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ABSTRACT
‘This thesis describes the us€ of a metal—bellowshpump'for'high—

freduency oscillatory ventilation (HFOV) of dogs. The pump’ was

. characterized in vitro -and found to deliver a volume of- 22 ml:at 2§~Hz

.

‘andﬁalveol

? N

and.to. have a tendency to ihcrease 1ung-modelipressure as frequency

‘ increased}”'The in‘vivo experiments pfoved that this,ventilatory=system

Pressure (Palv),jwhich results iﬁ impairment of

--?ar&iovaScular function, wainly decreased cardiac outputnanaeinoreasedp;

L o T L , o o S e
pulmonary vascular resistances. 'The detrease in cardiac output seems to

>

" 'be due to a decrease in left ventricular compliance, and the increase in

»

‘ 1ncrease in pulmonary artery pressure induced by HFOV Qae not due’tp

BAR

prostaglandin release. The«chahgeS'in cardiOvascularjfunction induoedf

by HFOV were directly correlated to both the inérease in' Palv.and V..

I3 : -

ThefinCrease-in-Palv.was foundlto be a more important factor ihéinducinq-

the cardlovascular changes than the 1ncrease 1n VL was The 1ncrease 1n

’

L 1nduced by HFOV was establlshed in less than 1" mihhand_remained

h;stable for at least 16 mln.' The}pmesent HFOV system:requires‘a:mean?,‘

fairway’pressure'of'atjleast 6:cm‘HzQ to7maintain normalpgas exchange

A e TR S L e e . PRI
‘which~is hlgher'thih'infother‘systems‘whlch-have}been'described., It

nr

1

*

]pulmonary vasdularkresistances t0'the Chan§e in VL~ana Palv.“ Thé‘aoute .

f seems llkely than HFOV performed at 1ower pressures 1nduces llttle ot no

' oardloyascular.lmpalrment. Comparlson of the pressure and volume data ?f

‘ i : . - d» -

)

3neasurémentsjsuggestithat thebelaétio”oharacterist;cs'of'thepresp;ratory_‘

~of .the respiratory system-obtainedjdurinq‘HFOVL with-static‘compl;ance‘; N



’

®

system are not changed by HFOV B - ‘ . - .

In thls the51s, a model of sallne 1avage of dog lungs is descrlbed,j‘

_1ﬁﬁwh1ch HFoy induces higher arterlal oxygenatlon and

vy, than conventlonal ventllatloh, at similar mean alrway pressures. The

' measurements of the ﬂechanlcs of . collateral channels suggest that HFOV

1ncreases the re51stance to gas flow through them. The tracheal

~ ‘

tran5port of two dlfferent sizes. of partlcles was found to be 1nfluenced

in a s1m11ar manner by HFO and conventlonal ventllatlon.' This HFOV

' ) J
system 1nduces a gradlent in- alrway pressure cau51ng ‘mean dlstal

pressures (and probably Palv) to be hlgher than mean prox1mal

pressure., A gradlent in- COz concentratlon was also found in the alrways

A’ durlng HFOV. T ) . . . .' - . . . . B . . - \\\\
? Other studles descrlbed ln thls the51s 1nclude. comparlson of the
~ . : . - ’ ¥ . "

‘-bellows pump to a dlaphragm ventllator, comparlson of several methods to

; measure. thoraclc qas volume w1th a body plethysmograph 1n v;tro study

: A
. : ‘ , l.:‘,:-.
. of the effects of thermlstor v1bration on thermodllutlon flow g

‘measurements, and descrlptlon of an lnexpen51ve flowmeter for -

~“measuremént’of 1ow flows Oflgas-’i' A : ; bx

> .'.

_..‘ @
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PREFACE ,{ »r
i o . R ',p. ) ~. N

This thesis consists of four parts:vfxntroductlon, research

E

descriptidn,.overall discussion and appendﬁces.-vThe intrdduc;;fﬁ'is:a“.
“exhaustive and critical review of high-frequency ventilation (HFV), with
the following headingS%' Definition,fClassification, History, Technical
Aspects and Literature Review of high-frequency related research .

" (including theoretical, animal'and human‘studies); The references used

for the‘introduetion have been arranged in'groups acchding to topics,

and dlstrlbuted as follows ‘Refs, 1 to 300, high—frequency jet;

g'Ventllathn (HFJV), Refs. 30f?£o 550, hlgh—frequency osc1llatory

f;ventllatlon (HFOV), Refsj'551'to,600, revlew articles; Refs. 601 to 760,
high;frequencyﬂpositive-éressure'venrilarlon (ﬁF%fV); Refs. 761 teVSOO,
?ekrernal%escillaeoty-veurilatloh (EowgijAefs.'>800,artlcleS-ﬁotd:
ddlreetly related;to ﬁFV.* B |

' The aim of the the43si‘researeh was to develop a ventilator for

high. frequency oscillation studies, characterize -its in-vitro -,
Y i o ) : . e , e . ) R

v perﬁormance and-test”it;in-Vivo‘for acute effectstnfseveralvaspectstbf R

>

the cardlopulmonary functlon. The in—vitrb?tests'Were-aimed mainly at‘mi -

: understandlng the factors that determlned the volume dellvered by the
ventllatory clrcuit and the performanee,of the unldxrect;oﬁal;valves T
'(Appendix*Ij,"For\the ihevivo tesrs; the dognﬁaSZEhesen;as_rheiV

fexperlmental anlmal and the followxng null hypothe51s was deflned

1fs"There is no dlfference between the cardlopulmonary effects ‘of

, . : S ER T
dconventlonal ventllatlon (IPPV) and HFOV" D U AL f\ L

- The flrst 1n-v1vo study compared IPPV w1th several HFOV levels
‘»(Chapter 1).' The results’proved the null hypothe51s to be false and

,;lsuggested the 1mportant role of mean alrway pressure (Paw) and mean. lung
‘ : . S T I :
. oy e
Lo f e LR, () \
. h . ; g T v A Fae o \
\ 1
. . R I R T T N S
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volume (Vi)rduring HFOV (in subsequent experiments emphasis was put on

¥ v .
~

the careful monitoring and documentation of these two‘éarameters). In-

8

order to have an accurate assessment.of VL' a body plethysmograph was’

constructed (Appendlx LI) and with . lt several methods of functlonal(

\

residual capacity (FRC) measurement»were assessed'(Appendlx III). The

plethysmograph was used to quantlfy time-related changes in V durlng

HFOV (Cgapter 2), to compare HFOV w1th IPPV plus p051t1ve end- explratory

A
)

'pressure (PEEP) at the same V or Paw (Chapter 3), and to study the

'changes 1n hemodynamlc parameters lnduced by dlfferent levels of Paw Q&

. The gradlents in Paw at dlfferent levels in the resplratory tree,- :

» f(Chapter 9A), and several parameters of collateral ventxlatlon were 3

:measure& at varlous lung volumes durlng HFOV andE%EEP (Chapter 6Q

-

(and V ) ‘during HFOV (Chapter 4). \ R o PR ;:;;_j.

' To 1nvestlgate the p0531b111ty that prostaglandlns (PG)-were'

‘..

-,by HFOV, the effect of PG-productlon blockade was studled (Chapter 9C)

h.created durlng HFOV, were quantltated in - v1vo and in 1solated lung lobes .

"v~.

&

%

:‘jilnvestlgate the effect of Hfov on lung defense mechanlsms, tracheal :yy'
‘x~itransport rates of two dlfferent radloabtlve markers weredmeasured e
"_durlng spontaneous resplratlon,.IPTV and HFCV (Chapterr7)r also, an-h
ffiattempt was made tokdevelop a‘method to study the effect of HFOV on lung‘
viclearance of radloactlve partxcles (Chapter 9D) To further deflne 1ts .
g;lcharacterlstlcs, the hFOV pump used for thls thesls was compared to a.

‘“_standard commercxally—avallable dlaphragm osc1llator (Chapter 8).

. \&Nﬁ L : _
In prellmlnary trlals, the effects of HFOV were studled on an

”f:olelc—ac1d lunq 1n3ury model (Chapter 9F)., In further experlments, a

A’['sallne lavage model of abnormal lung was studled 1n dogs (Appendlx IV)

. L R
/ . s

i

'lnvolved ln the lncrease in mearr pulmonary artery pressure (PAP) 1nduced ,."



" cardiovascular function, -

R

N L
-

_ K - _ . _ e S e
and the effects of HFOV on this® lung-injury model were/ quantitated v
‘ . > o ’ S '

(Chapter 5).- Additionai-studies»related to this thesis include: .
AT N L ‘\, ot . .

.

A

hlgh frequenz§ osc111ator (Chapter 9E), measurements of.CO2 gradlents in

I’ 0'

hﬁhe alfways durlng "HFOV. (Chapter 9B), 1nfluence of v1br;tlon on'. the ﬂ"

measurement of cardlac,output\by thermedllutlon (Appendlx V), and _C
. A _ S
descrlptlon oﬁ a flowmeter for meaSurement of small flows (Appendlx VI)

‘ - All the maﬁor research related to HFOV is descrlbed in 1ndependent

‘

'chaptersAd1V1ded”1n standard sectlons;“Introductlon,;MaterxalAand

SO /
PR P4
o

,Methodsj“Resultsfand piscussion;_'Even thcughjeach:chaéter'includes‘a

RN SN

e

v

.,an'OVerall,discnssion at-the7endfcf;the:thesissf'Mincr researchsrelatedf*

e,

”to HFOV has been condensed ln one Chapter (Chapter 9), and research not

.

dlrectly relted to HFOV lS descrlbed 1n the Appendices.,g ER

7

.descriptiOn»of a cirCuit to ventilate small anlmals w1th a large-volume _.;.-

-

_'discussion. of- thé research findings; it was considered convenient to jedd -

The\flndlngs descrlbed ln this the51s mlght not necessarllly apply vf"'

HFOV systemS. 'As dlscussed'ln the,InterUCthni~9ther-authorSQ

AR}

*Vhave'r’pbrted-lcwer-axrway pressures. and no impairment of the ,

/
7

w .
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DEFINITION AND CLASSIFICATION

Lt

Definition o L ) co

Although high-fréquency ventilation (HFV) has been used for over 15 .

' years,‘the definition of éxactly what high frequency is remains

unclear. There does, hpwg?er, seém.to be agreéﬁent that ventilation at
rates above 60 breaths per hin-(bpm) can be considéred‘to be HFV. (565,
566) . Slutsky et al. suggested that HFV be defined "as ventilation with
freqﬁencies-at least 4 times greater than the normal value--about 60
breaths/min (1 Hz) in gdults" (570). This agrees with the former
statement for adults, but poses the p#pblem of,rejécting, fér.éxample,
claséical hiéhéfrequenCy rosiﬁive—pressure ventiiation (HFPPV) in
neonatology (which soﬁetimes uses rates of 60 bpm, Ref .678) because, to
consider ittaé high frequehcy_according_té Slutsky et al, a ;ate above
‘144 bpm (4 x 34( Ref.801) would be' required. Also,.conventional
ventilatofs have been used at rates up to 200 bpm (711) and manual
ventilaﬁion upito 180 bpm (608). A recent publiCéﬁion has defined va
as "... the term used to describe ventilation with volumes smaller than
anatomic dead space" (512) but‘this‘leaves out many HFV reports_
(especially'hidh-frequency_igg ventilation and HFPPV) beéaﬁSe_they Qsed
tidal volumes (Vq) greéter than dead space.

In this review, HFV is defined as ventilation at rates of 60 bpm

and above, independent of the type of ventilator used or the subjects'

N I ) N v ¥ i) . '. . »
spontaneous respiratory rate. This definition includes reports using .

conventional ventilators at high rates, because, "although the specially : -

designed’high—freqﬁency ventilators might_be more effective (613), -
~conventional ventilators induce similar physibioqic chanées when used at

high frequencies (increased FRC and Pa024 lower4€7ak'airway pressufe7

.

€
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see below under "Review of HFV research"). Fig.! shows the maximal
ventilator rates used in different experiments, arranged according to

types of- HFV.

In addition to rate, there is another .basic difference between HFV
and IPPV: it is well established that normal gas exchange can’ be

achieved during HFV with VT smaller than the physiological"dead space

(VDphys) put, although this is.true for HFOV (323), it is nétAas clear

for the other HFV tYpes, because in them the actual VT.délivered to the

aifways is much more difficult to assess. Consequently, the use of a Vg

smaller than_VDph'ys cannot be used as a criterion to define HFV.

Types of high ftequency ventilation *'

Véccording to the tgchﬁical character}stics of.the ventilators and
circﬁits used, HFV}can be dibided iﬁto five major-types: a).jet
'ventiiation;Ab) hiqh-frequeﬁcy positivefpréssurg ventilétion (inclﬁding
_fast~COnventidnalvéntiiatioq); c) hi§h~fre§ueﬁCy osgiliatory
ventilation; d) superimposeaiﬂFV; and e) e#ternal»high—fréquency

‘ oscillation.

'High—frequency'jet‘ventilation (HFJV): In this form of ventilation .

the tidal volume is delivered info the.aiQWay through a narrow-lumen

- canula (usually 14 to 18 gauge), either transtracheal (244) or attached
. T STy Tt ‘ / LT
to. the endotracheal tube (43). The gases exit the canﬁla at very high

speeds (more than 500 m/s, éalculated‘from'Refs.43 and 55), creating a

Venturi effect which entrains more gas, increasing the tidal vglume
délivered tb‘thé,lungs.. The usual rates vary betweenv100_and 600 bpm,

although rates as high as 50 Hz have beeh>attempted (13). c ,

High-frequency positive-pressure ventilation (HFPPV): In this.

‘modality, the ventilator delivérs tﬁe?tidal»volume directly into the .

~

Ve~
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endotracheal tube (720), without entraining. gas (at least

theoretically). The rates are usually somewhat Slower than those of

&

HFJV (60—200 bpm) although. some groups have used rates up to 50 Hz

(697)._ The ve1001ty of the del;vered gas is also slower (30 m/s,

: calcuiated from Ref.613). Fast conventional‘ventilation (FCV), has been

.

' included in this category; in it a regular intermittent positive-

 use of one ventilatory techniQue alone (seeAlater).‘;

ﬁteésure-respirator ig used at*high‘rates (elassical-ﬂFPPV is delivered '
by spec1al low compre331ble volume ventllators)

ngh frequency osc111atory ventllatlon (HFOV) : This form of

._ventilatlon ;ndhces’an.osc1llat;ng pressure wave at the dirway opening,

v

the airway pressure-alternating between positive‘and negative, usually °
followingva quasi-sinusoidal pattern (323). The rates commonly used are
5 to. 30 Hz, althouqh values as hlgh as 60 Hz have been emplqyed (333)

Superlmposed hlgh freguency ventllatlon (SHFV) All of the .

’ prev1ously-ment10ned ventllatlon technlques have been superlmposed on-

top of conventional,ventilation,_with some’claimed advantages over the

External oscillatOry ventilation (EOV): This modality is achievedh

by applyingjan~oscillating pressure wave externally,'either to. the whole

- body (765) (thetanimalkbeing_enclosedfinvaxsealedmehamher) or to a

localized ‘part of the animal's chest.(773). The frequencies applied'f

an

vary between 1‘and‘45 Hz.

Other tgpes of hlgh frequency ventllatlon SeVeral authors haveyu,i'

descrlbed “new" methods of HFV, whlch produce a. pressure wave 51m11ar to‘;*i

o

’ the above mentloned categorles by us1ng a dlfferent ventllatory setup. -

[Aal
SR

i

'Table 1 llStS these methods, together w1th the category 1n whlch theg

were 1ncluded and the'author~s acronym.. A totdl of 15 dlfferent types



TABLE 1; Miscellaneous HFV types

Ventilation .. - , " Author's Ventilatic_)n Ref. =

High~-f requercy altéfnati 9. lﬁng
vventil:ation T ) _ HFALV | . HFIV - 108

Higﬁ f requercy puisation ‘ 'A ; ) . HFP "HFIV - . 275
Forced ‘diff_usion ver_ltilavtiovn ° FDV. . HFJV S 13 |
](;oxrbi»ned ‘high-f requercy ve'nt‘j.a"ltiq‘n‘ ‘ '.CHFV  ? HEJV ) 52,257
High;freQuert:y .jjet;_ os'cillalti.onb o . HFJD S HFJV- ‘ .190"
bigitalxvegtilgtion;. - oy ;k,  HFPBV(HFOV) 279
Vplumétric.diffﬁsidn respifation »"VDR - thPPV(HFQV) | 4#3,675
'P‘neUmatic . h:?ghv frequerr:y‘ oscilléti-on PHFO - pHFOV . » '3-19
V::Lb .ra't‘:o;:?_ ,{rentjrlatic;n o W ' . HFOV - 321
.VIAO‘sci‘llatéd«_'LVentilaﬁion = R e ' l'HFO’V‘ o 504
;Qib-ratofy égsitiQé erﬂggéiiatory

; pres'sufe’ vent;_i,i‘at‘;ijor_i ' ﬁ‘ | N o __HFPPV - 743 -
C ngh frequerxzy,". lo‘w.- 'tic,:lalr volume . | | | |
| ‘ '.v¢ntii§ti§h f(;‘ | HF?ﬁTV"_    ﬁFPPV: 689

?

| 'Modifkied ' hlgh ~fre£1ue_n:y positive AT »v C e
pressure ventilation . . - m-HFPPV HFPPV 686 - -
'. gigh fré_quemy -pulse‘ventilati'on,' . ‘HFPv._ - o HFPPV v L 6,8“'8

Pulsatile assist Ventilétion R 4_--*" S 'HFPPV : ’1728
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were found in the HFV literature. .

Confusions about terminology: In several cases, a stanoard method

- is:used.whtch fits into one ot the previous categories, but is described
by the authors as another type. A total of,26 of these reports were
.1dent1f1ed in the HFV llterature, they are summarlzea in Table 2., These
confus1nq misuses ‘of termlnoloqy were more common in early reports

' publlshed as abstracts. Inisome cases, when publlshlng these abstracts
" as full paperS, the proper terninology was used-(for example Refs. 38
'and 41 were flrst descrlbed as HFPPV and later publlshed as HFJV in

i

_ Ref.51). Usually the proper category can be defined by the methods
-oescribed.in the puhlicatlon, and in other cases it can be-deduced from
nore descriptivevreports byithe same:authors. However, in some cases,
itbis'difficult to ‘decide the category of a particular'methoa. For
example HFPPV dellvered through a narrow bronchoscope t631)~—wh1ch
.probably 1nduces a 31gn1f1cant entralnment of gases~—could be considered
.as HFJV, but thls and 51m11ar~caees were cla351f1ed as HFPPV._

The crlterla used to classxfy HFV, although w1dely used f554 556,
558 565, 566 567 570) are by no means- unlversally accepted.i Some authors
~do not con51der wave form or gas entralnment and class1fy HFV only

)

according to frequency, including for_example HFPPV at rates between :

/
v

110——400 bpm as HFJV, - and both HFJV and HFPPV faster than 400 bpm are
-con51dered HFOV (571) Other authors do ot dlfferentlate between HFJV
‘and HFPPV (573), and flnally some nelther con51der waveform nor

_dlstlngulsh between HFJV and HFPPV (628)

'
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~ TABLE 2: - Confusions in the use of HFV terminology

HFV SYSTEM |  ACTUAL HFV : . REFERENCE #

REPORTED - .. - < SYSTEM
HFPPV |  HFIV 37
HFPPV CowRv B a3
'HFPPV L wRv - L 81\ .
HFOV' o -~ wrv o 82
HFPPY - HFJV o . 82
mEPRY o B HFJV ’ ' 83
wov - owRv | 130
HFPPV ' . ' . HFJV o L 26
HFPPV - . | . HFJV ' . 260
HFPPV . , | - HFOV o 359
HFPV' ' - wFov 489
HFPPV | o HFOV " a0
HFPPV | . " wrov ' RS
wrov o HEPRV RV £
ﬁF?PV. S CowRv ) 612

HFPPV I . wrav v e S

HFPRV . wFyv o 629
HFPPV . w0 630
HFPPV - - wrv o e32
wrov - omEeRV. ) . 650
weov . . HFERV e
"GIHFOV T CWEPRV g o '671
uFéPv._' o '”,2 _i S HFJV": L - o 621.7
mFPRY o wRv. R es0
L HFIV - '; - L ;ﬁFPEVv,fA"v e '706'
.  HFPPv" e . ,-‘HFJVth o . o 724
WOV L i Coweesv T 727



HISTORY

Basic corcepts r<§lated toHFV
| Although‘HFV iis ‘,only 15v’years old, se\}eral of the b_asi-e 'uirderlying
comepts, llke diffusio‘n enharr:eme‘nt,f the‘use of V,I;'s‘ smaller' than the
anbatomic'al dead space (vDan)\ a’nd high respl ratory 'ratesc have b_e‘e,n
discussed. for n\any.years. .'i‘he fol’lowirg‘observations can'be considered
relevant steps towards the urﬂerstandlng arﬂ development of HFV |
) Loewy 1n 1891 descnbed the preserce of 31gn1f1cant amounts of, CO2~
.in the gas comirg from V., (c1ted in Ref, 805)
e . 2) In 1‘909. Meltzer amd Auer desc nbed ,that_a oonti nuous .fl'ow of a»iAr in
the ai rv.»ray‘ could mai nt-.ain'ran .adequat‘_e Pa0, in the apneic' dog (83’3).
3) He‘rﬂerson‘it_z_ai’.".‘in 1915 emphasized the ronuni formity of'ViDan and :
its importarce.in gas exc_:ha‘rge’, arxd‘pos,tnlated-that high gespi:‘r-atory‘
rates could maintain adequate ventllatlon with’ VT.‘ < Vpap (822). -
- 4) Draper ard Whitehead reported i_n 1944 adeq-uate l.i"aio2 in dogs,
mai ntai ned by contJ. mues 1rsuflatlon of O2 1nto the ai rway, w1th what’»
they called "diﬂff'usion respi ration" (814). | |
‘5) Ross 1r1 1957 re‘ported: sonxe ‘mo“rphometri)c .stndies in -the' dog ih wh‘lchl
‘he found tha‘t s'on’\e 'alveoli :are situated "qnite;'olose to. the. cén‘na. S
- He calculated that these alveoll could be adeqtately ventllated w1th
‘-VT—VD‘.}“,1 if resplratory rate was hlgh enough (838) | o

6) In 1959 Altshuler et al. quantlfled the role tra‘.nsport'.inf-"l;

vgases dur:.ng tldal breathlrg. -.av

the- lntrapulmonary ;mxl e
S — I

-'series ~ofv» experi.ménts' with ae part:Lcles, they fourd that dunrg
.1ng, a substantlal portlon of VT remalns ‘in the lurg at :
emd: expiration, over several breaths (802). Co!



