamic events occur. In

addition as soon as the EEL is placed ifl tile perfusion circuit there is a

10 fold increase in plasniinogen activator activity in blood comi ng from

the support an ima l . We believe that an agent(s) from the LLL circulate s

to fr support an ima l  and s t imula tes  the release of proteolytic activit y .

Measurements taken across the LLL show that the isolated lung clears

plasminogen activator. Further , control studies in over 50 isolated ,

support clog perfused canine hearts indicate that organ perfusion , without

a hu1g in the circuit , will not stimulate these events.

2. Measurement ‘I’eclrn iq ues

Refinements of the isolated pap i l l a r y  muscle preparation have been

made to allow assays of contrac t i l i ty  to he made in plasma . tlsuallv , oxygen-

at ion of plasma with a sintered disc leads to foaming and mechan ical

J distortions of the test muscle. We ha ve substituted a diffus i on membrane

which provides :i P02 of 100 to 450 hun h g  and allow s the volume of test

plasma to he reduced to 4.5 ml.

This system with a rat pap I 1 lary muscle was used to test contractility

of plasma obta i ned during (1 cm I hO PEEP and 1 5 cm 11 20 PEEP in 7 dogs. Peak

developed tens ion was i’educed by PEEP from 1 .08 to .89 g (p .01) . PEEP

plasma stored for over 5 hours at room temperature s t i l l  had a negative

inotropic effect. Further refine ments t’out m c lv  permit tile muscle at

basel inc to generate 1 g developed tens i on .

I
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