7) ‘As flu1dlC vent{lators, based on. the "Coanda effect“ are commonly
,used 1n both HFJV and HFPPV, the hlstory of the1r development will
be brlefly mentloned In 1933 Coanda descrlbed the wall—attractlon _
.phenomenon in Jets of fluids (Coanda effect); whlch was applled in
| fluldlc controls by HortOn_gE_al.xln 1959 and later: by Warren ‘and

 Staub (1964) in the first fluldlc ventilators (564). |

é) Before the development of HFJV, jet ventllatlon had been used

| transtracheally or durlng bronchoscopy at low rates; Transtracheal
lnsuflatlon of. a contlnuous flow of oxyqen through abneedle was

lvflrst reported by Jacoby et al. 1n 1951 (125),‘the same qroup 1n ";,.
-1953 reported adequate ventllatlon w1th the use of an. 1nterm1ttent B
t(manual) jet of oxygen, applled transtracheally at a rate of 12——20
"bpm in dogs (213), and in humans in. 1956 (95).. A respirator (Blrd

Markm )i used for transtracheal Jet ventllation was flrst descrlbed

ﬂhy'Spoerel et al‘, u51ng a rate of 12——46 bpm (253)._ The

.\~

1nterm1ttent jet for ventllatlon durlng bronchoscopy was

i;ported 1n men by Sanders 1n 1967 (220); the rate used was 20

,falntalned by manual 1nterrupt10n of the flow. In 1969 Spoerel
A . . . . i \

;rlbed the use of a- Blrd Mark II resplrator ﬁor jet ventllatlon
N : ”\. i . . T

vng bronchoscopy (252),,the rate used was 16 bpm.,vA' ““vl3:”§;i;i"‘
felevant step towards the development of EOV was the‘pbservatlon *fﬁxﬂ'f'
' ;de by Johnson ln 1972 that hlgh levels of lnfrasound n01se 1nduced

3 o v : L
‘fea xn 1ntubated°dogs (mentloned 1n Ref 769) The use of



v('1n 1973 (677) ventllatlon was dellvered through a catheter 1nserted

to the lower part of the endotracheal tube (ETT). 'Unfortunately, t

o _HFJV appeared in- 1978 as an abstract by the same group (141)

Early uses Of Hgy:

af HFJV and‘HFPévéf The flrst publlcatlon descrlblng the use of HFPPV ‘

appeared as an abstract 1n 1970 reported by a Swedish group (689), 1t

was then called "hlgh frequency, low tldal volume ventllatlon" The

next year, an extensive descrlptlon of the technlque was publlshed by
the same’ group who called 1t, for the flrst tlme, HFPPV (690),,the rate

used was 60——400 bpm.' Iﬂ'both of these studles\and one whlch appeared

dlameter of thlS catheter is - not mentloned, but from the drawlngs 1t

appears 51m11ar to the ones later used for HFJV.' Moreover, the des;gn

Vof the explratory valve would not 1mpede the entralnment of a1r 1nto the
- c1rcu1t. Other authors have used HFJV at rates below 100 bpm (140), so

| ”1t seems that the flrst reports on. HFPPVlcould actually be Cl&§§lfled as

~ 5 5

HFJV.- n 1973, the same Swedlsh group publlshed,a report u51ng a

. 51m11ar resplrator on cats (691). In thls case, no catheter was used

and the ventxlator was connected dlrectly to a tlght-flttlng ETT whlch dh'“
«

"‘should also mlnlmlze air . entralnment. ThlS could be cons1dered as the
rfflrst report on HFPPV._ In a latter report, 1n 1976 (718), thls group
dfdescrlbed a pneumatlc HFPPV valve, whlch has been used by these

‘fresearchers 1n most of thelr subsequent experlments w1th HFPPV (720). v;f”

S

The flrst "cla531cal" HFJV geport,-was publlshed by Kla;n and Smlth

,in 1977 (140). They used a 14 gauge canula lnserted transtracheally 1n _f'l”
ffdogs, w1th rates between 20 and 200 bpm, gas entralnment ls not

B ?_mentloned 1n the report.‘ The flrst communlcatlon on the cllnlcal use of

P N

Sy
i

'.=b) HFOV- In 1959 Emerson patented a dev1ce "for treatlng a patlent by "_7




v1brat1ng a column -of gas which 1s in- communlcatlon w1th hlS alrway...r
' [u51ng] 100 to more than 1500 v1brat10ns per mlnute.... (351). Thls,
'_vthe flrst HFOV prototype (actually, superlmposed HFOV) was never fully

,applled or tested (572), further mod1f1cat1ons of the system have been ’

used only recently (394 441) - In 1972, Lunkenhelmer et al. reported in

-a 1etter to the Edltor of the Brltlsh Journal of Anaesthe51a the use

FOSClllatlon ‘at hlgh frequenc1es in dogs (409),.a full paper was

12"

‘publlshed ‘the next year (410). In 1979 Dr. Bryan s group were the fﬁﬁﬂjﬁ

-flrst 1n reportlng xhe use of HFOV 1n humans (337). ’
_‘c) SHFV: Although Emersbn s 1959 osc1llator was desrgned to deliver
: superlmposed osc111at10n, the first reports of 1ts use d1d not - appear ;gffh‘f?

guntll 1983 (403 420) earller uses’ were as*ﬁdhventlonal HFOV (441). ‘Inipr

'”1981 the flrst experlments were publlshed descrlblng superlmposed HFJV iiulupf .

4(177), HFOV (427) and HFPPV (731). .

d) EOV' In 1981, Ward et al publlshed thelr observatlons on gas 7:l'.;ll'¢;¢.;f'

,exchange of 1solated rat lungs osc1llated externally at hlgh frequenc1estff;}‘”'

e

(771).» In 1982, Zldulka et al. reported the flrst 1n v1vo EOV ‘

lkexperlments in 1ntact dogs (774). The flrst human studles were reportedf A

almost sxmultaneously by Irv1n et al (766) and Calverley et al. (762)

f_-a) HFJV and HFPPV. These ventllatory technlques dlffEr essentlally only

: r.-«‘ e _
'1n the way the pressure wave is" dellvered 1nto the alrway.‘ The ﬂjf S

‘v_'ventilatOr_consists'of,ajmore or less'elahorated'way:of‘Lntermittentlyjﬁff@ ;

“"freleasingfgas;fromiarhiQh'pressure.sourCe; aetually;-most_ofﬁtheig,

Ny

o
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prototypes oould be used to deiiver,both HFJV and HFPPV (558).

Several interrupting systeme A;ve been used. Manual interruption

&

has been reported only in slow jet ventilation either tranetracheally
(2%8), during laryngoscopy (200) or during bronchoscopy (245). A simple
cam-operated mechanical interruptor has been described for HFJV use
(60), but in order to vary toe insp;ratory/expiratory (1/E) ratto, the
cambhad to be changed. The most common ventilators use either a
solenoid (44) or a fluidic (29) interrupting'system. The soleooid
allows a versatile control of rate, wavefprm and I/E ratio; a shut-off
safety mechanism can be easily 1ncorporated (720). ‘ However it has some

G

disadvantages: the moving. parts (electfbﬁggnetic valve) are subjected to

" wear (562), which may be hazardous to the patient (44), and are

expensive (562). The fluidic system has no moving parts (59) that can
wear: it is besed on the deflection of a high'velocity jet of gas ﬁx an
intermittent gas stream, intopeither the patient circuit or the
atmosphere. A comprehensive review of fluidic technology can rbe found
in Ref.816. A third type of interrupting device that has been called
"rotary valve” (646) or "rot%tino ball" (130), consists of a shaft or
ball that turns at high speed (up to 40 Hz, Ref.681) and has a hole that
connects the patiernt's alrway alternatlvely to the hi&héﬁ%essure soerce-
or.to the atmosphere (646). ‘Splenoid-type ventilators are used both in
HFJV and HFPPV, whlle the flujdic type is mostly used in HFJV and
rotary—valves are used in HFPPV. Several prototypes are commerc1ally
a;eilable: VS-600 (Instrument Development Corporation Laboratories)»
Pittsburg,‘PA) is a solenoid—type used ;n,HFJV; Emerson 2-V (J.H.

%
Emerson Co., Cambrldge, MA) is a rotary-valve type . used mainly in HFPPV;

‘Bronchovent (Slemens Elema AB, Solna, Sweden) is a SOliP01d type used

T
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‘mostly in HFPPV; MK-800 (Instrument Development'Corporation-
Laboratories, Pittsburg, PA)’fg a solenoid—tfpe used in HFJV,,.A;ihoqqh
‘it has been claimed (at least for HFPPV) that the use of a Spécial
veﬁ;ilator with minimal pompressible voiume is mandatory (720), there
are many reports on the use of conventional ventilators at high :aies to
deliver HFJV (for example, Refs.71,270) or éFPﬁV (for example, Refs.614f
640,698,705). There is little data in support of the hypothesis that
such a special ventilatof is better than a conventional one, modified to
reach high respiratory rates (613,633).

b) HFOV: The HEOV fespirators are,;ore complicéted mechanically because
there are more and larger moving par£s. ‘The simplest‘model consists of
a piéton Qriven back and forth by an{electrical motor through an
eccentric cam (323) or a linear displacement motor (372). The major,
problem with this sy;tem is that, if the éiston is too tight, so as to
reducexleaks, fription and wear become a‘'problem, eSpecially at high |
frequencies; a loose piston will have low friction but then fhe.leaks
become the problem. With motor-driven diaphragm oscillators (§30,351),
the major drawback‘is the y%sf of.the membrane, not Yleaks or friction..
All these problems can geQbﬁviated with a metal beliows oscillator (457)
but so far ;nly fixed stfoke-voiume systems are availgblé. Aﬁother_
alternative is the use of a solenoid-driven diaphragm (411) o;"a'
loudspeaker (369); although thesg systems are very versatile»in terms of
changes in frequency; Vp or waveform, it is difficult"tp gét lérge -
enough volumq:displacements.at high frequencies (369), unless several

speakers are used in parallel (478). HFOV has also- been induced by -

connecting to the ETT alternating jets of air in opposite'difections,

/ (AN

parallel to the ETT axis (319).

14
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¢) SHFV: ‘There have been several repofts of superimposition of a jet on
. top of LPPVF(3,29,191) and Siemens—Eleﬁa has. its own prototype-(186).
There have been only two publications of superimposed HFPPV (728,731).
Superimposed oscillatidn has also been attempted several times;‘with,a
‘piston pump (372), a diaphréqm vibrator (420,504), a speaker (427), and
'é reciprocating jet (319).

d5 EOV: Three kypeé of oscillators have been applied for‘EOV: piston

(773) diaphragm (770) and speaker (772).

The ‘circuits

a) circuits for HFJV: The high-pressure gas is delivered into the

%
airway through a narrow canula. This canula cgn be situated at many

different levels: proximal ETT (43), tip of the ETT (60), somewhere
betﬁeen these two points (232), through the wall of the trachea (140) or
the ETT (133), positioned below the vocal cords during endoscopy (242),
inserted through a‘bronchoscope (221), placed in ; major bronchi during
brogchial surger} (81) etc. Some groups use catheters @ith side holes
at the tip (83,245), which mdy help reduce trauma to the airway (254).
There are ETT's availabie, withla jet catheter built into their wall,
with the tip in the lower portion (249) or distal end of the ETT (4) and

'

also with two catheters protruding from the ETT tip (180).

The high-speed jet enﬁraﬁﬁg‘the gas proximal‘to it, augmenting the
. L : e

Vep delive;gq;to the lungs (43); this effect probably decréasés tﬁe
closer thé catheter tip is £o tbe carina (558). The technical aspects
of gas éntrainment will be discussed \n detai; later. Due t0a£he’
i»relationship bétweqﬁ pressu;e, fio§ and‘resistanée (Flow = Ptegégre

difference/resistance; Ref.828), a pigher driving pressure and larger

15
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catheterVWill cause an increased tidal volume; this has been supported
by experimental data (55) It must be borne in mind that there could be
a substantlal pressure gradlent in the circuit, between the hlgh

‘
.pressure source and the end of the catheter, mostly due to the

resistance bf the catheter (35). .

The aerodynamic characteristics of the HFJV circuit may induce a’
PEEP effect of a few cm of H,0 (44,175l‘which can be. increased further
by partial obstructlon of the eipiratofp circuit (232): |

b) Circuits for HFPPV: ~Usually'the outlet of the HFPPV respirator is

connected dlrectly to the endotube (646 652), sometimes a specially
designed pneumatiC'va1Ve is used,<wh1ch‘can be modified to induce

varlable levels of PEEP (720)

c) Circuits for HFOV: The cla591cal HFOV circuit (323) was shaped like
a Cross, wlth opposxte arms connected one to the ETT and one to the
oscillator. One of the’ remaining two arms, was connected to pressurlzed

s

air (or 0, ) and the other had a long tube that acted as a low pass
fllter (LPF) to allow CO2 to escape. In recent experlments it was found
that\a fractlon (whlch varied w1th frequency) of the Vg was lost in thls
.c1rcu1t (338, 421), probably through the LPF, but also perhaps through
thevpressurized air llne. This problem was obviated with the use of
high-impedance tubing and‘a‘vacuum source instead of -an LPF (463,479) or ?'
alternatively.with-a closed—circuitfdesign (441). In some  systems the’
os01llat10n is delivered through a nozzle like in some HFPPV c1rcu1ts
(460 503). There are reports of HFOV: dellvered through a mouth plece,‘

~ without 1ntubatlon (369, 437 487).

‘The range of blas flows (BF) used has been qulte wlde from 0.2

L/kg/mln (485) to 5. 3 L/kg/mln (421) Although hlgher BF 1mprove COzg



removal (394), large BF's may be unnecessary (485). It has been
suggested that the closer the BF is to the carina, the Detter. the CO, .
removal (362,466).

d) Circuits for EOV: There are two main approaches to EOV: a chamber

that encloses the  whole body (765) or a cuff wrapped arouhd the chest,

air-filled (773) or water-filled (761).

P

‘Other HFV types
,_Theré are é few,reporpg that do not fit in the class%cal scheme

outlined above. These are: | — |

a) Pulsatile veﬁtilation,vobtained by inflating‘andAdeflating_a'baliooh

in an IPPV circuit»(728); it has been considered as HFPPV, for the

similarity in the prg;sure waveformf

b) Vibratory veﬁtilatipn, generated by‘g special setup in a Serveo

ventilator (743); it has been classified as ﬁFPPV\because only po§itive

pressure was' generated. | |

c)'Extefnalli applied loéal or whole-body’vibratiOn (761); may be

considered to be a form of EOV.

d) Alternating iung ventiiation using a4cath¢tef in each major bronchus

(168) can be cgtegorized as HFJV. - o .'.

e) Unilateral HFPPV with a catheter in a méj;r bronchus (628) hés been

considered as HFJV because of the narrow'catheter used}}

‘Pressure waveform

a) HFJV and HFPPV: as the usual delivery systems‘arelfon/off", in type,
the ideal pressure wave ought to be square, but the compliance of the
delivery system may.dampen it, inducing a saWtobth-like Shapé; with

|
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N | . | . o
this,‘end—expiratory pressure‘increaseslend peah airway pressure
decreases (30,44). If the deliuery'system‘is not able to sustain a
constant back pressure, a sawtooth-like'shape‘might also result. Many
reports'inolude recordings of airway pressure, however the reliability
of mostlmeasurlng systems mey-not‘be optimal‘(eee under "Measuringf

pressures"). As frequency or I/E ratio increase, time evailable for

emptying the lungs ehortens and end-expiratory pressure rises creating a

PEEP effect (17,30,175,649)..

b)'jgzgi: ThehStandard HFOleressure wave hae}a;quaei-sinusoidaf.shape
(338) which can bejgenerated‘mechaniCally.by'convertimg;e circular

" motion ihto a straight displacement‘(836). Square flow waveforms’have
been tested but onl; in lung models (444,506). |

c) EOV: If an oscillator is used, a quasi-sinusoidal pressure

fluctuation can be expected, It is not'clear what waveform will result

from the variable leaksin the systems in which EOV is delivered through

a chest cuff (773). o o

e Entraihment .
A jet of gas at high veloc1ty w1ll 1nduce a Venturi effect which:

w1ll tend to entraln surroundlng gases 1ncrea51ng the actual volume

dellvered (43).' This entralnment depends .on the veloc1ty of the jet andl

w1ll 1ncrease w1th hlgher dr1v1ng pressures “and. narrower canula 51zes

(58). The fractlon of entralnment volume may be substantlally larger

than the Jet volume (2.6 tlmes in Ref.73) and, as mentloned earller, the‘ :

.

closer the jet is to the carlna, the smaller the entralned Volume (558)
An increased 1mpedance of the resplratory system (decreased compllance

or increased alrway re51stance)_w1ll decrease thg entrainment’and

CN
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consequently the Vip actﬁally delivered (71,1?5);7this could be
détrimenta@ for patienﬁsiwho; for example, deyélop bronchospasmf bééa;se
minute Veﬁtiiation might be substantially“reduced, A shorfer I/E ratio
and higher‘PEEP‘will.also feduée the'ambuntléf entrainment (4;,216)}

;TheoreticaLly ;ntfainyent will occur bnly‘dgring HfJV, and HFPPV
cincﬁip§ gfeideSigned'to_avoid it (625); ﬁowever, whénevefifast HFP%V'
rates ar; ﬁsed, togetﬁerlwiph ﬁTT's narrower thén theStrachea,_it-may be
expécted that gas in'the=up§er tréchea is entfained and mixed with the
Vpe also d;ring lﬁryﬁégbpid or brbnchoscépic HfPPV{ entféinment of'
gases in‘thé uépefvéirways.seems quite likely; 'SOme;HFOV systems tha;
del%ver’the V% thréugﬁ’é nozZle,(319,460,503)-cqﬁld also’be.exPegted"to _
ihéuée-some gaS'entrainment} There are éwo main reasbﬁs whyvit ié |
impérfant to Epnt;of and mqﬁitof entfainment: if ‘it flﬁctﬁatés, miﬁute
v'ventilation'will flhctuatg'too (55); also}’;f‘a high FiO, is used,'ﬁhé
enfrained air Qill decrggéé o#Ygen concentration‘(§8). Mdst‘HFJV?
ciréuits'inglud;»a)cﬁn#iﬁuqﬁsﬁf;oﬁ 6f»gaé!with-known Floz’ in th;
,expitétof&upért{‘tb érg?enﬁichanges in FIO2 (43;232); some have valves
to diminish’rebreathing (269)

- Conditioning. inspired gases

Durihg HfOV, it can be post&latea that the7%5~and-f£o gas‘movemenﬁ
induqég a.substéntial amount of fébréaﬁhing, théé is,-paré df.the Vi is
.warm satuhétéd air. However dugiﬁg HFJV and HFPPV, this" rebreathing
will Se‘muqh’lesé‘iﬁportaqt, and &ue?only td.deadASpgce ventiigtion. 
Also,fﬁhe'larjé miﬁute ventiiation“geﬁéfated by>HEV dan.bé-éxéécted té.l

‘place an important stress .on ther"air-conditioning"‘mechanisms of the

respiratory tract. Thus it seems Of_parémount importance, at least in
_HFJV and HFPPV, to deliver a gas that is warmed and humidified to avoid

E ¢ . .
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damage to the respiratory tract mucosa. Ird"eed' there abe many reports

of mucosal d'amage wﬁen. ifxeufficiently corditioned gas has been esed

duri.ng'AI‘{FV ‘(29_,43,137,151 ,211). Lo;v hdrqidi'ty may also cause thickening

of airway .sec retions with a tenderx:j.( to plug the brorx:hi.; this. has'been
reported several times, especiailf 1n rewborns (169, »205 7217).

Mucoc111ary trarsport may also be impalred by a low-humldlty Jet (151).

The coolln; effect of -a stream of gas at hlgh Velot:lty (831) on the

airway can decrease core te’mperature; thlS hae been reported seVeral

times both in for HFJV amd HFOV (29 245 336) rn order‘ to avoid these -
problems, the gas delivered to the ventllator dunrg HFV mest be warmmed N
ard’,satufated with'water_;moreover, th'e gas flowing through.the |

‘ enefai ment HFJV circuit must also be eomitiorxed, ‘which is usually done
with a& standard wamer-humidifier (232).

To wa‘rm-up the gas in thepressunzed llnes, a spec1ally de51gned
warmer that can withstand ‘high pressures can-be used (64). However.,
humldlflcatlon of the Jet duriny HFJV is- usuallg( accompllshed by a-
needle 9031tlor1ed rear the t:Lp of. the, jet catheter«, “ mce1v1rg a cors;:aﬁt
. flow’ of saklihe/ from an infusion pump (44); .t-ih'e Venturd '_eﬁffect creat;e,d.'by

T ) R . T
the Jet of gas, nebulizes the saline into the airways. ’Som'e.au'thors
J.nject the sallne dlrectly.lnto the ventlletor cathetez; (232).. As has
"been mentioned, above, dry vair damages ‘the al_‘rway.s,ib_ut too much water
may also be detnmental (188). 'fhere are ”specia].. ci~muits'deeigf5d for :

condltlom.ng the gas dunng HFPPV (720). the bias flow in HFOV has also

been warmed and humldlfled in some studles (429).

Safety
. "HFV uses a large volume -e‘f..gas, an"d .nespir’atoty rates are high, so

st . - hs
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anything thét prevents gases from escaping out of>the respiratory‘sys;em
may pose aAserious threat of barotrauma. There have been several
repoffs of excessive intrapulmonary pressuré, usually due to valve
mechanisms created in thé upper airways and ventilatory éircuitvduring
HFJV (29,193,232,265), 1In order‘torprevent‘the airway pressure from
;eéchiﬁg dangerous levels, mostkcommercially available high-frequency
vénfilatorsvhave a safety system £hat interrupts-thé flow of gas or
vents:thebcircu;t'to the atmosphere whe;eVer aiﬁwéy pessufé reaches a
preseé\limit‘1175,2607371,720). Other potential te;hnical problems of
HFV fhcldde: é pértial or. total failﬁre of the cycling mechanism which
Could'cause hypoventilatioh; overheating of the ventilator (especiSlly
HFOV);.ieaks or aiséonnéction of the respirétory circuit (260); failure
in the oxygen mixing device, wiFh a,drop in FIOé’ occ}usionAof the
delivériﬁg circuit;_int;odhction of éarticulate'material in the airways
due'to mechanical wear of the ventilator (44); failure of the
bumidificatiqn syStem, especially with addition of e#céssivé amounts of
Qater. As experiencé with HFV ihcreases,»mo%e accidents are expected to
happen and.the poteﬁtial pfdblems will be better defined. 1In the mean
, . ; - . S
time, any system used‘for HFV m&s; inclgde a‘compréhénsive fail-safe
mechanism)(572)Aespeciélly whed‘it is intendéd for»clinicél dsef

.

'

. Measuring ventilatory volumes during. HFV
The'importantvvélqmés to be measured are:,tidal volume (Vqp), minute
ventilation volume (Vmin), and entrainment {(Vent). Although it has been

Dan‘(323,572),

established thdt HFOV can achieve gas' exchange with vé{<v -
the actual VT'déliveredAin many experiménts with HFJV might have been

equal or larger'thar_l’_VDan (572).

2
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a) HFJV: (1) V..:

Bk There are two VT's to be considered, the volume

delivered by the ventilator and the volume reaching the airways. During
_ HFJV, due to gas entrainment, the Vg reaching the lung is larger than.

the V »delivered by the respirator. The ventilator-delivered volume is

T

usually calculated in a bench study by connectlng ‘the Jet canula to a

plrometer (120). Impedance of the re5p1ratory system should not affect

-«

’ .
these volumes. 51gn1f1cantly because airway pressures are much lower than

ventilator driving pressures. A high—pressure flow meter could be

inserted in the'ventiiator circuit, but this has not been reported. The

vemtilator volume could also be calculated by subtracting”the volume
‘ . . : SN

going into the entrainment circuit from the volume coming out of it, and
diyiding by reépiratory rate; this has not been reported either.h

The actual ventilating volume is the sum of&Ventiiator’voIhme and
entrainment. It could-be'assegzed.by plethyemoéraphy (body box,"
1mpedance, magnetometers) or by mesurlng the exhaled volume -with' a
flowmeter‘or spirometer., Thls latter method will be lnaccurate if there
iS'eome.entfainmeht of exhaled vo;ume (rebreathing) which may be
technically difficult to avoio.; | |

.(2).§min: The.ventilator volome may be obtaineq.by multiplyino VT
by~rate} actual vehtiletithvoiume can he meaéuréd Qitectly in the
e:&pi.r‘a_t.ory line, but _k‘eepincj- in:m'ihd the 'previi‘oubs'ly;mentiohed-»" |
rebreathihg orohiem; | | .

(3) Qent;vThis is obtained by subtracting the Qentiletor-delioered.
volume fromvthe'e#pifed volumef' . B s
b) gggg! In this Caee,-the ventilator'volume méyibe larger‘thanfthe

volume reaéhlng the alrways, because some volume may be lost through the

expkratory port; thie may be more important,when'uSing a pneumatic yalve

o
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‘ (720) bronchoscope (719) or laryngosc0pe (612) ., Enuraimment should be
considered when using a delivery system subetantially narrower than the
trachea, and high respiratory rates. |

The volume§ in HFPPV can be measured withltechniques similar to .‘
"what has.been mentioned for HFJV..
c) HFOV: ‘In this case also,ipart‘of the volume delivered by the
vemtllator can be lost (through the LPF and _BF) and only a fractlon
reaches the alrways,‘lt has been estimated that up to half or two thlrds

of the ventilator volume may be lggc'(338). Some systems cbviate this

problem by using high-impedance (479) or closed (441) circuits; but even

in these, part of the VT may not reach the airways due. to compression or .
resistanCe_in the tubing (363).. The ventilatpr Vg can be estimated by
X ‘ o .

water displacement or measured with a pneumotachograph actual delivered
»volume‘couiglbe measured by plethysmography (320 441) if adequate
correctiops for frequency'response are introduced.

d) EOV: ‘'The prEssure change aéplied around the lung must‘overcomelthe
Almpedance of the chest wall lung pamenchyma and airways; thus, exhaled
volume will be only a fractlon of the dellvered volume (also part of
‘this delivered volume is lost"in‘the como;eSSion volume of the,chamber’
o:bouff). Delivered volume can beyassessed by pressu;e/volume.
2callbraﬁion.of tue chamber.(orlouff)'at differemt ffequenciesll Exbifed'

VOlumevcan be'measured;at ﬁhefairway opening with a pneumotachograph

(773) or a dﬁosed'chamber acting as a plethysmogfaph (765). -
Accuracy of tﬁe volume measurements: SR e o B ‘4~~\

 Measurements of volume during HFV can be quite inaccurate if the

frequency response and aerodynamic characteristics of the measuring



o 1-'rhus, when callb ratlrg a pneumotach, 1t 1s 1mportant to keep flow

system are taken into account. Unfortunately, too .often these

factors ay feidered and mumbers are. produced that have little
f'zmay be used in high—pressure lines to assess-

or BF. They can only measure steady flows, ,and

_ors have to be 1ntroduced to correct for pressure—lnduced
" chargois olE density (83‘2).

'v‘b) A e s : They have been used mostly to measure total exhaled

(489 491 " However, their frequerx:y resporse lS poor (813) ‘the 1_ner,t1a
of the’ 'A : parts causes underestlmatlon of sudden 1rcreases 1n flow -
and overe:’r atlon of abrupt decreases. Correctlon for these errors has

not been mentloned in any of the reports usng anemometers. . , .

.c)‘ _Pneumot’a‘ ‘ raphs The Flelsh anrd screen types have been used often

in HFV, bu callb ratlon may not have been always correct. One

, group us e 'pneumotachograph dunrg HFPPV Wthh had been callb rated

onlvaith a continuous flow of - qas (613 632), thls probably resulted in

v urﬂer-estlmatlon of the volumes measured. when a fluJ.d moves through a R

pip‘e, the molecules at the center terd to move- faster than the

'penpheral omes. (827), 1f a. pneumotach is connec”ted to th.‘LS plpe, the

N

'pressure at 1ts central part w1ll terxi to be sllghtly hlgher than at the

perlphery, thls effect belng more pronourr:ed at hlgher gas speeds. ::i‘i»

- proflles 51m11ar to what would be expected dunrg expenmental

i conditiors, the relevant parts of the c1rcu1t have to be analogous 1n

'both condltlons.j Zldulka et al (773) callb rated thelr pneumotachograph L G

by attachlrx; 1t to a 4—11tre bottle ard 1n]ect11g volumes up to 100 ml

H rg HFJV (72 82, 232) amd HFPPV (610), but also to measure V'I‘

24
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into it. With Boyle's law (826), it can be calculated that during

calibration, the preSsure in the bottle would-have'reached_pressures~bf

'more than 20 cm HZO whlch could be expectéﬁ to alter 51gn1f1cantly the

flow profiles “through the pneumotachograph, 1nduc1nq erroneous o B

calibration values. Other authors do not mentlon the;callbratlon
proeedures orqfrequencysresponse:of the pneumotachographs"used'(58}75,:
463,610,678,693). J T S

*

d) Water.spirometers: They have been used in several studies (66;219,

'625,647) and can be,oonsidered one of the best standards, provided g~

corrections for changes'in femperature are made (which can bewd;fficult-

- when mixgures of fresh gas flow and expired gases are measured). .

:e)APlethysmographs'and magnetometers: The electronicbsysfems'(inductive

%

plethysmography and - maqnetometers) have a. good frequency response (840)

and have been used repeatedly, especxally the 1nduct1ve plethysmographs,fv'”

\f;:to monltor volume changes durlng HEV (30 301 313, 468), however

-

.:-ndiaphragmaticvdlsplacement and'asynchronlc lung?expan51on (408)'may

- 1nduce some error 1n VT measurements. Vqlume body plethysmoqraphs have -

‘a low frequency response and are not useful (848), pressure o

i;‘plethysmggraphs (441 512), w1th adeqéate correctlon for frequency '

"response, may be the method of ch01ce to estlmate the VT dellvered to

. -h e«l“’~*ﬁ T fy:a(-
vﬁ'the lunqs._-.‘f' SRR ‘ :

*ff)sTestlng thehfrequency response:of‘the volumeémeasuring systems}_aEven "

‘iffthe measuring;systemhdoesfnothhave'a;flat frequenoyﬂresponse“uo-to,

D TSI ST, S e S e .
~ . the -desired frequencyi-aCdurate measurements. can be obtained with the -

T

'ﬁ'use:offoorrectingffactorsh(479).”ATo obtainltheseafactorsgitheﬁsystem'ish

" tested over'a range of'frequencies5with;a{knoWnivolume oscillation,

'[:delivered’by‘a.dependabieféiston'oumo,(479)"or‘aimoreisophistioated o :
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speaker'chamber (825).

Measurlng restlng lung volume durlng HFV \ S SRTO -

'fa)'Changes‘in resting lung volumee The varlatlons 1n FRC 1nduced by HFV

-

have been assessed with a body plethysmograph (225 402 513 714),
1mpedance plethysmograph (468) splrometer (92 219 460 605), flowmeter

«(649) and erght anemometer (345). ~All»these-methods,seem,to be

' reasonably accurate, Wlth the exceptlon of the erght anemometer because

the peak explratory flows might be too hlgh to be measured accurately by

©

‘thls turb;ne dev1ce_(813l.

b) ?unctional residual'capacity lDurlng HFV, there;islusually an

26
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1ncrease in FRC. (457), whlch tends to lnhlblt resplratory center output ;f‘ﬂrf:f

through a vagally-medlated reflex (810), thls phenomenon hampers the

determlnatlon of FRC w1th the plethysmographlc method of DuBors (815)

whlch requlres spontaneous resplratory efforts.. There are no reports 1njf'

the llterature (other‘than Ref 309 descrlbed 1n thls thesis) of

plethysmographlc FRC measurements durlng HFV..

' The closed-c1rcu1t dllutlon methods are also 1mpract1cal because _j.
most HFV systems are open, there are only two reports w1th a closed HFOV-

(414) and HFPPV system (708) that allowed FRC measurement by hellum ,;1:

LB : @ 8o

dllutlon.. The only other dlrect methods of FRC measurement are bASed onfm

' gas washout, whlch 1nvolve more assumptlons and are less rellable than _f

o

"3”the previously-descrlbed technlques (808). In spxte thls most Of thef

FRC measurements durlng HFV have been obtalned Wlth the washout methods,f

3

uslng hellum (340), nltrogen (202 636 694),_ethane (334) or xenon

(639). S ,
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Measuring airway and alveolar pressures during HFV

Most of the reports on HFV include measurements of airway preésures
'(§aw),‘however,:;n many of .tlwvem the method used can be-expected to give
: . e
unr;liable values. The airway pressures usually reported are: peak
(Pawp), miniﬁal (Pawm), and Paw, Pawp énd Pawm are read off the
tracings.and Paw obtained by electronically avefaging or ﬁechanically
damping Paw. Pawp aﬁd Pawm are measured at the tracheal level, and at
high frequgnciesvthey may not reflect preséures in smaller airways or
alveoli (and i; ig.there that pregsures are physiologically meénianul):
due to the\effectSVOf airway resistance (Raw), Pawp may be expected to

gvereétimate,_and Pawm to underestimate, the pressures further down the

Yespiratory tree.

w
.

Paw ‘has been used throughout to compare HFV and IPPV, with the
+ s ) —
-assumption that it is a good estimate of mean alveolar pressure (Palv).

? - . ' .
However, many authors have suggested that HFV creates a pressure

gradient down thelrespiratory tree, with Paw being smaller than Eélv
(17,207,305,330,441,460,467}468,492,555,647).
In addition to theserconsiderations there are some technical

. ' b ' L
aspects of the measurements that have to be taken into account: .

a) Measuring site: The previously-mentioned Paw gradient, together with

tbefreportéd decrease in pressure amplitude inside the Qentilatory

circuit éﬁdrETT (175,363,421,632), make it critical to take into account

the site1of.§ressufe measurement when comparing Paw values from
different repérts. The locations used to measyre Pawfhave varied
gréétly be tween g;oups; proximal to the ETT (205:353,645), inside
(155,328,677), at the/fié (231,430,742)['several centimeters gistalvto

the tip (92,342,658,664), transtracheally (245,328), at the carina

™
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(82,503,741) or in the bronchi (441,641).

b) Frequency response: Whenever Paw 1is measured in the distal ETT or in

the airways, a sampling catheter is used. If this catheter'ié.too
narrow (and/or long), its frequency response will be poorl(836).hut a
large ‘catheter will decrease 91gn1f1cantly the lumen of the ETT and
induce a change in Paw; a balence has to be achieved'between the optimel
frequency response and the catheter diameter. To accurately measure ah
oscillating frequency wave, the frequency response of bhe.system hasAtc
be flat to at least 10 times the frequency of the oscillating prehsure
(835). It seems quite difficult to get accurate measurements of
intratracheal preesure at frequencies above 10 Hz.' Changes in internal
diameter along the measuring system Wlll also decrease its frequency
response (819); it has to be kept ae even as possible. A way-to 1mprove
" the frequenCy résponse is by filling the system with water (835), which
has been done in several studies (43,231,734); however, the catheter has
to be checked repeatedly for the cresence of air bubbles which wculd
decrease the frequency response (835) ‘To test frequency response, the
‘whole measurinq system has to be checked with. a sinusoidal pressure wave
of harying frequency, against a reliable standard (825). An alterhate
method consists of measuring the frequency of the overshoot oscil;ations
_ when measuring a square pressure eave (835). Some authors have'used
aneroid menometers, which have a poor frequency response (804),‘to
measure airway pressﬁres (690). Obviously, to measure Eew a good
frequency'respohse is not neceesary.

c) The catheter tip: If the gas molecules which are travelling at hlgh

. speed close to the measurlng catheter and parallel to it, suddenly reach

its distal end,-they’will tend to follow a straight line,'creatinq a



relative-vacuﬁm around the cathetgr tip, which will be measured as a

’ drdp in pressure (809). This effect will tenq to.underestimate Pawp
and Paw. Unfortunatel? end-hole sampling catheters have been used by
'hany authors even during HFJV (where very high gas velocities are
present), and their values (especially Pawp) may be erroneously low

: (30,136;199,231,232). One way to overcome this problem is to use a
transducer-tip catheter (328,444). Anotherland cheaper methdd to elude
" this effect is to use a catheter with'sevef‘i side holes in its distal

end (803); a few authors have used this apgfbach (302,334,336,399,452).

4d) Estimapinglialv: rperelare a few authbrs that have attempted to
éstimateigaly. The method»uééd was to clamp the airway duriné HFV and
assume that thé pressure a%ter oéclusion (Poc) equéls alve;lér pressure
(219,330,468,476,645). ' This method may underestimate Palv due to the
previoﬁsly-mentigﬁed airway pressure gradient created by HFV: ié
proximallgéw-ig lower than Palv, the equilibrium pressure (Pdcs will be
somewhefe.betwéen the two. Aiso.some of the alveolar volume may be used
to distend ai¥ways'£ha£ had inside pressures below Palv before clamping,

‘further decreasing Poc.

29
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4 MECHANISMS OF.GA&(? EXCHANGE DURING HFV

It is still not clear how HFV achieves(gas exchange with a Vop
smaller thaé Vpan® Three main theories have been put forward to explain
it: gas convection, enhanced diffusion, and convection and diffusioﬁ
combiﬁed. ‘Of the publicatioqs that discussed any-éf the theories, the

. . 4

percentadge in ?avdur of each was_distriggted as follows: 28% convecgion,'
21§ diffusion and "51% béth. It is interesting to note that the majority
of experiments on the theoreticai basis ofAHFV have been done with HFOV;
perhaps it‘is,beeause it.allows setter control of the varfbbles,“
Convection

There are several factors, based in gas convection, that may help

explain how gas exchange can be achieved with Vo < VDaﬁ‘

a) Interregional gas exchange: It haé'been\postulated that since
differenﬁ lung regions have different time constants, dpring high
frequency thgy would move qut éf pﬁase;and‘a fraction of volume would be
transfered betwéeniadjacent lung regions (457). There is some
experimental data to support this theorg: when obsérving an excised lung

under a strobe light, its surface can be seéen to- expand unevenly (406),

!

and adjacent lung regions can be completely out of phase (408); also
intraparenchyhal lung markers(ﬁ;Ve been féund;eo move out of phase
during HFV (375). ' There is a report of experiments with isoléted rabbit
lungs in»whiéh\tﬁehphase differences betﬁeen P;lv in different lung ‘
;egioné was minimal (314),‘bu£ the ééﬁditiohs of the éxperiménts were
not very physiological and may h$§e-inte:§éred with the reéults; in ¢
another regort, the same -group found largé phase différences in Paiv of’
isolated dog l&ngs (395). This ihterreé;onal gas tranéport—?called

"pendelluft" by some authors (361,457,555,572)——cou1d'increase the

1
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efficiency of a given Vj because part of it would be used over several

respiratory cycles to ventilate different lung regions.

b) Different inspirama‘jftpiratory flow profiles: When a reciprocating
—% .

flow is applied to a fluid inside a pipe for se¥eral cycles, the central

molecules are moved forward and the peripheral ones backwafd (558,821) .
Experiments in branching models of the airways have shown that in
addition to the reciprocating effec;; the assymetry in inspirétory/
expiratory flow profiles induces a further mixing sf ‘the iﬁséired volume
with—the gas in the airways (572;821,834,842). This effect increases at
_higher flows, and alfhough during spontaneous breathipq it may only be
important in large'airQays, during HFV if could‘reach the small ai;ways
(506) aue to the increased loeal flow rates. It has been estimated that
during spontaneous breathing, between 10 and, 30% of the Vg f;mains in
the lung at end-expiration, mainly due to bulk transport (862) and this

-

facilitates gas transport in the airways.

,C) Short bronchial path length: In 1915, Henderson et al. (822) ob§ervéd
the presence’ of CO, in expired gas coming from Vban and postulated Fhea

b

Later, Ross . (838) described

pOSSLblllty of ventilation with VT < Vpan*

'his morphefpetric studies in a .plastic cast of the airways, in which he
found that some alveoli were situated quite close to the carina; his

‘calculations suggested that these alveoli could maintain gas exchange

o . . ‘ _
with VT.= Vhan at high respiratory rates, because as frequency ipcreases
they contribute more and more to total alveolar ventilation. Y

"d) Studies supporting that convection is -the main.gasr"

exchange mechanism during HFV: Besides the above7ﬁ€n£ioned reports

Aon-;nterregional.gas movement (375,406,408), other xperimental results

~during HFV support that convection is important in,qas-exchangé.during

> L
[
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HFV. Gas transport and exchange have been found to be determined by
.cohvective parameters in lung models (379, 444), dogf (34?,378); and
humahs.(755); qae movement was independent of gas density or molecular
weight in dogs (37dl398,399,430,470) and geese (447); aerosol reachee
the alveolar region even with Vg < Voo (416,505); branohing increases.

convective gas transport in dogs (434); and HFV induces a fluctuatioh in

'airway diameter in phase with the respiratory‘cycle (209).
. e

Diffusion

During HFV, some processes may enhance or facilitatefspontaheous
diffusion of respiratory gases to such an eutent as to aliow normal
oxygenation and ventilation.

- a) Oscillatory flow: Experimentsbwith simple linear models show that an

oscillating movement greatly enhances spontaueous diffusionvof molecules

A . | f » }

(385,807,837).

-

b) Cardiogenic mixing: The. transmission of the heart beat to the

respiratory system can increase intrapulmonary gas mixing more than fjve
fold (820).

c) Taylor's dispersion: When a soluble material is added to a pipe

through which a fluld 1s mov1ng with lamlnar flow, dlsper51on in the

' fluid is increased proportlonally to the square of the fiuld veloc1ty
(Taylor S dlffuslv1ty, Ref .844); if the flow is turbulent, the
dlsper51on is proportlonal to - the velocity of the flu1d (845) If the
f;o; (uhidirectional)'is through a hranching‘network, diffusio‘,is
several thousand timeS'higber than ifbit'yes due to spontaueous
uolecular uovemeht,(84i), at a range_of fluid,velocities similar 'to

those found during HFV (323).

L 4]
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d) Studies supporting that diffusion is the main gas

exchange mechanism during HFV: The following HFV experimental data
have been used as evidence favouring enhanced diffusion as responsible

for gas exchange during HFV: Washout of gas from the lung was found to

be dependent.on gas density (350,357); gas transport was not changed by

partial airway occlusion (699) or regional time constants (727}; changes
‘ o ‘

in bias flow did not alter the shape of C02lgradients in the airways
(394); gas transport was maihly dependent on frequency and/of flow in

intact,doés (110,426,486,512), isolated dog lobes (40?) or lung models
(385,405). Also analysis'of theoretical diffusion-enhancement equations

" can explain. gas exchange (334,818). : - ' b

piffusion plus convection
It is puzzling to have so much evidence favouring two opposite
theories; however, a careful analysis of the data may prove that there

is not much contradiction. For example, some facts supporting

convection, like interregional gas movement, aerosol transport and

<

~effect of branching, do not exclude the presence of difquion, because

it could take place in addition te convectién. Thg’same is true for

some diffusgion reports, like the theoretigal analysis,'CO2 gradients,
gk, |

. airway occlusion and independence from régional time constants (in the

two later cases interregional mixing, for example, could decrease

unévenegs of gas distribution). The dependence”of éas transport on V

is one of the determinants of'canection,’but it could also be related

¥

td enhanced diffusion because an increase in Vip would create higher
linear velocity which is an important factor in diffusion enhancement

(818). The same velocity could be achieved with high VT atﬂiow
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b
frequencyland with low Vi, at high rates but,it’gééms‘that part of the Vi
is. necessary to‘washout_thé ciréuit dead spaCe»ﬁy convection (396,479)}
moreovef, a portion of a large Vi (creatihé high airway pressufes) may
be lost\iﬁ di%tension of the airways (464). These effectsrcombined,
together withythe differences inlcircuifs uséd (with varying degrees of
effectiveness), and methods of measurement (see before, undef “Technical
a;pects“) might be responsible for thé%discrepancies in the results
obtained by different.groupsa

The disagreementlin,the effects of varyiné gas densify {;r
molecular weight) may.diso bevrelated td technicél prpglems: the studies
that found no effect (and.snpported the éonvection theory) used 1% (gr
léss) of foreign gas concentration; the repor€§~that found dé;endenbe‘onA
-gas density used gas conceﬁiratighs-of 80%. Thus it seems fhat 1% of
foreign gas was not enough to ihdgée changes large enough to be
detected. #

In conclusion, there is enough evidence to support the presencé of
both cbnvection.and enhapéed diffusion hechaﬁisms during HFV. iAlso,
alth9ugh there are many stuéies supporting one of thé other, there is no
clear evidence against the pfésence of either, _Sb it can be concluded,
like many authors (473,487,555,558,567‘568;572;573), that éas exchange’ |
during HFV is based both‘in'convecﬁiQn and enhahééd-difﬁésion
mechanisms. Slutéky_gg;gi._have dividgd'thgviung in.3 ZOhésﬁ zone I, -
including ?lveoli and small'ai£Ways (up to 6.2—-0.5 mmlin diameﬁer);

where flow Fateé épproach zero; zone IIIvincludeSJla;ge airways, with |
Vturbﬁlent floy ana’QWirling offStreamlinés at’bifurcations; zone'Ii, thg‘
. region between I and‘IIi, w?th floﬁs‘main%y‘laminar.{ Invzohe I gas ’
1mixin§-is mginly dﬁe to moleculér difosion; in zones II an& iII;'gaé

}
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)
transport is a&complished by the combined effgcts ® bulk flow and
augﬁented diffusion (480,572). The larger the Vo, specially if it is .
larger than Vp_.., the more_ima?r£ant'cpnvgction becbmes; and zone II

extends more to the periphery.
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REVIEW OF RESEARCH ON HFV

Foreword

This reviey of %esearch iﬂciudes data CBtéined from a total of.727
HFV-related publlcatlons, mostly full artlcles and abstracts, but also
some edltorlal reviews and letters to the edltor’that contalnedlrelevanfbi
data not reported elsewhere. - From these,_a total of 130 ;rticles,-
mostly astracts, Qere considered as repeated information, usually
included in latter reports as full'atticles {see later under "The HFV.
literature"),.ctné;quently their information is not mentioned in thi% )
'reQiew. It was: felt that because many articles aré aimed at provih; how
good HFV is, stress had to be put on negative findings, even though-in'
sevefél insténbes they dia not reaéh stattgtical significance (qually s
Adue to_small sample size or large scatter of data). Also, when a teport )
had both a positive a‘nd a negative finding in regard to a measured "
yariable, the negative one was stressed in this review;"é distinction
was made between articles showing no sigtifiéant change in.the'patameter
discussed (HFV valués similar to control levels) and articlés‘sho%ing a
»v"non;significént“ increase or detrease,(HFOV valueé different to control
levels; but stgtistical significance not réached>due to small sample

u _ ‘ .
size or large SD). There are geveral contradictory reports, which may

be due in part (as will be‘dlscussed later) to the diversity of HFV
Mcircuits used'(361). Because of the large amount of data avalléble a
rather'globéi approéqh was attempted. Data on technical.aspects’and
compiications pf HFJY, is scarce; so@e of this informati§n Qas obtained
from articles &singﬂggg_frequency jetwvehtilation.‘ ?q keep the text.
simblg, large‘érbués of references are listea inttables-throughéut the

text.
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Theoretical Studies'

These include reports on mathematical analysis of HFV-related
physics and on electrical models of parts of the respiratory sybtem

during HFV.

.

a) HFV-related Physics: Theorei:ical analysis of HFV-related aspect&have

been reported infthe following fields: factors infiuencinq/diffusion and
convection of gases (334,468,478,480), parameters of CO, removal from

’ f '
the alveoli (380,396,446,715), and pressures in airways’and alveoli .

(330,355,493). - ;

b) Electrical models: An electrical model has been used to‘analyze the

 following topics: CO, elimination (464), effect of a broncho-pleural
fistula on ventilation (212), pressures and flows of a lung-ventilator

system (555,646), and PEEP effect at the alveolar level (645).

In vitro experiments

v

Two types Qﬁ_iﬂ_vitro studies have been reported: lung models and

isolated lungs.

e

a)’Lungrmoael experiments: The effects of HFV have been reported‘in‘

experiments with lung models. The following systems have béen‘used:

single tubes (64,312,385, 392 405, 430 436 446,487), cones (461), bottles

1

: (186,240,444,646), and branching networks of “tubes (16,303,344}385;476A
817,834,843). These ﬁqdels have been mainiy ﬁsed‘to stﬁdY‘gés trapséqrt
or the doﬁﬁecgfon aﬁd diffusibn,mechahisﬁé described earlier, Two
studies‘with'branching tpgeé'(303;476?vhave:a150 sﬁddied the gradienfs_
in qirﬁay p;eésuré:éreated by HFV;‘oﬁe Qf £hém (476) cdncluded that ﬁFV
induces akiéiv Sighificantiy.higher than‘proximal,?aw- Mpre-convéng%onél
balloon type models have élso been used to test endotracheal tubes

(249, 327), ventllators (72,614, 615 617) or CerUltS (73 178, 282).

- :
\ - ¢
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b) Isolated lung experiments: The following HFV experiments have been

done with isolated lungs:

Lehf in 1980 desqribed uneven-movement of the'surface of dog lungs‘
during HfOV'(40é); two years later, Lehr et al. quantitated the
phase lag of different lung éegments‘(408).b

Valber end Sneddon.studied theeaeposition‘of aefesol in dbg“s‘lungs
during HFOV (505); they found that eve;‘witn a sméll Vi, the aerosol

o » | L
reached peripheral lung :egions at the same speed as O, did. They

r

'suggesmed a malnly convective mechanism of gas transport.

'Lehr et al. sampled tracer gas at dlfferent levels of dog airways

during HFOV and coneluded that there was a fast-turnover proximal -
space, and a‘peripheral slow one (407). .

. ’ , _ . o ,
Toung .et al. using acid-lavaged dog lungs concluded that HFOV and

IPPV induced the same ling water content (501)..

Mautone‘etval} were able t0’ventilétewimmature lamb lungs with

i airway pressures‘lower during HFOV thén during IPRV (423).

Allen et al al directly measured Palv in rabblt lungs durlng HFOV and

found that at_ certaln frequenc1es (resonant) the Palv osc1&la€%ons

\V

were larger than:the oscillations.in Paw; there,Was{minimal

asynchrony'between different measuring sites (314).,»The¢sametgroup_-

found similar Palv oscillations in deg-lunqs but Withnmafked

‘asynchrony between regioné (395). It is not clear if the . ;!§‘

‘ e

nethods used. B S e

w

> etﬂal;\ﬁound'that the washdut-ofeetneneufrom.dogﬁlunds.

o wesudependentfon'frequencytend7VTH(3205@-/f

dlfferences were due to spec1es dlfferences or to an artlfact of the :
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- Boyhton éE_Eif described‘a method to overcome the inaccuracy of.
pressure measurement tgrougb a_multifiumeh eatheter;‘as cempared to
a direct ﬁeésurement, invthe,traéheas of rabgits (328);

-  Gordon et alf.stﬁdied:isoletedVsheep lungs during.hypoxia and
concluded that prostacyeliﬁ‘felease, indueed.by HfPPV, causes a
blunted hypoxic pulmonery_vaseconstrictor response (666).

- Ward Eg;gif‘were éble to-achieﬁe good bxygehatien of,blood'flowiné

o

throuqh lsolated rat lungs ventllated by EOV (772)

'In vivo' experlmeﬂts. anlmal studies o

I. -"Species: The species most‘commdnly used for HFV studies has been
: , : _ , . .

 the dogq, (Table 3) the next mosiicommbn‘species have been the rabbit end

the cats. Other animals were ﬁsed less often, like sheep, monkeys, rats,

pigs;khbrses,'geese,‘ducks,band chicken. Most of the anlmals usedAwere

adults, only 9 studles USed newborns (315 321 343,423, 449 714 717]720
.

732) and 7 used prematures (36, 316 348 442, 483 503 602 603)

S

.:II; - Pathologlc lung models ‘ There are 17 :eports of HFV studies’on'
: abnOrmal lungs, (Table 4)tthe most'cdmmon model being'oleie—acid‘induceﬂ'

.pulmonary .edema. (OAPE) with 20 reports ln dogs and 3 in rabblts._ There

‘ S

are»]O‘:epo;ts.oﬁ’$al;ge—lavaged ;usqs, in rabblts, dogs and’ 71n cats;
‘eighé feporfshef iﬁhaﬁu;e iungs;éf moskeysjand‘lambsv‘Seveh;reéorﬁs,Qf
Iepen;chestAanlﬁels ;nhdeqs and cats, ena 7;fepo¥ts ef bfdnehospasmf(or
leﬁechaﬁicel(alrway Ohfffaétlon) in dogs. . Other ﬁwdels‘were used less»jfué

NN B
1

.frequently, llke alr embollsm, meconlum asplratlon; bronchopleural

Moo

~f;stula, tracheal flstula, hydrochlorlc-ac1d aSplratlon, hydrochlorlc- o

".7acid aSplratlon,plus OAPE, BPF_plusAOAPE, hemo;rhegic'shock1 neurogehic,‘

fphlmona?yledema,?ailoxanriﬁdueed:gﬁlmon§:Y'éaeme, and‘pAPE«with‘qpenf-

" chests.



TABLE 3:

Species used for in-vivo animal studies

Species ventilation . Number 'References
' Dog HFJV 61 . 8,5, 10 11,23, 30 33 48 55,57, 58, 60,
' . 64,65,66,67,68,78,79,90,108, 119,_
133,134,136,140,150,151,155,157, .-
163,173,174,181,184,188,190,191, .
B 199,201,202, 209,210,223,225,231, - -
N 244, 245,255,256,260,261,263,264,
. . : S E -277,282,348,381,382,387,625. '
Dog - " HFOW 72 304,306,307,308,309,313,323,329,
330,333, 334,336,341, 342, 348,353,
 359,362,364,365,366,367,375,377, . .
378,381,382, 387,390,391,394,396,, " -
398,399,410,411,412,414,415, 46, L
418,424, 425,426,429,430,431,441, IR
443,451,452,455,456,457, 459,464, -
470,474,475,478,479,481,484,488, .. .
4 _ 492,494,498,504,506, 507,510,513. . "
Dog HFPPV 42 35,249,488, 609 610,619,630,625,.
P Co . 626,633 648,656,657,658,663, 667, .
e - 670,671,672,673,679,681,684,685, -
- '687,688,689,690,697,699,703;704, -
o o 706,708,709,710,711, 712 716 729,*;{.;
3 730,741, o
Dog. EOV 6 - 603,685; 763 768,769, 773
" Rabbit HFJV 2 185,208 : SR
Rabbit HFOV 8 . 335,350, 358 402 419, 445 508,514 SR
Rabbit HFPPV 10 - 620,645,647, 649 655, 664 665 694, .
' e S 114,716 :
cat - HFJV - 10 64,126, 138 139 160 162 195 196,:,vﬂjf
. S . 269,270 e
cat * HFOV " - 4 311,352, 422 450
Cat HFPPV 5 652,691,692, 693 727 '
cat CEOV . 2. 761, 770 - S
.Sheep . = HFJV N E 96 L
Sheep . HFOV 5 < 321,389,423, 449 483,
Monkey. HFOV - 3 316,348,503 ,
Rat " HFPPV 2 . 602, 603 ‘n-'y‘°.; R
Rat L HFIV - - 1. L4115 o
Rat - . HFOV . V2. 372, 3735.1f’ S
Rat UEOV 2 765,772 SR
Pig ~ HFOV I 494 T P R
 .Horse . - . HFJV 2 16,115 , , S Sl
- “Goose . CHFOV . SRR L4471 T e i L
" Duck; HFOV. = - 1 R ¥ 2 O P T SR
"’ Chicken | CHFOV L L ida e ,:yg,ff/f;_



TABLE 4: Pathologic lung models

Model Species Number References
OAPE Dog - 20 23,190,231,317,329,348,381,582,
424,427,431,468,488,492,498,
412,656,697,709
OAPE nRabbit 3 402,514,649
Saline lavage Rabbit 5 208,335,371,402, 445
Saline- lavage Dog 4 133,310,687,688  °
Saline lavage Caf u15 126 :
Immature lungs Monkey" 5 316,348,502,602,603 /
Immatu;e lungs Lamb 3 36,442,483
Open. chest Dog 6 119,330,451, 685,690,706
Open chest . Cat 1 311
Bronchospasm Dog 7 33,364,391,464,475,511,699
Air embolism Dog 2 679,684/ ‘
Air embplism. Sheep 1 389 . A
Meconium
aspiration - Cat 2 160,162
Meconium . !
aspiration Rabbit 1 694 ’
Bronchopleurai
fistula Dog 2 685,741
"Tracheal fistula. Dog 2 57,152
Hydrochloric acid ¥ . .
aspiration Dog 2 5;501
Hydrochloric acid *
plus OAPE | Dog 2 55,58
Bronchopleural ‘ ‘
fistula pius OAPE Dog = 2 425,657 ‘}
Hemor;hagic shock Dog 1 ‘ 68 ‘
'Neurogenic pulmonary
~ edema Dog 1, 667
Aloxan pulm. R
- edema Dog v{ 626
Open chest plus
OAPE Dog 1 330
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III. - Findings on pathologic lung models:

a). OAPE: Although some authors have claimed that HFV has several

2
W4

advantages over conventional ventilation in OAPE (329,402,425), others

)
& s

concluded~that there was no clear difference (231,498,656). Haowever,
there are many report; with'findingQ indibating that IPPV (or PEEP) is
better than HFV in OAPE: in some of the experiments HFV induced lower
Pao, (231,381,656, ), higher PaCO, (330, 381 1498), \gher shunt (Qs/Qt,
Refs .330,381,382), hlgher PAP (330 381 431)“ hlgher PWP (330,498), lower
cardlac output (Q, Refs .23,231,330,709), hlgher Paw (186,231,402) higher
Pawp (186,348,431) or higher ‘lung water content (424). Most experiments

were done withetut matching for séw, and this might have influenced the

results (498).

-

b). Saline—lavaqu_lunqs: There is less experience with this model,
which induces an unstable lung of low compliance (829). The data
available seem to indicate that HFV can achieve better gas exchange than

PEEP (335,371,402,687) . ﬁowever, there are some reports with

! . »

unfavourable data on gasféxchange (310,371,688) or cardiovascular

N

function (310,687,703,704). . - ‘ ‘

c). Open-chest ahimals: Although a report claims some'advantages of
i

HFV over PEEP in tHis model (685), and another some disadvantagés (119),

/
most studies suggest that there 1s no dlfference (330,451, 690 706) .
/
d). Bronchoconstriction or mechanical airway obstruction: The data

available on this model are not conclusive. Some studies failed to use f

IPPV controls (33,364,464), one claimed some advantages (699), one no
difference (511) and two worse ventilation (391,475). There is only oné
report of EOV in dogs with obsﬁructed airways (763) and it sugqésts that

EOV can help in ventilation of this model. o » _
e

é

0
f
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e); Other models: The rather limited amount of data on other

[SAY
\

abnormal lung models suggests that HFV ma& ﬁéve some advantages over
. \‘

IPPV in the presence of airway fistulas (685,697,1?1) and in immature
lungs (423,469), but worse in meconium-aspiration models (199,694). 1In
the presence of air embolization, HFV'has been found to bhe equal
(389,684) or better (679) than PEEP.

f). Pathologic lung model data grouped acqording to veptilatory
mode: There are very few studies comparing two diff;rent HFV modes on

. ' 3
abnormal lunqs.  Available data suggest: HFJV can maintain betéér gas

exchange than HFOV-in OAPE in dogs (381,382); HFOV induces a lower Os/Ot

than HFPPV in dogs with OAPE (488); HFOV induces more liver damage than

.\ . \
HFJV in OAPE dogs (348) and than HFPPV in premature monkeys %3%8). No

satisfactory conclusions about differences in HFV types can he drawn
from the remaining abnormal lung experiments because there are not
enough‘étudies of individual models to be compared.

i

IV, Overall in vivo research:‘

[
L

The effects of the different types of HFV on mény agpects of
cardiopulmonary physiology have been studied, but for the sake of
clarity only relevant information will be discussed. As data on HFV
'£ypes other than HFJV, HFPPV and HFOV are scarce, they Qill be grouped
" and discussed separéfgly at the end. The majority of the studies
:compared HFV/With IPPV or PEEP; comparisons ‘were seldom made with
spontaneoué/%reatbing.

a). Lung me&hanics
! .

(1) PRESSURF:

o
£

It has| to be remembered that airway pressure measurements during

43
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HFV are technicaily difficultvand'the data reported iﬁ hany publications
are of doubtful value (see under "Measuring Paw durinngFV"); this is
especially relevant for Pawp.

*Paw: It has beén claimed repeatedly that one of the major'
advantages of HFV is to achieve gas exchange with'ﬁaw.lower than IPPV
levels, and there are many data to support this view in the three major
types of HFV (247,480,570). However, there are also many reports on
elevated ;aw, some with values‘significantly higher than IPPV leQels
during HFJV (65,160,190,231), HFOV (402,309,310) and HFPPV (685,%03,
704); in others'the'increases were not statistically significant during
HFJV (48,58), HFOV (418,429,430,431,449,450,507) or HFPPV (620,652,667).

There is not a clear-cut explanation for these differences, which are

probably due to a combination of phenomena. Several factors that affect

Paw have been identified, they include: 1ocati;n of the_tip of the
measuring catheter (221,690), amount ofventrgihment (225,514,), I/E
ratio (30,693), Raw (160,464), respiratory sysﬁém compliance (609,610)
injector size (55,610), ti&al volume (58,514,610), freqﬁency (30,474,
514), low-pass filter characteristics (369,479), bias flow (362,514),
driving pressure (55,53) airway pressuré gradients (330,488)>etc. It is

not clear which of these factors are reséonsible for the reported

differences in Paw findings between studies. As Paw influences the

cardiovaseular status (831,841) and FRC (92,498), it is a very'important_

parameter to control, especially when comparisons with IPPV are
attempted. Unfortunately, not all the reports include Paw measurements
(361) . The disparity in the hemodynamic effects of HFV reported by

different groups seems likely to be due, "at least-in part, to

different Paw levels. It can be concluded that even though HFOV usually

-~
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induces low Paw, this is not always the case because several factors can-

increase Paw during HFOV .

*Pawp: It has also been claimed that HFV induces lower Pawp than
iIPPV, thus decreasing the ¥isk of barotrauma (104), an there are several
'rgports-with loy Pawp during HFV (199,633,652). Howevér. as for Paw,
the;e ére‘algo sevgral publications with Pawp values highef during HFV
than during IPPV (60,430,620,650). Tﬁe factors that influence Pawp are
similar to those already mentioned for-Paw, and it is alsb unclear which
of\theh are responsible for the discrepancies. Moreover, for Pawp,
fredueneyirespoﬁse of the geasu?ing system is critical because peak
values dsually haveAhigh frequenpy components (819) espeéiélly during
HFJV and HFPPV. This may be rgsbonsibie for the low:values found in
séVeral studies using narrow tubings for'Péwp measurment, l;ke National
Catheter-type multilﬁmen‘ETT (199,248;249),‘because theirjﬁféqUency
*,h;response is quite low (328). Also, some studies suggest that pegk

pre§§uréskat‘the alveolar iével ahrinq HFV could be ﬁigher thaan;wp
(314,355), and thus the allegation that HFV has 1ess‘riék‘§} barotrauﬁq
“ than'IPPv may not be éévsgraighfforward as it has been cléimed.

*Airway‘pregsure gradients and Palv: There is ; considefable,amount

of data, both difect and4indigect,'to suggest th;t’durihg HEV'Saw

_increases as the airway diameter decreases, and is maximal at the

alveolar level. Several authors have reported that when the endotube is

4

e

clamped during HFV, Paw increases immediételyh;féaching a value (Poc)

e . . - . . ' . e - " - -
which they claim equals Palv (330,476,645). It is quite possible

however, that Poc underestimates the value of Palv during"ﬁFV,LbecauseAa ‘

fraction of Palv will be lost in raising Paw towards Poc; also if Poc is,

¢

~ higher than‘anﬁfthe>compliant small airways will be distended somewhat,
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further gecreasinglgaiv. Indeed, one of éhg previouslyjmentioned
reports states that in order to induce the same shunt fractioh during
IPPV and.HFV,'Ealv during HFV (assumed to be equal to Poc) had to be
1.5 cm H,0 higher than Paw during IPPV (330), thus suggesting that
Poc was underestimating Palv by around 1.5 cm HZO- Thefe are two
reports suggesting that during HFV lung voluhe is hiéher than‘during
IPPV, .at the same proximal féw {402,460). Sevefal groups have
meaguredPaw in small airways and found higher distal Paw values

(330,348, 441,488) whiclt have been confirmed by measurements with a

retrograde catheter (330,460). There is no clear explanation for the

existence of this pressure gradient during HFOV, Ope of the factofs

'invoived could be a Bernoulli phenomenon, induced by the decrease in gas

0
§

velocity that takes place when total crossectional area increases in
small airways} this induces, a decrease in_kinetic energy that has to be

[N

compensated for by an increase in potential energy (measured as Paw) in

¢
.

order to ‘keep energy levels constant (330). 'Theoretical calculation of
‘the pressure gradients are difficult and involve seﬁeral'assumptions;
calculééééj;alues suggest that the Be;houlii phenomeﬁon is only partlyA-
responsigié for the obsefveq pressure gradients (330). It has bgén .
postulated that the preésure gradient may also be éue to air trapping
ipduce& by high rgspiratory rates (563), or to §ther unknown factors
(364) which might include energy losses dué to friction o} inerﬁancé.
*Esophageal (Peso) apd pleural (Ppl) preséu;és: Although much
emphasis ﬁas’been_put 6nlthe:stuay of the cardio?ascular function during
HFV,Avéry'little is knowﬁ about Ppl which is‘ one of the major
deferminqnts of" é; Peso, as'.an apé’;oxi’mation of Ppl, also has not been

well investigated. Of the 9 animaltstudies mentioning Ppl, 4 found that

I

1

A
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it did not change during HFV (5,164,681,693), 3 that increased (321,449,
703), only in 1 significantly (703) and 2 that decreased but not
‘Significantly'Q671,689). There are 9 reports on Peso, on 3 of them it
incteased but notvsignificantly (60,389,498) on one decreased
significantiy'(163) and on~the remaining 5 no cqmparison‘ﬁas made with
IPPV values (65,457,497,504,727). These data indicate that, in some
cases, 1ntrathorac1c pressure can be elevated during HFV, ‘and this is
probably related to the prev1ously—mentloned air-trapping effect.
(2) VOLUME: |
*Lunglvclume:vAlthough there are very‘few gfoupSythat have
measuredvvi during HFV, it is well establishedﬁthat it‘is increased

©

above IPPV levels by the three major HFV modes, HFJV (57,60),'HF?PV '
(710 724) and HFOV (457, 474). Most of" the data have been obtalned by

! 13

monitoring FRC changes 1nduced by HFV rather than by measurlng actual
VL. Obviously, the tuo’major_dete:mtnants.cf VLaare Palv, compllance of
the tespiratory system (Cst)) and_the factcrs that affectAthem (which
are discussed in the‘correséonding pafagraphs)-will also determine GL.
AIt is important to rememher‘that,during:HFV, Paw probably underestinates
Palv and ccnsequently is not as dependable‘an index of Vi‘as it is
during IPPV._ Unfortunately, most studies attemnting to'match Vi/durinq
, IPPV " and HFV have used Paw as an lndlcator, thus probably ventllatlng
the anlmals at hlgher Palv and V durlng HFV | Avallable lndlrect data—
suggest that Cst does not change durlng‘HFv (see later), and thus %t 15
not responsible for the increased FRC. A 11kely cause for the HFV—_ \

.

induced increase in'VL 1s the prevxously~mentloned 1ncreased Palv, and

alr trapping caused by hlgh resplratory rates (225 330 563), or else.

rthat HFV puts the lung close to the deflatlon llmb of the pressure/

L
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volume (P/V) curve (402).

A

*Comoliance: There are no direct measurements of Cst of tne
respiratory system during HFV, which is perhaps due to the difficulties
involved in measuring FRC and 551&. 'There are very few reports on the,
changes in P/V charact;ristics of the respiratory system induceu by HFV
(that is, comparing P/V before and after HFV), and their conclusions

differ. Two studies found'slight’non—siqnificant decreases in Cst, one

of them only at low volumes (503) and the other attributed the changes

to increased muscular tone (366). In a third report,)the data suggest a’

non~significant increase in Cst (452), and in another study, no change
was, observed‘(652). - In saline-lavaged~rabbrt lungs HFOV maintained
higher Cst than éEEP (445). cNone‘oﬁ these studies‘usea actual lung
volumes tofposition the P/V curues. Ot the several factors that may

affect the P/V characterlstlcs of. the resplratory system, v1bratlon

could‘xncrease resplratory muscle tone (323), but probab%y does.not

1 ‘ v . -

change surfactant activity {see ‘later); the effects of"HFV,on 1ung.blood ‘

Ce

volume have not been reporteds o o ‘_- T ," ;
(3) SURFACTANT: . ; 1 b
There are few. studles on the effect of HFV on surfactant, and most

1 5

of them suggest there is no change from IPPV (30 359 483 503). Only

one, a more elaborate study,_suggested an 1ncreased surfactant turnover'

.

:1n rabblts (419).

. ¢
".

(4) COLLATERAL VENTILATION (Vcoll) ‘AND AIRWAY RESISTANCE‘

R

There are no studles of. Vcoll durlng HFV although several reports

'have dlSCUSSGd lts 1mportance (323 406 494,552, 561). There are also ‘no .

measurements of Raw, but the dlameter of the alrways (28 209 364) and :

_.large-alrway muscle tone (33) have been found to 1ncrease during HFV.
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b). Gas exchange, oxygen transport and ventilation

' #Pa0, Together with PaCOz, Pa0, is one of the most common

"

parameters mentioned in the HFV ljiterature. Although the majority of

the reports show normal or high Pao2 values[ there are many cases of
5\

Pa0O, lower than IPPV (or PEEP) levels (Table .5). Many factors have been °

repo;ted to modify PaOZ'during HFV, the most important being Vi (151),
Paw (@??,654) and Gmin‘(140,345,612,647); other parameters ;hought to
play gvroie in oxygenation include i/E ratio (30,568), insuflation
catheter position (108,690), PEEP (160), insuflation catheter size
(6i0), bias flow (514), etc. >In the previously-meﬁtiéﬁea répofts of
relative hypoxemia,élow PaO2 was mainiy due to circuits or respiratory
pafameters unable to maintain adequaﬁe alveolar Vehtilation. It should
be ‘emphasizied that in many studies HFV was com%ara with IPPV without
matdhing for Paw (361). In the cases where Paw was the sahe, it is
péssiblé that Palv was ﬁigher during HFV fsee under "Aifway pressure
éradienﬁs and Palv") thch may\havg been the cause for increased fabz.
It can be concluded that.evén though HFV can maintain adequate Pa0O,
levgls, séveral‘physiological and technical factors that cah7induce'a

o during HFV have been reported.

drop in PaO

e & Alveolar PO, (P,0,), oxygen gradients in the airway and alveolo-
: 2 a2 g . .

arterial 0, pressure difference (P[A-a]Oz): It has been suégested that

e,

.

FERN -

during- HFV there is a continuous PO, gradient from the airway obening-to

the alveolus (439,474). Howéver the frequency responsé of the catheter-

‘ ~ detector sYstems'available might not b%‘fast enough to detect the

fluctuations in PO, caused by bulk movement pf gas, that would be

: éhticipated in zones II and III of Slutsky et al. (572).
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Literature findings for Paoz, P(A-a)Oz, and PaCO2 data.

PaCO2 not compared

TABLE 5:
For details see text.
Findings Numb er References’
Higher PaO, (*) 9 1,191,371,402,504; 664,665,685,704
Higher PaO, (NS) 21 57,90,160,181,209,210,281,372,381,418,
452,488 503,626,647 652,671,688,689,690,
697 '
Lower Pa0, (*) 7 58,231,331,336,381,475,504 .
Lower Pa0, (NS) 15 5,150,160,260,371,391,481,494, 498,613,
. : 656,671,681,687 711
similar Pa0, 25 48,60,108,163, 190,199,209, 223, 256, 308,
382 389,402,429,430,431,460,633,657,663,
: ' 673,686,693,709,716
Pa0, not compare 35 10,23,30 87,115 126,133,140,155,157 164,
jd 244, 245,249,261,277,315,323,342,410,422,
| 423,450,457,474,492,514,609,610,625 691"
§ 699,708,727, 741
Higher P(A-a)0, (*) 3 316,634,694 =
Higher P(A-a)O; (NS) 7 108,160,162, 209,442,460,633
Lower P(A-a)O2 (*) 6 160,191, 208,310,372,373
Lower P(Aea)ozt(NS) 1 626
. Similar P(A-a)0, .5 . 185,190,498,504,613
P(A-a)O, not compared 5 126,457,474,514,708
Higher PaCO, (*) © 9 58,108,181, 260,330, 336, 381, 460, 494
Higher PaCO, (NS) 21 60,119,160, 162,244,310,345,372,374,382 .
399,429, 481,489,498, 506,652,656, 681,686,
, 697}
Lower PaCO., (*) 10. 11,205, 209, 373 450, 503 504,664 ,685,704
Lower PaCO," (NS) 12 57,190,199,210,371,391,418,430,665, 687,
' : , 688,741
similar Paco, 19 8,28,48,163,270, 308,402,431, 494,604, 613.
' : 633,657,658,663,670,686 693,709
54 5,10,30,33,58,66,67,68,108,115}126,133,

138,139,140,155,164,181,223, 245, 249, 261,
277,281,313, 323, 342, 352, 362, 390,410,422,
423,425,441,457,464, 474, 497 ,514, 609,610,
619,625, 645, 667,673, 790 791 794,708,711,

‘712 727

*, differeéences statistically significant.
NS, differences not statistically significant.

.(j§
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It is possible that similar "continuous" gas-concentraﬁion gradients
could be encountered during IPPV if a slow-enough measuring éystem was.
uéed.‘ There is_oniy one report of PAO2 values, which weré'calculated in
'men during HFPPV.(606). There afe Aany publicationSIQith P(A-a)OZ data
(Table 5), with a scatter of findings as itvyould be expécted from the
Paozbfindings reported previousiy. -No other conclusions can.be drawn
from P(A—é)Oz dag;; It has to be pointed out that as PaC0, can He quite
low during optimal conditions of HFV, high P(A-sa)o2 values coul@ be
associated with normal PaO, levels. 7 |
* 0, delivery (OzDel), bz consumption (602), mixéd venous POy,
(PGOé) and arterio-venous O,-content difference (C[a—G]Oz): Tﬁere are
very few data available on theselparameters. ﬁéported 02Del Qaiues are
either normal (262,613) or high (significan;ly; Refé.601,633f:
nonsignificantly:lRef.697), as it could be expécted-when most authors
claim that HFV induces no;mél or ‘high‘PaO2 and cardiac butput‘(é),'
However the;; ié’; report ;f aﬁsiqnificant decrease in O,Del (703);.iﬁ
other‘publigationé cbmpériéons with IPPV levels were not made
(245,4é8,so9).' Regorted \'/o2 also tends to Be-.high (457',494,504_,'63"3),
" and it has been’suggested that a rise in tissue metabolism induced by
"HFV may be responsible for the increase (457). There is scatter of ‘the
vfeﬁ‘?§02 data éva%lable and no. conclusions cah be drawn: there are
:réﬁdrﬁs#of a‘nohsigﬁificant'ingrease (281,436), decrease (119), no
change (418,663), and thére is a ;epo#t without coméarison with IPPV
(243). The énly two comparisonshavailéhletbf Cxa-V)Oz bétWeen HFV aﬁd
IPPV showed no change (235,633).
'. ; PaC02£ in.order»to prdve that\a_ventilatory'mode‘wprkS}‘it must

maintain normal or low PaCO, values, and many reports have shown that
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HFV is.effective in achieving this (Table 5); however, in some studies,

PaCo, levels were higher during,HFV than during IPPV. Several factors

that determine’PaCO2 have been studied during HFV, the mostvimportant

' | | - o . _
“being the ones that determine alveolar ventilation, mainly tidal volume

(249,457,478) and.rate (244,479,690), and related parameters like gas

entrainment volume (55,625), injector-catheter size (58;610) and

position (108,690), driving pressure (55,249), I/E ratio (30,609), bias

flow (362,457), etc. Dead space to tidal volume ratios (Vj/Vq) have’

_ been measured during HFV. (see IatEr) but the values were_not comparéd'to

[T : -8

PaCO°2 levels. An increase in VD/VT may be respons;ble for the 1ncrease '

.1n PaCO-2 at hlgh V ' observed in some studies (181,219), but these

‘flndlngs are’controverSihl (369, 4799.‘-Early‘HFV studies squested'that

- ‘-s‘ R
- v

there—was an optlmal frequency for C02 ellmlnatlon (323 430 514), but

thls was later attrlbuted to a c1rcu1t artlfact (338) and was not'’

B . .
conflrmed 1n other studles (249 402 441). HOWever there are reports R

e e

wh&ch suggest a true optlmal frequency (314 457 625 712)1 that could be

related to the resonant frequency ‘of the resplratory system (395 409

.~
u

818). -In any case, there seems to be of l@. ’%vantage 1n ventllatlngA
at ratés faster than 200 bpm durlng HFJV (11, 68 173 219) and HFPPV

(625, 712) : Durlnq HEY there is’ usually not much - 1mprovement at rates

W

igpe 30 Hz, unless large Vp are used (312 457).' It can be concluded . 1n ‘?:

C g

that even though HFV can usually 1nduce hypocapnla, unless the

ventlaltory parameters are - optlmlzed, CO2 accumulatlon can ensue. .
Y :

* Alveolar‘PCO (PACOZ) and CO2 gradlents 1n the alrways- . An-

estimate of P CO2 can be obtalned from an: end—explratory gas sample

e Py
. a L

7( after stepﬁ*ng HFV ‘a technlque that.has been used 1n a few experlments.

(457 464 478 625). There Ag only one publlcatlon that reports PACO2 o

.‘o_



values (625), and they followed PaCO2 closely as frequencyfincreased;

There are several teports of gradiehts inl'CO2 concentratlon‘doyn the
aitway‘(210,474,484;491,512); but‘as mentionedibefore for 0y, @ fast—'

- enough sampling system might havevdetected'fluctuations-in Co,

- concentration with each'vT; at least.in the first few~alrway generations

(175) :

N

* Vp/V, '-vahys and VDana‘_ The classical’concepts of dead‘space

ventilation do not apply to HFV, as it is theoretically impossible to -
4 & ‘

ventilate with Vp < V

R Dana But there are other factors that make it

-

difficult to understand the meaning of "dead space"‘during.thf the
‘”mlxing effect_of the airwayhbifurcations-implies.that the interaction of
flow with‘the airways could be as importaht‘as‘the total~volume of the
-airways (vDana); thevinterteglonal gas transport and differehce betWen”

3 vlnsplratory and explratory flow proflles 1nd1cate that the volumd‘gf gas
left 1n the lungs at "end explratlon“ durlng HFV has llttle to do'wlth
"Vbana* ‘Rebreathlng has also a completel? différent meaning for;the

reasons mentioned in the ‘last senténce, but-also because air entrainment

during HFJV and a large portion of -expired gas durihg'HFOV-cohstitute a

N -

significant fraction of‘VT}-the'enhancement offgas diffusion induced by

. ) 3 IR k-v ‘ 1
Dana* Using Bohr s

HFV tends to overcome the phy31cal ‘barrier of v
equatlon (812), D/V durlng HFV has been calculated by some authors
assumlng that there ig no Co2 1n the 1nsp1red alr fllllng V (460 504
. . B . r/‘
613 647). But thls 1s prob 1ncorrect due to the 1nterreglonal’gas ;
transpo{rt,‘r.e‘pre_athlng,'CO2 gradlent.ln the alrways;‘m1x1ng dueuto
airway.bifurcations}”etC;» ThlS assumptlon produces an underestlmatlon

_ N

vof VD, and the calculated values ‘of VD/V durlng HFV probably do not

A

Jhave phy51olog1cal meanlng.

3
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V/Q matchlng at moderate frequenc'es and small V o but not at hlgh rates‘,_j

;c)t Hemodynamics' 2

» Shunt: tlhere are‘many studies with és/ét data but no clear trend
can be observed on the effects of HFV (Table 6). Also; no clear o
correlation couid be observed'between the'changes'and‘possible etiologlc,'
factors, like PAP or Paw. " Thevavailable és/ét»data are thus -
inconclusivel Several‘studies were done using-the nultiple;gas-
technique to calculate the shunt fraction (84§) which might be subjected
to artifacts during HfV (430), and the others with standard'fdrmulasl;
using 0, content‘(852). To-apply this'latter.method, ‘the’ 1nspiréd
concentratlon of O2 has’ to be measured 1ntratracheally (439) and then
used to calculate.PAO2 with the standard g&veolar air equatlon (360).

% Ventllatlon/perquLOn ratio (V/Q) ‘There: are several studles °fi,l”"“'“
V/Q dlstrlbutlon during HFV that used the multlple—gas technlque, and
all of them found an 1ncrease of ventllatlon to hlgh V/Q areas (430 447‘f;l‘ '
460 709). Subsequently thlS has been found to be an artlfact of the

me thod probably due to enhanced dllutlon of hlgh solublllty gases (llke sﬂ’”

acetone) 1nto the alrway llnlng fiuld (430). TWO studles using .'i."‘t'«f ffnf

\'t et 4 ': . ‘

133Xéato assess Y/Q concluded that HFV improves T

1ntravenousiradroact1ve

and hlgh VT (331 337). The only'r_port of V/Q ratlos u81ng comblned

intra ::nous and lnhaled gas (Krypton) sugges that HFV 1mproves V/Q Ll

g matchlng by decrea31ng ventllatlon to ﬁbe normally relatlvely “75fdt;j}!1sg ;'ﬁ{ff

overventllated upper lung reglons (384). __'}",\pl fh?».f ﬂ;v'&, ”{“f?;fl S
i . .v: ) ' : Rk ’ : ‘. REEER v O

. \' - . 3 ‘, FO' T oL

N NE AL RS TS R ;,“ : ;.>e5{;" !
.S Heart rate (HR) There are many data on the HR response to HFV

but there does not ‘seem to be a consxstent trend (Table 6). Several

factors could be responSLble for thenscatter of data, but 1n most pl:d"‘




(nd

TABLE 6: Literature findings for {gs/{gt,N HR, SAP and SVR,

Finding ~° Number

. L

References

 Higher és/ét (*) 4
‘Higher Qs/Qt (NS) 8
Lower éé/ét’(*) 4
Lower Qs/Qt (NS) 4
SimilQr és/ét l5
6

és/ét not compared

Higher HR (*) 1
Higher HR (NS) 3
.Lower HR (NS) 6
Similar HR , 19
HR- not compared .8
Higher SAP (*) 2.
Miégher SAP (NS) 12
Lower SAP (*) 2
. Lower SAP (NS) 7
Similar SAP . 25
SAP not compared 10
Higher SVR (*) o
“Higher SVR (NS) 2
Lower SVR (NS)w, 3
Similar SVR _ £2
SVR. not compared ( 3

X

. 160,685 ¢ L

58,381,391,671
330,382,424, 475,481,501, 613,656
160,494,703, 704
308,329,460,671 _
11,162,511,633,709
10,23, 245,425, 488,670
693

160,450,452

119,244, 330,381,410,685
48,108,164,260,262,269, 308,336,352,
431,456,503,613,633,657,658,663,667,
681 o
133,245,504,609,610,691,729,741
163,185 3
5,119,160,199,381,450,452, 494,498,
671,679,687

58,703 |

48,57,164 402,504,602, 685
96,108,216,255h2§6,262}269,270,313,
316,330, 336,352, 382,479,503,613,623,
657,658,663,667,673,681,716
23,133,140,244}245;514,%@9,619,647,

691

255

381,633,685
382,613 -
244,245,609

T T

S?%bois as in Table 5. Forwéetails see text.
‘ oL . . /
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publications there is not enough information tofdetermine their exact

' role. Some of these factors are: changes in the leYel of anesthesia,
pharmaco%ggical action of the anesthetics or neuromuscular blocking
agents (especially when given as a bolus), changes in sympathetic or
vagal tone related to HFV, hyper- and hypotﬁermia etc. The role of
other féctors, like the changes in blood“gases and acidbbase status can
be dgtermined from available data. Very few reports have dealt with the

role of cardiovascular reflexes during HFV but the available data

suggest that these responses are similar to those occurring with IPPV

i

(453,456).

¥ Systemic arterial pressure (SAP) and systemic vascular

Y

resistances (SVR): Most HFV studies report SAP, and although most have
found no change, in sbme‘reports both hyper- and hypotension‘have been
observed (Table 6). 1In 8 of the 14 repofts with high SAP, a_
concommitant\rise in,PaCOZ or éardiac output é waé also observed
(5,119,160,163,381,494(498,671;, which might have been reséénsible for

the rise in SAP. Opposite changes were dbserved inall 9 reports with
« . ’
. ‘ . @ .
low SAP except in one (402)., There are few reports with SVR values and
- ) . B ]

no clear trend can be defined (Table 6). In all cases of reported

-

variations in SVR, changes in é or PaCO, could be identified as the

probable responsible factors. It can be concluded tha€<HEV per se does
. . ° ) !

not changedSAP or SVR. L ‘ .
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‘f}.} f]Pulmonary artery pressure (PAP) and pulhonary vascular
registahces (PVR): There is enough evidence in the 'literature to
sugge#t thaé HFV does not decrease PAP: it either incréases or does not
chang; (Table 7). Available data on PVR during HFV indicates a tendency
for higher values than during IPPV (Table 7). In ali but 3 (5,255,452)
of the'feports of increésed PAP or pvﬁ, one or several of the following
pogeﬁtial.féctorsv(811) could be identified: decreased P;Oz or increased
PaCO,, FRC or Paw. These findings suggest thét HFV per se does not

induce pulmonary hypertension ‘unless there is a concomjtant change in

blood gases‘or Lu;g volume. ) - ’\
l *‘Pulmonary artery wedged pressure (ngsz There ané few reports

with PWP data, and the trend is for an incre&se or no cKanqe'ovér IPPV =
levels (Table 7). Of the 6 publications in which éWP was increased, a
high Paw was élso present in 3 (58,655;703), Suégésting that a zone I-II
of West creating a vascﬁ}argwaterfall effect (850) could be iﬂvéived in /
the rise in PWP. ' k ’

* iéft-ventiicular end-di;stolic pressure (ﬁVEDP) and left*atriél

» -

éressure (LAP): There are only two reports of LVEDP during HFV -
(663,673) and one of 'LAP (321) and ali cohdluded that HFV did not induce
significant changes in these paraﬁeters. o - |

* Central Qe§ous pregsure (QVP): Few experiments report CVP values
and there is’g scqtter';f result;:which obscures.the uﬁdérstanding_of

the effects of HFV (Table 7). Only in 2 of the publications (119,689)
hand ’ - * . .

could the variation in CVP (lower) be related to a décreaée in Paw.

., :

~* Cardiac output (Q): There are many studies with data on Q during:
HFV,'and,éveq'though it has been suégested“that Q does not change'qr‘it

L _ . _ _ . :
is increased, there are many publications showing decreased Q values

S



TABLE 7: Literature findings for PAP, PVR, CVP, and é

Number References

Finding
Higher PAP (*) 7 160,162,330, 381,494,685,703
Higher PAP (NS) 10 5,58,119,281,321,430,431,449,450,452
Lower PAP (*) 1 96
' Lower PAP (NS) 1 .Q 687 .
Similar PAP 14 ‘160,199,210,262,336,389,498,504,61ﬁ,
 657,658,663,673,681 X
PAP not compared 9 66,140,244,245,264,430,609,610,619
Higher PVR (*) 4 160,162, 255,381
Higher PVR (NS) 1 19
Lower PVR {NS) 2 199,685
~ Similar PVR ‘ 1 382
PVR not compared 4 _25,66,244,245 . ‘
Higher PWP (*) "1 703 ' E . - f
Higher PWP (NS) 5 58,330,452,498,685
similar ‘BPWP 6 119,199, 262,389,494,681 |
PWP not compared = 5 .23,244,245,424,619 C .
Higher CVP (*) 2 693,703 :
_Higher CVP (NS) 7 £ 185,199,269,270,452,673,681 x
Lower CVP (NS) 5 71,119,164,685,689
Similar CVP 3 262,450,613
CVP not compafea 8 23,140, 244,245,609,610,619,691
Higher 0 (*) 5 65,163,199,336, 633 ‘ | Lv ,
Higher 0 (NS) 9 231,381,481,494,498,656,571,686,697
Lower Q (*) 7 58,96,231,251,330,703,704 |
Lower Q (NS) 23 11,23,48,60,119,160, 164,244, 281,321,
430442, 449, 450,452,494, 504,658, 681,A’”
- 685,687,708, 709 |
- similar Q 19 5,140,162,191,210, 262,323,382,389,431, |
| 457,475,511,613, 657,663,667,673,690
é not Cthared

6 - 124 126 245,415, 609 702

Symbols ‘as in Table 5.

For details see text.,



during HFV (Table 7). The following,factors could be responsible for
lOW‘é values: increased afterload, decreased preload, increased

intrapulmonary pressures or Vi, hyposia and hypocapnia. Therg-were only
3.of the 30 publicati6és with decreased.é values (96,658,709} in YbiCh
none of the previously-mentioned factors was present. When the reverse
factors (except;inbreaseo gaagT“ﬁere considered in the 14 reoorts with
high é, there was‘onlytonep(65):in wh;oh none of the#factors was
present. The parameter most frequenti} assocrated g;th low é was
increased an; and hypercapnia with high é. Fr:n‘t is it can be
concluded that HFV can changeté only through secondary'physiologic
changes. ’ o

* Left-ventricular stroke work (LVSW) and right-ventrsknlar stroke
work (RVSW): There are onlyl4 reports of RVSW during HFV: in\one no

. 1
change was induced over IPPV levels (382), in another it increased

(381), in'the'tnird no comparison'was made (66) and in the fourth

deoreased (703).' The reports on LVSW are also contradictory: two found

: H
%

increased values,Aassociated‘withﬂa rise in SAP (119) or in Q (65), in

one it was decreased without apparent reason (383), in one it was
decreased‘toqether with Sap *g53),_in another there was no change (382),

and in two no valid combariSQnsjwith IPPV were made (245,685).

~

d). Lung defense mechanisms

’ * Mucociliary function'(MCF)f,‘There are very few data on‘M:F
durlng HFV, onLy one full paper and_3 abstracts have been published.

Two abstracts reported that HFV dld not have a SLgnlflcant effect on

tracheal transport rates (151 307).L The paper conflrmed unchanged
N ;
tracheal transport rates after HFOV or IPPV (however no. control

'3
i

5 d
Al

i
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completely abolished the>clearance of sulfur colloid par icles, due

perhaps to changes 1n mucus production and flow (429). §And finally

4
there is an abstract reportlng an increase 1n{c1lla beat frequency
\ ' . ,

during HFV in Vitro-(358). E . :

* Airway secretions: There have been 14 reports oK increased

amounts of airway secretions induced by HFV, most of them \in humans (see

later) and only two.in animals (195,42§). Although some /authors have

postulated that this represents an improved clearance secretions, it

could also be due to an enhanceméent in the productiop’ of secretions
! g

induced by HFV (429), whii% could create a‘riskﬂof aifway plugging;
. . . “ . N ‘ : -

A

e). Miscellaneous

i

* Organ blood flow: There is one report suggesting that HFV does"

not significantly affect regional blood flow (hrain, myocardiﬁm, skin,

3

- muscle, liver, adrenals, jejunum, pancreas and kidney), as assessed by

radloactlve mlcrosphere technlque (67 ),' Another. report also suggests

that HFV does ‘not 51gn1f1cantly change "t:téglf‘pulmonary,lcarciac‘df
. renal blood flows, as compared to PPV (619). ' ‘
* Lung water and lymph flow.“ There are few and contradlctory data

on the effects of HEy on lung water. A spec1es dlfference may be .

g involvedibecausevtwo studies with normal lambs found no chanqg (321;-

449), and in‘studies with -dogs, either normal (451) or with oleicﬁéglaﬂb

‘induced pulmonary edemav(424 704)} lunéa&ater was elevat '
' results of 1ung lymph flow studles are also contradlct-
flow was found in normal lambs (321) and in lambs w1th'“ o3

'atrial pressure (449);;in sheep(with air embolism,_lymph flowﬂﬁas '
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similar to IPPV levels (389); in normal dogs 1,u;n<; lymph flow was
increased by HFV l451). More data are needed to understand‘the role of
HFV on lung fluid balanoe. i |

* Intracranial pressure (ICP): There are 6 reports comparlng Agi
and IPPV in which no change in ICP was observed (270 450,663,667, 673
723). Only two communicatlons found 1ncreased values (5,269) but the
cause remained obscure.  All the autbors agree in‘that thelrespiratory
fluctuations in ICP (or brain surface movement) are,dininished\or’ *‘
abolished by HFV. ]

% Renal function:“{Other'than the’previously-mentioned organ-flow

R studies, there are very few data on renal function during HFV. An

bp

’

lncomplete report in two dogs lndlcated small dlfferences in urine
volume and osmolallty, a&‘compared to IPPV (690), another “study which
compared HFV to IPPV'fod;d‘simrlar renal respbnses to left atrial
receptor stinulation (456). Nd changes in renal function parameters
.have been observed during 24 hr of HFV (245 316), mlnor 1mpa1rment in
several parameters (glomerular flltratlon, renin levels, sodlum
excretldn and urine volume) bas been reported when HFV‘was compared to-
'spontaneous breathing vith added continuous‘bositive airway pressure

- . p

(164). These observations are insufficient to draw any conclusion on
renal functlon during HFV.. | |

. ®» Core temperature: During'HFV\(especially'HFJQ'and HFPPV), a
large volume‘of gas at room temperature reaches the alrway coollng 1t
(unless a,warnlng system is used), and the ventilator' S'hunldlfler
:r,c1rcu1t may further decrease the gasltemperature through evaporatlve

heat loss (64) ‘It h;s been postulated that the coollnq effect of HFV

may be con31derable and overcome the body s thermorequlatory mechanlsms,
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'caus1ng hypothermia (64). Indeed there are several reports in the -

litérature of decreased core temperature during to HFV (7, 245 336 681).

q'Long—term effeots: Although HFV has been‘used in humans for ‘
extended periods of time (up'to,a maximum of,js‘days, Ref.168),  most -
animal studies have lasted ohly a few hours. 'There'are onl§ 4 reports
of HFV experiments lastiug'more than 24 h, Rehderlgﬁ_gg;.found'no
changes in lung mechanios (but some struotural damage) in dogs after
36 h of HFOV (452). Dople‘gg_gl. monibored the effects of
humidlfication on'the tracheal mucosakof dogs after 72 h of HFJV and

! »

found "no significant differences between the humidified groups™ in the

" tracheal mucosa, but there was no comparison with IPPV and,nq other

effects were.monitored; two "premature deaths" were attributed "to
sepsis" (78). Frey et al. studied a group of "normal" dogs for up to 4_

days of HFJV and found less pathological changes and beétter survival

)

than when the animals were ventilated with IPPV (90), however the short.

survival of the IPPV animals (average 2.35 days) ,suggests that the

experimental conditions might not have been optimal. DeLemos et al.
ventilated a group of premature baboons for 4 days with PEEP, HFOV &nd

HFPPv; and found better.0xygenation at lower §EW during HFV; although

Jthe anlmals ventllated with HFOV showed some histologlcal changes in the

liver and 1ungs (348), no deaths were reported

. % Pathologlc flndlngs: Although some studles'suggest.that'HFv does

_not 1nduce pathologig changes (78 217 654), othe: reports 1nd1cate the
_0p9051te. The follow1ng hlstolglc abnormalitles could have been related
to- HFV. whlte—cell 1nf11trates in the 1ung (79 90 136 195), alveolar
.damage (348, 714), alrway damage ;elated to humldiflcatlon (l88 195),

atelecta31s (90 452), llver damage (316 348), lung hemorrhaqe (90),_ f};».'
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: :
lnterstltlal emphysema (343), pulmonary edema (90), and pleural;effusion

(7). Most of these findings could be considered as anecdotal and lacked
'adeguate controls, however their potential importance cannot be ignored

in view of the lack of proper long-term studies. In experiments with
A

-

abnormal lungs, pathOIOgic findings similar to IPPV have been reported .

(208,371,469), but some authors have found less lung damage (321,335,

:449), Barotrauma and.alrway damage related to trans- -tracheal puncture

for HFJV, will be discussed later under "Complications".

—
/

Human studies

I, - Normal-lung experiments:

0

There are several studies of HFV on normal volunteers which:have

n

been used to study technical or theoretical aspects sof HFV, HFV has

.'been also used on patients with “"normal" lungs during laryngoscopy,

\

Abronchoscapy, alrway or chest surgery, anesthesia, cardlopulmonary
resusc1tatlon, and central resplratory 1nsuff1c1ency.i |

as Technical amdibheoretlcal studles- ﬁormal volunteers have been
used to study the following aspects of HFOV blood gas changes and apnea‘
time'(338), factors of co, elimination (369); nitrogen washout (437,486)

/A,

and xenon washin (357). Four of ‘these studles (357 369,437, 486) were .

e .

,done in unintubated subjé%ts,
v
b)’ Laryngoscopy HFJV. has been used successfully to ventllate

patlents durlng laryngoscopy and mlcrolaryngeal surgery, there are 8

reports %& thls technlque 1n the llterature (6, 9 62, 69 86 116,132, 165).

. There are also 5 reports of\so-called 1aryngoscop1c HFPPV (612 632 637

-719 732), but as mentloned earller, thls technlque is almost identlcal

VtoquJv,, The advantages of HFV durlnq 1arynoscopy w111 be dlscussed R




later.

c) Bronchoscopy: HFJV has been used also during bronchoscopy

(rigid and flexible) with success, and there are 6 reports in the
literature of this technique (70,88,89,165,274,719). HFPPV Quring

bronchoscopy has been reported in 9 studies (83 610 612,631,634, 637 741,
713,732), but agaln, it is very similar to HFJV.?

d) Airway and chest surgery: HFJV has been,successfully used to

.

ventilate patients during major tracheobronchial surgery, even though
large air leaks were present during the. intervention (21,17,15653 HFPPV

'Ahas‘also heeh used, but technically it can be Eonsidered equivalent to
.;( ' : A . .
HFJV (83,628). wa‘studies suggest that HFV can be effective in
maihtaining gas exchange ;h patients during open-chest surgefyv(81,700f.
o A :
;) Anesthegia: Besides a number ef rePOrts on the use of HFV ,:

ur
f

during intravenous anesthe51a (31 studles, see Table 8), volatlle- -

anesthétlc agents have has been dellvered through HFV clrcults (6, 165,

629,630;701,719). - | o

vj-

S x -
£) Cardiopulmonary resuscitation: Thé?use of HFJV transtraoheally
wy s .

has been clalmed'as an alternatlve technique to ventriate patlents

during\cardiopulmonary resuscitation (150). '94,

. : \

. \ -
q) Central resplrato:y 1nsuff1c1ency HFV has been used R

. f |
successfullv vﬂhti&#tﬁ aiiew patlents w1th central resplratory

) H :
e “’ R

S . ) 1':'.

2
*

"'II;CStddies infhumans wfth'abﬁormal lunée
; —

o

64

a). Acute re891ratory 1nsuff1c1éncua(ARI) » Althoth there are mahj”'b

. 4

L ' é L
.e_reports ‘on HFV of patlents with ARI (a total of 30, see Table 8), the ;

_';maJorlty lacked proper contfols, and were usually done ln patlénts who fjf“'

<

B Y



"did not respond to compventional therapy"; a total of 13 studies were
r _ d
case reports. The majority of the studieé concluded that HFV was

equivalent to'or better than IPPV in the management of ARI patients.

Most of the patients had adult respiratory distress syndrome (ARDS),

others had chronic cbstructive pulmonary disease (COPD) or central

respiratory insufficiency, and are discussedqbeparately, Patients with

bronchopleural Eistulas and neonates, will also be discussed

-

separately. There is only one study which includes a large group of

patients with randomization and controls (52), and although there are

Y

sdﬁg design questions (how comparable the groups were, efﬁect of «
/

crossover, adjuvant therapy etc.), it can be accepted as satlsfactory.m

Thle study lqcluded mostly patients with w1despread mallgnancxes, 152 of

“them ventilated with QFJV and’ 157 with IPPV, It is intereSting to note’

o
that although some patlents who could not be ventikated w1th IPPV
1mproved with HFJV, the_reverse also . occurred. The conclusxon of the
study was that there were no differences in terms of-mo:tality and

(SN
o~

morbidity between WFJV and IPPV. Further studies with more )

» : _ . . _— |
representative patients and other HFV modes will\be*needed before

,'satisfactorY'conclusione can be made on the role of different HFV modes

~

in ARI. __,' '
' ' .

b) COPD of the 9 studles that lnclude HFV of patLGhts w1th COPD,

Y

7. have used” HFIV (s 39 43, 69 127 214 232), and one each HFOV !318) and

’ L

HFPPV 1640) They all show that HFV can be used in thls type of -

patlent, but several reports suggest that 1t may not be as good as IPPV o

o P - ,
for co2 removal (39 43 232 338) o 3@4» ~.m’,'i J _f ftv:‘,-n,:

-
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c) Bronchopleural flstual (BPF) The beﬁéilatioh'OE patiehté with'_iv_ -

=

”‘BPF is probably one of the main 1nd1catlons for HFV because satlsfactoryh

.‘.



gas exchange can be maintained inspite‘of large leaks (367). There are
32 reports of HFV in patients‘with,BPF (Table 8),Vincluding both
neonates ‘and adults, but they are mostly anecdotal reports=1ncluding

very few patients; there are no randomized control studies available.

All the reports, except two (123, 258), suggest that HFV was better than

&

IPPV in patients with BPF, Most studies ‘were done with HFJV, there aref?.

only 2 using HFOV (319 420) and 4 using HFPPV (713 722 731 742). .
4) Infant respiratory distress syndrome (IRDS) There are a total
of 16 reports on the use. of HFV in neonates w1th IRDS (Table 8), usually

1

involving few patients and without adequate controls.. Most of the 'g'

‘patients, espec1ally when there was associated interstltial emphysema l"”

)

4"

(618, ‘654,707, 742). S

ale

_e) Airway'secretions: In 10. of the studies involvingfhumans, anF‘

<increaSe in airway\secretions was;nOted (4 21'130‘21452?6}420'

- 731, 734), 1n two reports lt is stated that this represented a\p _'lem‘V

suggest that the increase in airway secretions 13 due to an improved\

I3 . . . K . \ - ' _\‘iv
clearance, the pOSSlblllty of an augmented production cannot be ruled
o , . 5

*

i was maintained during the periods of HFV suggests that it was due to an n

v .
»._.'
3

)

~ increase in;thefprodubtion of_secretions:pﬁ« Co Aim,ﬁ_

Y

out (429). The fact that in several studies the 1norease 1n secretions o

6,677,

66

;‘studles conclude that HFV was better than IPPV for the management of the 'ei ’

' for the management of the patients (21 420) Although somé aufhors ;;.]"



" ADVANTAGES, INDICATIONS, DISADVANTAGES AND

COMﬁ'LICATIé;NS‘ oF HFV | | | r
Foreword- a . ' : “ - : | ”g’ . LA

Althpugh HFV was first used’ some. 15 years ago, 1t took until 1979-
1980 before_it gained widespread use. Thus the experlence avallable is
: . A N

rather limited),and although sevéral advantages of HFV have been
claimed,‘very'few:have‘been demonstrated conclusively; also,'the1!
indications are not well established.’ Similarly,yalthough'a few
dlsadyantages and compllcatlons have been 1dent1f1ed as experience with

HFV 1ncreases more problems are to be expected //Eﬁififfﬁﬁdlnessg,ln

o p

‘fmany reports that try to demonstrate how good HEFV 1s, together with the

'lack of approprlate controls in most studles,-makes lt more dlfflcult.t@ -

\'\_

- . . . . .\,,? .
gdeflne the role of 'HFV in allnlcal practlce.'l' o ﬁ?“‘ S
‘ : o o e e

Advantages and Indlcatlons - »
®°

]‘a) Surgery -and Anesthe81a. \The mostﬁfrequentiyﬁclaimed advantagé'of*HEv s

IR

o - S |0’ Lm
A31S the management of patlents durlng resgaratory or brain. surgery : : ‘

’ (Table 8) The decrease or abolrtlon of resplratlon—lnduced movements»

of the lungs, larynx or braln fac1litates the surgery. These surglcal

. 'l . [

xhprocedures could constlLute ah 1nd1catlon7for HFV, but the greatest f%i; 7$‘7
o . T 04 .o
experlence (and 1t 1s mlnlmal) is wlth laryngeal‘surgery, Besxdes the_: : L
laek of laryngeal moyement, another advantage durlng 1aryngeal surgery
i s the expanded fleld of view for the surgeon. There are 4 reports.iulf 55
'Lcialmlng that anestheﬂda ls*ea51er w1th theAuse of HFV beoause lesser f%?'
‘ ;.amountsiof drugs are requlred (69, 269 572 677) but‘more erperlenoeﬂls “;,lf“j
.lb"needed before anestheSLa can(he;oon51dered to be an lndlcatlon foriﬂFV.: )

"i') Barotrauma It has been clalmed repeatedly that HFV can ventllate

. . . . 5 .
M L -

B W th lower Paw and Pawp,.but s mentioned earller thlS lS not always the.




TABLE 8: Reported uses of HFV in\humans,fandzﬂcv. ‘ ,7;\Jq .
<. - For details gee text. ' R o R }ﬁ'f/“

Voo

ﬁee : i Number. - - .[' References -
Anesthesia 31 ,6,12 83 86,87,89, 97 112,118, 118 156 155 180,
182, 193, 234 243 266 345 628; 624?630 676 <~:77-_j B

N g b

s 100, 702 722 723 724 732 827

ART 300 'f4 19, 43, 49 52, 54 56 71 75 82 92 104 131 123;[ 5:‘:'*}7j

e 131 154 167 168 172 230 232 237 257 338 601 L

T e
N

" 606, 639 640 705 723 :\hg,; .ﬁ»efﬁgj1;~7

“BPF . o300 '13 21 22,26, 29, 40, 43 49, 51, 75 84, 104 121 123.,f;:;737J~

131, 169 170 172 179, 182 205, 248 257 ese 319,‘

“!‘§;420 713 722 731 742 S Hﬂﬁ'”

IRDS EEREEER T ;"_f;:29 111 172 205 251 347 421wsqy 608 614 s18,w,_1ff}?fe;g5

O

- ‘Brain surgery 19

TRVt e33 v‘l_.“1z 71 176, 186 190 191 210 249 601 sos 601,h s

‘-;soe 513 614 615 617 618 6: ,523 633,639 646
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case, and it is not clear what happens to Palv. There are 5 reports

claiming that HFV reduces Barotrauma (31,338,361,371,572), but the,

" available evidence is still inconclusive. However, it seems clearer -

-
@

‘that HFV may be indicated in the managemsnt of pétients with BPF or
extensive airway disruption. The safety probléms involved have not been

addressed sufficie<21Ya o

N L .
c) Miscellaneous: ‘The/fqllowing have been claimed as advantages of Hav

by some authors: better hemodynamic tolerance, safer suctioning, easier -
I
wean ing, improved Cozwclearance, lower inspired 0, concentration

’ ~

required, better tolerance and less ventilator fighting by patients,.

faster start of ventilation during CPR. These are mostly\aneédota& :

uncritical claims and there is not enough experience to Fuggest from

them specific indications for HFV.

DisadVantages and complications Ce -\

The compliéationé reporte?7in this sectién wéré.encduntered'during'
N [ .
HFVf however in several cases direct’causa} relétig:jhip could not be
established. ' |
a) Technical: The fast ratés‘used,dﬁring HfV require séphistiqated
ventilators that aré more.difficult ;oimanage, noisier and‘more_?rane to
‘mechani;al failure than con?entiohal ventilators. ~ There is a report in

-

. S . - '
the literature of a complication 'd to mechanical failure, which

involved the aspiration of particulatie material originating' from a

damaged valve (44). There is'anotherhreport of mechanical failure qf a

 ventilator (130), but no complications are mentioned.: Kinking of thé‘

injection catheter (21,116,169) and disconnection .(131) have also been

repqrted., It is likely that_mére-probléms have occurred but have not
/
been reported. ‘

oy

A\

»h
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b) Barotrauma: With' the high minute‘volumes used in HFV, a life- y

threatening situation can occur in a few seconds if a valve mechanism

i

develops ihpeding expiration (for example, during HFQV at 20Hz and Vip of
150 ml, 3 liters of ga§ are delivered into the airway every second).
There are severalAreperts in the‘ﬁitérature (all'during ﬁFJV) of "an’
acute increase in-Paw due to this:iﬁéﬁénism (21,116,153,232). Other

cases‘of increase in Paw and possible barotrauma have not been related -
to a valve mechanism (9,29,54,82,99,108,170,249,335,420,608,713), There
is a feport of distal airway damage in‘premature baboons, induced hy

~. "

HFPPV (603).

¢) Humidification: IE*is\technically complicated to achieve godd

humidification of inspired gases during HFV, and there are several
reports of airway damage due to ipsufficient humidification (21,1571,

~205). Aifw&y‘plquing with mucus has also been‘reported (21,64,137,169,

205,420,429 452), perhaps due to inadequate humidification ddded to the
rd . . . : ' '

above-mentioned increase in secretions. .

d)'Trahs-eracheal ventilaeion: The‘inekftion of a cafhetef“thrquh the
fracheai wall.is an ievasiye procedure eﬁat can induce'mahyb
eomplications, iecluding: subcutaneous emphysema (1é 34,35,é0.95,253;
254,?50), hemorfhagé’(12,224,238,2£Q;253,560)L.kinkiﬁg'of the ca;heter
(80,238,260,261), coegh (253,465), hematoma (253), pneumatocele (34),
and air embolism,(21éj:_ .

‘e) Metdbolic acidosis: Therevare many reports of.metabdlic acidosis

developlng during HFV (4,208, 315 323, 352 359 410 412 422 441,452,474,

[

492 498, 602 654) and some authors have attrlbuted it to a SLde—effect of

"the anestheSLa (609 690) However, a dlrect effect of HFV'cannOt be

ruled out. Thls effect could be explalned by an HFV-related dlsturbance>

-

70



_in cellular metabolism (457) or low Q {(613).

f) Miscellaneous_cOmplications: Other less frequent eomplications

encountered during HFV include: hemoptyé$9/(170,257,608) atelectasis
. }’ : : ’\ ) ' .

(348,452), arrhythmia (260,631), bronchocOnstriction (70,266),

hypothermia {21), psychological intolerance (4,21, 99) and life-

threatening abdominal dlsten31on (62).

COMPARISON OF DIFFERENT HFV -MODES

HFJV, HFPPV and HFOV

ThereAare very few étudies compariaé different‘Hgy modes;fand hene
of them involved humans."Available data éudgesta‘HFJV'mayebe betterj
than HFOV in removing Coz in abnorﬁal lungs.(3*1,382); e#miiar facters
- are involved in.COé removal duriné}HFJV, HFPPV .and HFOV”(387;625)}.

oxygenatioh may be better during HFOV than during HFPPV due 'to

higher Palv (348 488), liver damage is ‘worse durlng HFOV than HFPPV N

(316, 348), HFPPV may 1nduce more parenchymal damage than HFOV. in

immature 1ungs (316)}

Technlcally it mlght be more dlfficult to malntaln an HFOV machlne

I3

running in a cllnlcal settrng. In terms of indlcatlons, HFJV seems to

]
i

A
REE S

be adrantaQeous_in BPF, and.is'easier to use'during'laryngeal surgery
and enaoééopy. Otherwise,.there:are-ao_datawtq'suggeSt‘tﬁat any‘HFVLv
| mede‘is 5etter forluse in a clinicaireetting;urFor etﬁdiee‘on gas
exehanqe mechanlsms, HFOV seems to be etter because the ventllatory o

C .

\ :
varlables are ea51er to control

~.

Past cdhventional ventilation

'In'a:totai\gf 33 reports HFV was administered withia con?entional"

,ventilatqr,adjustedftb»g;ye.fast rates (Table 8), _Mest studies suggest: -

-t
-~ -
Vo

r
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'f.that hlqh rates have some advantages (malnly better gas exchange and
lower Paw) over conventlonal IPPV rates, espec1ally in diseased. lungs.
Only one study (613) maintains that a special ventilator with very %ov
compre331ble volume 1s to be used and performs better than a fast

. conventiona& respirator. however ;n this study the methods used to

measure Pawfand flow might-have induced'some'errOrs in the measurements.

'Superlmposed HFV E .d; ' : ‘«';A, o

Data on superlmposttlon of HFV on IPPV are scarce, and although-
this technique may lmprove gas exchange (124 191,251,257, 372 373 427
504 704, 731) the hemodynamlc effects and the 90551bllity of barotrauma

\

- have not been explored suff1c1ently to recommend its use.

External osc111atory ventllatlon - »

EOV has been sﬁown to be effectlve in ventllatlng both anlmals

(770 773) and humans (762 766) . The chamber mode has ‘not been .

;
.
i

developed for use. w1th humans, the cuff system tends to decrease FRC '

1

.'(773) which may be deleterlous in clinlcal practlce. It has been

¥ [

clalmed that HFV lmproves mucus clearance (768) but the p0551b111ty of
increased mucus productlon has not been ruled out. The deleterlous

effects of v1brat10n 1n the body (769) could also. Loccur durlng EOV, but

' they have not been studled in detall. It seems/that EOV xs as. effectlve

-as,HFOV, atvleast in small;anlmaIS'(765).
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°

-v: Systematic_reView of indéxeshof,journalsainwolvédvin cardiorespfratory'

-\research,,systematlc rev1ew of references c1ted in- HFV papers, on-line

s .

' computer search (Medllne). All the articles encountered were loaded 1n :

;Characteristics of"thefHFV iiterature»77‘”

;uf: artlcles involved, lndlcatlng 1f the prev1ous publlcatlon was

RN ' THE HFV. LITERATURE

Methodology used for this rev1ew )
) ‘. _yl - . * - . . . - ‘_‘- R Co ';
: Materlal for this rev1ew was obtalned from the follbwrnq sources

-

S

to a desk togtcomputer (IBM Personal Computer) using data storage
retrleval software (Scimate Corp ). The data entered for each article i
Were-'HFV type(s); flle number' journal, VOlume, paqe, year; a}:>stract,-.%-.€}:‘l '

F.edltorlal, letter or- full article/ title; prlnc1pal authors, laborator:5‘*

and/or c1ty, topics covered, other artlcles w1th the same gata., The,é.

‘_‘--

followlng Ltems were abbrev1ated Journal, tltle, laboratory and jT'

2 ‘o . '.' . i{"" .l.“

toplcs. Arranglng the artlcles by authors and lahoratories uncoveredrjgtﬁﬂ"”

Lom

materlal publlshed more than once, arrangement by Journals gave fﬁf;@

knowledge of whlch artlcles were already 1n the flle. To wrlte thls »{g;”r'

2

"rev1ew, the flles were searched by 1ndlv1dual toplcs or groups of .

toplcs.

L The major problem Fncountered at the beglnning was the use by some;fﬂ'”

authors of the same material for several publlcatlons, w1thout

a

referenclng it.' Thls was qulte frequent, and a total of 130 artlcles

- . 6’.’
(malnly abstracts) were deleted from the toplcs 115t because thelr f'

'*i contents had been publlshed more than once.- Materlal from these "f“

A

artlcles was later publlshed in a total of 192 reports whlch in" 156-;'

cases dld not mention the prev1ous publicatlon.: Table 9 shows the

Ve
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Table 9: (continuation)
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a later publication. In some cases, an article was published again in,

@ from'the.computer~searchflist;

Some groups tended to repeat thelr materlal, W1thout reference, :
" more than qtherg forhexample,;the Plttsburg group falled £o feport

preV1ous publlcatlons 1n 76% of the cases (out of 46 instances 1n whlch

>lrepeated publlcation of experlmental results was detected) the Johnsp

7Hopkins group did not report prevlous publicatlon in 95% of : the cases

~

(out of 22 1nstances of publicatlon of prev10us materlal) <Somet1mes

T

~ent£re paragraphs or even the whole abstract Were repeated almOSt word

by word in subsequent publlcatlons (for example. Refs.679 and 680, 613
' and 6115 32 and 208 153 and 129). The computer program qreacly

v

fac111tated the artlcle 1dent1f1catlon task whlch would have been very

BN

o dlfflcult otherwxse.._

.9 -'.

There are some factors that decrease the sc1ent1f1c value of the

1 HFV llterature the b1as shown by some groups (llke the Plttsburg and.

78

abbreviated formf infthese.Cases the later_publication was alse deleted )

Orebro groups) that tend to. empha31ze the good 31de of HFV and OVerlook N

. the bad .side; the abundance of anecdotal human studles w1thout adequate :

’controls, the use of statlstical analy51s on very small qroups of data

(for example. Ref 610, n-3, Ref 656, n=4, Ref 609,” -4).' The;large‘

- varlatlon 1n the c1rcu1ts and measurlnq systems used by dlfferent grOUPS’_

s

o findings. v

LR

'_makes:comparisons;diff;cult-and may_eXpla;n thezdfver31ty:in3exer1mental‘ﬁff‘
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-

3 ‘coNc Us::.cms‘ o T

Despite the wldespread use . o% HFV, there is not a clear plcture of

. 1

how it works,,lts lndlcatlons or 1ts dangers.(hk_gilable data squest

| 5that both convective and dlffusion mechanlsms»are involved ln gas
exohange during HFV., The only clear indlcatlons seem to be laryngeal

B

surgery, ventllation durlng endoscopy and management of, patlents wlth

o

BPF (all W1th HFJV). There are many reports of prolonged use. of HFV 1n W

thmans, but the long-term effects have not been properly studxed, even‘

in anlmals. Although HFV may hever be used as ‘a common ventllatory mode
S A : Co! cLoe

-inuintensive.care,v;t has become an‘excellent tool for_bhe“study of Li;‘f“”

-cardiopulmonary physiology in general and ‘gas exchange’' in particular.
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CHAPTER 1 -

. 'GAS EXCHANGE AND . .
 CAROIOVASCULAR FUNCTION DURING N
'HIGH FREQUENCY OSCILLATORY VENTILATION
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INTRODUCTION

The first set of experiments using HFOV in dogs was designed to |

characterize the ability of the bellows pump to achieve satisfactory gas

exchange.  The effects of HFOV on cardiovascular function and oxygen

delivery were also assessed. Several frequencies and air flows were

used, to assess whether a certain caombination was best at achieving good
gas exchange. 'In preliminary trials it was found that a’frequency of 10

. Hz was usually unable to maintain gufficient gas exchange, consequently
: . N . /

it was excluded from the présent_experiments. When these studies were

hegun (1980), the importaﬁce-of Paw and FRC was unknown, and they were

‘pot measured in the present experiments. The results obtained stressed

the importanbe,of thése'parameters and further studies were undertaken

to characterize them.
> .
(¥

MATERIALS ‘AND METHODS

18

Nine mongrel dogs (7;6‘1 1.2 kg) were studied. The animals were
a;ésthetiz;d with pentobarbital (30 mg/kg) and intubated with a 9 mm
i.é. cgfféd egﬁptracheél.tube. Aﬂéstheﬁia was maintained with

" supplemental boluses of pentobarbitai'(;;s mg/kg):and muscle relaxation
Qas established and &aiﬁtained with bolusgs of pancuroﬁium bromide (0.1
mg/kg). A flq?-difeéted thermodilutioﬁ‘catpetef (7F Instrumentation
Laboratory-93A—3015 was introduced .through a femoral vein into th?
pulmonary artery. Thé P;oximal poft waé used to‘infuse‘a solution of
 3.3% dextrose in 0.3% saliné a£ A fate‘of 4 ml/kg/hf. The Aistél port,
was used to measure st,and PWP (Stath;m P23Db). A éggondlcathéter was
bintroduced‘fhrouéh_a;femOral‘artery to monitér EKF (Stéthaﬁ P§3Db) and

obtain samb¥?5-fbt'bldod gas analysis., Also, a minimum of 3 blood

y
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samples for hemoglobin measurement were obtained throughout the.
studies. A plastic catheter (5 mm internal diameter) was inserted into
the pleural space through the sixth intercostal space, right midaxillary

line, and connected to a dlfferentlal pressure transducer (Statham PMSﬁ

d
/

via air-filled tubing, to obtaln conzinuous measufements of Ppl. all
/

‘pressures during IPPV were meagdred at end expiration. Transmural
e .
values (TM) of CVP, PAP and PWP were calculated by subtracting Ppl fr-

l,

the lntravascular measurements. Q was measured by theé thermodllutlon

/’ gt
technique (with” 3 ml boluses of ice-cold 5% dextrose lution,
e
triplicate).
e

. y . e .
_“For IPPV, the animals were ventilated with an animal ventilator

(Harvard model 607) delivering a tidal volume of 15 ml/kg,-.at 15 bpm.
I 4 . . -

The animals were also ventilated with the'métal bellows HFOV pump with
. the: standard circuit,. but:without an airway pressure'chamber (Figetir-

1). Measurements obtained during IPPV were used as control values and
/ ) , '
‘were taken after 15 to 20 minutes of continuous IPPV, before or after

each set of measuremenqé on HFOV. Animals could be switched from HFOV

<

to IBPV and vice versa in 3--5 s.. For HFOV, the aninals were assigned

( i

3

at random to a bias flow of air of 1 or 4 L/mln and osc1llatory

frequenc1es of 15, 24 25 and 30 Hz.

Statlstlcal analy51sr A Student's palred t—test was used to, compare-.
measurements taken ?urlng HFOV with correspondlng IPPV controls. The

control values were obtalned five. mlnutes before or 15 mlnutes after a

!

given HFOV setting. In a few 1nstances, and for varlous technlcal ,l

¢ !

reasons, control values could not be obtalned.f In theselcases, a linbar.
, . _ ( |
' regre331on analysis ‘was performed, w1th the remalnlng control valuesras T

* -3

the dependent varlable, and elapsed time as the 1ndependent var1able.



when the linear correlation coefficient obtained was significant to at

least the 5% level, a control value was calqglated for the time when it

G

was missed., When there was no significant correlation, the HFOV value
lacking a control IPPV value was not used for'comparison. The

. ) Y ' . .
calculated controls were distributed as follows: 1 out of 47 HR values;

2 out of 45 CVP;'4.out of 46 PAP, 4 out of 35 é; 1 out of 38'Pa02, and 2

out of 38 Pac0,. The use of calculated control values prompted to a

.gtricter use of significance levels, only p values smaller than 0.025
. e

were considered as significant. ,
B . [

oy

A mini@um of five pairs (HFOV vs IPPV) were réquired for the t-
tests. Standard formulas were used to calculate means, standard
deviation (SD); and t, obtaining the levels of significance f;om two
tailed tables. A pairedvt-tgst was pe;formed with individﬁgl
measuremenﬁs; using the values obtained in different dogs at the same
levels of HfOV¢ Each HFOV value was compared with the corresponding
IPPV control. AlthOUgh HFOV‘meaSufemenfs'1acking controis were not used
for the paired t—£ests, they were utilized to calculate means and SD.

The values of pH; 0, saturaﬁion and és/ét were ﬁrané%ofmed in order
to obtain a "normal" digtribﬁtion (7). The pH ;alues (whi;h are'én a
lqg scalé) were EOnQerted into fH+](linear,scale) acébrding to the

formula (57] = 107PH x 10°

. The results were converted baCk,into.pH
‘units after the statistical analysis using the inverse calculation

pH =9 -'lég'[g+].  AlS9; oxygen séturétion and és/éﬁ values were used
for stat7stical célcﬁlations’aftef gﬁvangdlafitransformation to avoid
VskeWéneﬁs (ﬁheyAa:e.oﬁ;%_séalé),.éccérding to the‘forﬁula ’

|

X = arc_in‘/percentage {7), and the resuits of thelanalysis converted

'pe:ceﬁtage.using: % = (sin x)2.

Y
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RESULTS

Blood Gases: The results of blood gas data and ‘their statistical
analysis are presented in Table 1-1. Tne Pao2 Valnes during.HFOV were

| .similar to IPPV, except at low frequencies and bias flows during which
there was a tendenoy for lower_éao2 during Hfbv. The‘oxygen saturation
of the_arterial blood and'arterial ijwere similar duri:q HFOV and
IPPV. Similar levels of Pac0, were observed'except at lon frequenciee
and bias flows in which there was a trend for higher PaCQévduring
HFOV. The relatively high IPPV tidal‘volumee land consequentl} minute
volumes) used (60% higher than those,reported for spontaneous breathino
animals, Ref. 1) and- normal rates lnduced low PaC02 durlng IPPV. The
measurements obtalned from mlxed venous samples (onz, SvO2 and VpH)
were slightly lower durlng HFOV although statlstlcally 91gn1flcant

‘-i?{ differences were usually not present.

i M‘VCalculated parameters from’blood gas med@urenente~and é are

presented in'Table 1-2., The values for Caoz, P(A-a)o2 and- Qs/Qt were

51mllar durlng IPPV and HFOV. However, mlxed venous oxygen content (Cv
O ) and VO2 were 1ower durlng HFOV at some flows and frequencies..-

Conversely, C(a-v)o was usually higher durlng HFOV. However,_these :
dlfferences were generally not statlstlcally SLgnlflcant. OzDel-was
usually SLgnlflcantly lower durxng HFOV (Flg. 1—2)

Hemodynamlcs: The results obtalned from hemodynamlc measurements are

presented in‘&able-1—3. HR and SAP were 31m11ar durlng HFOV and IPPV at
.all frequenc1es and flows, but CVP, PAP and PWP were slgnlflcantly
hlgher durlng most HFGV frequenc1es and b1as flows (Flg. 1 3) Y‘However;ﬁif

when transmural values»(TM).were’calculated forlch, PAP and PWP,(Tableftﬁf
‘ SRS TR : B Do T e

FO
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1-4), the differences between HFOV and. IPPV weré much smaller and not
statistically significant. é yalues were significantly lowet during
HFOV (Fig. 1-3).

The -values for Pél obtained during .the hemodynamic studies are
included in Table 1-4. Mean Ppl during HFOV was hlgher than end-
-expiratory IPPV values (Fig 1-2), the dlfferences belng statlstlcally
signifipent.The variables calculated from the hemodynamic parameters are
presented in Table 1-«5. Stroke wolUme (SVl and LVSW were ushally lower
during HFOV; szr was similar durlng HFOV and IPPV.. PVR (Fig. 1-2) and
SVR were higher durlng HFOV, the dlfferences belng statlstlcally

"\.
31gn1f1cant.

Table 1-<6 shows the statlstlcal analySLS of . the llnear correlatlons
between parameters obtained during HFOV (at bias flows of 1 and 4 L/min)
" and frequency. Of the blood gaSvaqd'deriVed values, only SGO}, Qs/ét

-and O.

,Del showed a significant correlation with HFOV frequency (all énly

;”ng 4 L/min and w1th negatlve slope) . Several‘hemodynamic ana:derived
'iparameters had significant correlatiod'with HFoy,ftequency et.4 L/min:
' CVPQaha PVRV(posltiwe slope),land §X§,'é; sv:and';vsw (negativev
slopel. At 1 L/hin only é shd SVR'hsd a significent correlétion with
kffequency fwith a negetive'and-pbsltiye‘slepe, respectively). ?pl was

‘correlated ‘with frequency,only at 4.L/min (positive slope)."

‘-DiscusSIdN
Wlth‘the use of the metal bellows HFOV pump, normal exygenatlon was
ach1eved w{th -.good CO2 ellmlnatlon even though the tidal WOlumes were |
smaller than the dead space (2).ﬂ The hemodynamlc data suggest a

depressed left ventrlcular functlon w1th an lncreased preload an effect

- b
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that tended to be more lmportant at the hlgher frequencies and b1a3m
flows. This could be due to a direct effect on the left ventricle llke
" that squested for PEEP (6), thCh can not be ruled o:t)ln the present
. study. However, it has also been suggested that at hlgh alveolar

pressures, the PWP may be much higher than the left ventrlcular fllllng
pressure (4). ~In~another study with this d}OV system»lt was concluded
that-Ealv‘Was increased (Chabter 9A). This could induce a vascular-:“
waterfall eftect at the alveolar level Whlch would help explain the
increased pressures of the pulmonary c1rculat10n and hlgh pulmonary
vascular resistances. An 1ncreased pressure gradlent between the .‘ﬁ
“wedge“ and‘left atrium could explaln the mealred Q by a decreased
preload Another mechanlsm that could explaln the low Q with hlgh PWP

Q-

is a decrease in left-ventrlcular compllance (5) induced by a hlgh
perlventrlcular pressure (secondary to the hlgh 1ntrapumonary 5
pressure).k The increased SVR despite‘arnormal SAE was probably'due to -
,compensatory vasocOnstriction trlggeredlby the déCreased é, .It:is S
surprlslng that the transmural values for PAP were not 91gn1f1cantly
dlfferent from control desplte an. 1ncrease ln PVR.‘ Thls may be due tov
- the fact that at high lunq volumes, perlvascular preSsures can be lower
e L3 .
‘ than Ppl {3), whlch would make the calculated transmural values .
'.1ncorrect,' In the present studles, Cvp was obtalned from the proxlmal

port of the thermodllutlon catheter, wh1ch was probably 81tuated at the:ﬁtif

lnferlor vena cava level.- Data from prev1ous studies (chapter 3)

lndlcated that IVCP 1s a good estlmate of RAP durlng HFOV, but durlng

IPPV IVCP OVerestlmated RAP by 2 3 mm Hg.:'If approplate correctlons had”-‘l@
. 4\‘ . : . S

been lntroduced, CVP would probably have been slgnlflcantly hlgher 3f?,'b

f.durlrng"HEQV‘.' T B T
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’ A

The decreased é was reséonsi5le for a decreased oxygen éelivery in
Athe*presencé of‘normal oxygen concentration of the éfteria} blood. This
stresses the importahce of the é measurement»té”interpret thé adequacyf'
Af'tiSSue oxygénation,ln the presehﬁ study; peripheral tissues were
rgceiying 1ess‘oxygen during HFOV despite a norﬁa% Pal,. .

In summary it can 5e concluded qhaﬁ HFovidan'iﬁpair.cardipéascular
funétion'and fhus decrease oxygen delivery aespite normal afﬁeria% bléod

gases.

4



., REFERENCES
1. ALTMAN P.L., AND D.S. DITTMER. Respiratory frequency, tidal
volume and minute volume: vertebrates. In: Biology Data Book 2nd ed.
-Vol. 3., Bethesda, Md.: Federation of American Soc1et1es for !

~Exper1mental Biology, 1974 p1581.

2. BOHN D.J., K. MIYASAKA, B.E. MARCHAK, W.K. THOMPSON, A.B. FROESE,
AND A.C.*BRYAN. Ventilatjon by high-frequency oscillation. ,J."Aggl.
Phy51ol.. Resplrat- Environ. Exericse Physiol., 48: 710 716, 1980,

3, HOWELL J.B.L, S. PERMUTT, D.F. PROCTOR, R.L. RILEY.. Effect_of
~inflation on different parts of the pulmonary vascular bed. J. Appl.

Ph28101. 16 71 75, 1961
4, KING 'EG.. "Influence of heChanical ventilation‘énd,pulmonary

disease on pulmonary artery pressure monitoring. “Cans Med. Asgsoc. J.
121:901 904~ 1979, . , T T —

5.  MARINI J.J., B.H. CULVER, AND J, BUTLER. Rffect of positive end-
expiratory. pressure on.canine ventrlcular function curves. J. Appl.
Physiol.: Resplrat. Env1ron. Exercise Phy51ol.£ 51: 1367—1374,v198t.'

6, PREWITT R. M., AND L .D. WOOD. Effect of positive end-explratory
"pressure on ventricular’ functlon in dogs. Amer. J. Physiol. 236: ‘
H534~ 544 1979. S L T P .

7. SNEDECOR GuW., AND W.G. COCHRAN, Statistical methods, 6th ed.
- Ames, I0: Iowa State Unlver51ty Press; 1967: 327-330, S

145 -



146

*AddI I fAOdH

©*100°0>d fyxx f100°0<d<10°0 ‘xx

110°0<d<520°0 ‘=« “mNO.OAmuuwz

tH fuTw/SI83TT b 8 L MOTJI seTq It ? Il {dS ¥ uesu wudﬂmmsﬂm>

" SN

»

SN SN SN SN SN * . SN
PO OFLE"L OL*OFLE"L 90°0FSE"L 90°0F8E°L 1€0°0FEE"L GO"OFSE"L GO°OFLe"L SO°OFeE€L I . |
ZO*0FOE*L LO°OFSE*L €0°OFLE"L VO°OFGE"L GO°0OFZE'L B0'OFEE’L ZOTOFEE"L L0°0F9Z°L ~ H Hda
" SN SN SN - x , SN SN SN SN
L¥99. 6FLL LFSL LFVL S¥OL 6¥CL BIvL LIFL9 I, (%)
9LF19 9L¥59 v1¥99 Z1¥99. 9¥89 TL1¥89 8FLL 6LFL9 .. H Coas
SN * ‘SN SN SN SN Y  sN SN - _._,.W_
S¥CY v¥IY 8¥ov BFEY 4347 LFTY M ai 44 8FLY I (xa03)
o¥ge . 9¥6t 9%0y v¥ec vILY vFOY  9FLp 8¥0¥v u  -Coaa
SN - SN . SN SN - SN SN.. . SN SN -
€0°0F6E°L B0°OFBE"L GO°OF6E°L GO'OFEV L - VO°OFLV°L GO°OFCHP"L POOFCTV*L VvO°OFBE L I .
10°0FZE"L - 90°0FLE'L PO°OFSE*L VO°OFBE"L CTO°OFLE'L GO°OF6E°L GO'OF6E€"L -l0*0FOE"L H  HA®
SN SN SN SN SN s SN SN
£¥0€ 9¥0¢€ S¥6C v¥8C Z¥0€ g¥le -, 1F6T €F0€ . - I (x7103)
S¥62 _ SFOE Z\¥ZE 8¥EE SFLE LF¥ZE N 9¥9¢ 8FLE " H  %oded
. : SN. SN SN . SN . SN SN. s CsN a.w
z¥ee v¥C6 LFE6 Z¥V6 . T¥T6 EFE6 L L¥P6 1¥Z6 . T (%)
€¥T6 £¥26 S¥06 LF16 . VFLe T 9FL6 S¥T6. EL¥58 B Coes "
SN SN . SN SN . SN © SN . CsN o
LFIL LLF9L 9¥8L 8¥88. L¥8L 'L¥18 8¥€8 E¥pL - I (2203)
L¥08 ZL¥8L OLFLL ELFLL 6FLL CLFLL 8FEL V1¥G9. H . Nowmﬁ
‘Iy/ZHOE - IV/ZHST Tv/2H0C  Ib/ZHSL TL/ZHOE TL/ZHSZ

fr

m3udu se1q pue seTousnbaiajy 3usiayITP

. Ti/zRoc’  “Ii/ZHSL -

Je pautejqo..‘sanyea seb Uonﬂw ti~-1 9TqeL

<m

.I93/wmeaeqg -



147

»

S,

* spew uostredwoo TeoT3STILAS ow ‘sated.gdu V| aTqeL cw.mm,wHonahm

¥

8T¥VS - CTTFESH 09¥181 LSFULL Tv¥FeLL €9¥F6L1 89FL81 . SLFY9L .- I (urw/Tw).
71001 9EFGTL LLF6EL BEFVYL 343 ZA NN 4 4 13 8v¥ayL - ZhIYZL  H - Ta@c0.
SN SN SN . sN v SN SN v
G ZLFZ'GHF O LLFO'VE L°LLFZZE  L°6FC°LE 0°0LF8 OV  €°6FG°LE  6°8FZ°8EL L °PIFS E€b I (utfigru) -
p°8F0°LZ 0°6F8°GE B LLFL'LE  0°9FB8°VE T LFI9°EE  O°PFT°EE  9°8FG'LE LO0TLIFS*IE H -~ “COA
SN SN SN SN SN SN CosN o sN L eN
L¥S1L 01¥91 €1¥0¢ SL¥FGL 8¥VL 6¥C1 SFLL COLFLL T T (%)
oL¥6 SLFEL ELFS1 . 91F91 vLFEL oL¥ot L¥L1L €¥6Z . H ~ 230/0
SN SN SN SN . . SN SN SN oSN L
v GFL-¥Z  L°9FZ ST 6°LF6° LT G 9¥F6'TT  0°9Fp ST L°8FSG°TT  L°6¥9°eT  9°€FgcST I (axd3) |
GoL¥Z LT €°6¥6°TC  L°8F9°0T . "vosFSTlT  v°8FL ST 6°LF8 TT  8°LF6°LZ  vTLFE"BZ H Co(e-w)a -
SN SN SN - SN SN SN SN g |
(AL 24 2 Lo LFE Y Lo\¥9°€ 9* LFL Y L°OFL°V - VULFOCV - L°OFO°V . 9 1FB°V ‘mw L
0°T¥L*9 6°0FV°S 9° L¥0°S IARE S A% 8° 0¥y ¥ 6°0FV° ¥ 0" L¥FE Y m._ﬁojvwfgmzwoﬁwnmvu
* SN SN SN SN SN e oSN
9*EFZ VL T PFE'VL  9TPFE PL  O°PFL'O9L G E€FO'€L  9'PFL°¥L . 9t€F6 VL €°SFpevL - I (001/TW)
9°€¥6°ZL  SPFG €L Z°EFO'EL  O°€Fp°¥L  PEFL°CL  S°VFO°EL  B8EFO°VL T ¥F9°CL  H _No»o .
SN = SN SN . . SN SN TSN A T
9°£¥8°61L  6°VFS 8L L°PFS 8L T PFL 8L  9°VFL 6L  T°vFL°BL - LoeFi*6lL € ¥FL°8L _Hgﬁooemasv.\.:”
G*€¥0°0Z Y V¥F6°8L  €°bFL°8L  L°VFZ 8L T P¥FSBL  9°¥PFBTLL  8°PFI'6L - 6°E€EF0°LL - H Toed
“1v/ZHOE Tv/ZHST v /ZH0T Tv/zHSL  IL/ZHOE  “IL/ZHST L/zHOZ - TL/ZHSL I932uRIed:

eaep oTweuApowsy pue seb pooTq WOiF POIRTINOTED mumwwsmumm..umr_ o1qel

-

3



148

*| aTgel ut se s{oquis

¥ X xx¥ BEL xx . Ty X SN
 8Z°0¥98°0 0T°0FLB°0 OV OFEO"L ZE0¥B6°0. LE"0F86°0 LETOFLOTL LT OF007! gz 0¥€6°0 I (uTw/71)
CL*0FGS°0 GL°OFL9°0 VC OFBL'O 9T 0FS8°0 LET0FLLTO €TTOFBLTO 0Z°OFLL*O  LL°OFLL70 H 3
.y SN Y x¥ x . : ¥ x L T »
0°6¥6°G., 9°y¥L°V AR A0 4 8°ZFY ¥ €°9¥y°9  8°CF0°V v°e¥9°E G TFC VY 1 (bH wu) -
g p¥L L  L°GFEL’8 1°GF6°6 L*pFP°8  8°6FC°CL 9°€FL°8 L°GFS°0L  6°€F9°L H dmMmd
xxy e FYL] N S ¥ . wx ¥ - R
1" L¥9°¢ 8*LFLE 6°0¥9°2 L°1¥9°¢ 6°L¥g°¢C 0" L\¥h T T ETIFLIT 6°0FL T 1 (BH um)
€°¢¥8°L  0°TFO°L 0°2¥6°9  S°TFC 9. L*ZFG L 0°2ZFL°9  O0°EFL'9 - LTEFLTO H .dAD
¥ . ¥ re .«¥ . x ¥ LR S ¥ } ¥% - '
L°G¥ETOT  GTLFL'BL  BTTFLCLL pepFe Gl 6°CF6°LL  STEF6°OL pUTFETLL  STPFOTLL I (PH uw)
[-c¥ceoz 0°8F0°LT E€TGF6 VT  TTGFCTIT  9'VFLTOT . VUGFETEC poL¥osve £ 6FLTT H dud -
SN SN 6N SN " SN SN SN Csw
ZLFGEL vLIFVZL LLFLZL vLFZEL ELFOZL E£LFCEL LLFGEL Li¥ezZL . I (bH wu)
6LFVLL LLFPZL OLFLTL ELFEEL 6LFZEL ZLFOEL - OLFLEL LiFLZzLy . HO QNS
SN SN SN SN SN SN SN SN e
OEFLOL OEFELL 6ZF0LL LTFLIL OEFSOL zZe¥F991L STFPLL zeFegl I (urw/q)
EEFELL LTFSLL . OEFOLL ETFLIL TOFLLL LEFGLL '8TFLBL SZTFIS L H 9H
v/ ZHOE 1v/ZHST v /ZH0Z “Ii/ZHOT Fopoweied

T6/ZHSL ~ Ai1/ZHOE  '1L/ZRST TL/ZHs L

sMoT3 SeTq pue sotouanbaaz ucwumuua.@ e paute3qo ‘gxa3xowered otweuApowsH Ffg-| aTqel

‘
Y



(WL) seanssaad Teanusuray

J03J p330583a0D muwuwamumm ostuweudpowsy pue saanssaad Hmuiwﬂmu »VJF

* Y

.9, -
3
-4
~ -7 *L BTges ul se’sToquis
SN SN SN - SN - Mw SN oen T
| 0°STL'6  6°PF6"9  TTV¥6'Ss  6°UFC'8  8°2¥C°8 - B EFO°L | L-2¥8°9 . 1°z¥ocs I, (B wm)
L*€FV°OL  0°EFL'8  L'STE'6  €°PFGT6  L°TFE"8 | SUEFETL.  B7S¥9%6 . L°bF9'8 M ,Eﬁmzm
SN SN SN SN SN SN -
6°LFOSL  GULFL'9  GTZFLL. . P°TFEO . GULFETL . pTIFVCO  LTEFPL | ZUEFE'9. H (WL)AD
N . 8 . N . ,4/ . - . R . . ] . _
SN SN SN SN SN SN SN SN L
079%9°VZ  G'9FL'ZT ZTEFBTOT  079FL6L  Z'SFOT0Z  TTSFETOT  9°LFSTET ¢ 8 €¥e*iz, 1" (b um)
S'E¥8°SZ  0°LFSTLZ  EVFLEZ v VFE T L°VF6TOT - 9VFBTET L LIV SZ  6°VFG mm _m,,,_aE..vmmu,
¥ ey *ux TP . ¥xx “xx Cxww «,a.r, . I
LULFLTS-  LTLFLT9-  §ULFLG-  GULFC” w|\<wm LFZTG-  6°LF6S-  9°0FL°G-  L°zF6°p- I (0%H wo)
0°2FL'0  6°LFL°0 € L¥s°0- 2° N#\ 1 9°1¥€°0  Z'E€FL'0  gUIFgT0~ @ iFEs L= H . Tdd
) "1It/ZHOE v /ZHST T5/ZR0C - Tv/ZHST  TIL/ZHOE Ti/2a5¢ = “IL/ZHOZ . 1y/ZHSL .  Xeaswexeq
@ o %MW“ i} S

.mﬂnma@




150

[

o

SN

SN
LEVFTLEL

‘PS6FETOL

SN
L OFL*L
v OFE" L
SN
v vFroOL
€ LF8 Y
»
9°Z¥8°6
G*L¥9°€

SN

.

xx

LLSFOLE

S09¥00LZ

SN
9°0F€" |
L°OFL" L
SN
L EFG°6
8*C¥C L
. r« _,
8° LF¥G°S

S*iLFO° ¥

) N ** - N . . ‘_ " .‘ s_. )
€L6YFYOVEL VLVYFLLITL 9T6EFLT60L STESTOGLLL 8ILYFILILL L6SHFBEBLL LEEVF6BSLL 990SF6ELTL
' 9£G9F9STIL BBLEFIGEVL IVLEFOVOCL ZELGFLLET! B6LAT6LLIL €ILVFEOEV L. EPTSFEBLYL 8ISHFYO9EL- H  "¥A

xx

LYEFVI6

. B9ZFC6E L

SN
9°0%5" L
9°0%G° L
SN
Ve GFES UL
€ €¥C°8
o

9°2¥2"9

STLFEY

SN

SN. -
m@@ﬁBM——

68SFYVEL

SN

9°0Fb° L
8°0F9° L.

©* SN

. TTRFOCULL

S°€¥9°6
SN

£*ZFE 9 -

6°LFES

LY

SN
ELEFPIOL

.S98FLY61L

SN
0°1¥8° L.

bOFL>L

T
STVFO 1L
S*eE¥6° L
L
£°CFV*9
L ZFp Yy

RTINS TyRY

Q'Y 3

¥%

“VLVFILOL -

,8BTFI9S L.

" SN

9°0FG° 1.

L°0¥9° L

¥

voOFETL
mCOHmOFJ

0°v¥O TL

o LTELs

R

.. 6" LFV"9

S*LFLV

. 8'1F6°S.

ca

]

| oTqel uT

S

_ *{...{.‘

o
8ZLF09C L

SN -

L*€E¥0" LL

L*€EFL°8

E X

0 -

- 80SFLOIE

T STIFYeS

se . sToquis . .

¥

SN

G6SFSOLL

6LEFSIGL.
SN -
6°0FS L

6" 0FL L
S 9TRFRALL
0°€¥9%6 -

CsN
L*TFY9 .

N

v/ ZHOE

To/ZHSC

~

!
T¥/2H0T

ad

Tv/ZHS L

=

TL/ZHOE

Ti/zHST - TIL/ZHOT.

e3ep STWEIApOWSY uOI 3 b@umﬁioﬁmoqmmwuuemuwm

TL/ZHG 1.

o
.
~
P .
o L aE N
B x...,v\u\\i\
N te BE

I .hm%v *

g wmivm; M
mHﬁw_x,:va,
,mxam>m,

.

T (wewB)
CHo- - MSAYC
T (wewb)
CH MSAT .
R umwnff,
Tw /.
Lo .

‘

[ -Z9}suwexeq .

TN



TR : : 7 | ‘ ‘ ‘*lSl

‘Table .1-6: L;near correlatlon of parameters (r values) with HFOV
frequency at-1 and 4 ‘L/min blas flow.,

y

[

parameter 1 L/mln -4 L/mln o "'~~,1Parameter- ;1 L/min 4 L/min

" Pao 0.91 © 078 W 0.76 '* 0,80

-
Paco, 0.82. ©0.83 - SAP - 0.38. 0,98
. SR B o Co " ) (**)

. apE | 0.39 0.71 - o 013 0,96
oo e : A IPRUREN 1.

250 0.39 . 0.50 . pWp . .0.74".  0.88 ; .

SpH 0.26 . 0.67 0 “T oo 70,95 0,98 .

S0, 0,59 T 097 . SV 0a83. . :0.99°
4 o (**) . ' o N - j'_“{(*t*)

¥4
*

cao, 048 . 0.83 . ""GLVSK°””~‘,0;86fT.'7fo 97
LT SRR B T N TR R (**)

o6 L. RVSH . q;zq co, 4alfﬁgig}f‘

4 : ,
DR PR e T
Cowe s M e “o. 94 "n 76;v-'ﬁ.;.
‘ B PRSI ) S
~-iM=3:%*<}':~~f=icf_; IRARE SR
T”§37thZPVR f.ffT °;85”5l,f*Q@94f.f}:ﬁ,f;

L em(me) 0,790 G

©PWR(TH) 0,12 . 0,60,

.025 (NS), TM- traqsmural value.v ﬁgméiﬁiﬁ§: :f{
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Flgure 1-3: Values for. PKP PWP and Q durlng HFOV Gblack
columns) at dlfferent frequenc1es and air flows. Clear columns,"

I??VA°°P§§9l55_ Sympols as 1n Fig. 1-2, IR S \\,  ,
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ALVEOLAR PRESSURES AND RESTING LUNG VOLUMES DUﬁZNG “

HIGH-FREQUENCY OSCILLATION IN DOGS ~ |
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' ~d1ff1cult. For example, proxlmai Paw can provlde an estrmate of Palv

as FRC Ls 1ncreased durlng HFOV(3), the spontaneous re5p1ratory
» movements that are requlred to generate pressure/volume changes(9) are

'.‘delayed or abollshed(8), precludlng standardeplethysmographlcv 3

fserles of experiments, Paw, Epl and changes Ln FRC wbre measured at

"""Erio.us levels of HFOV. . .

155

- - INTRODUCTION
Availabie‘data suggest that, during HFOV,”tvh related variahles -
FRC and Palv - are major determlnants of the effectlveness of this mode

of ventllation in the sick lung(21 23). However, the 9pecial

characterlstiés of HFOV make aSSessment of these parameters technlcally

: s
% ‘ :
x

during conventlonal yentllatlon, but thlS may not be true durlng HFOV.

recent data suggest that high—frequency ventilation 1nduces a pressure

. d’

qradlent down the airways, 'so. that paw underestlmates Palv(S 19).

A

Furthermore, the'most»s Ltable methods for measuring FRC.ln ‘vivo ‘are

based on elther gas dll tion or plethysmography. As most HFOV systems

2

‘are open, gas-dllutlon technlques pose ma]or technlcal problems.' Also,

‘*W :-“_’A 2 e
5 S I

a

‘measurement of FRC. No other reports on plsthysmographlc‘FRC (TGV)

r;‘,

' measuremeﬂtstdurlng HFOV have been ;mbllshed, the only data from other

"’*

vlaboratorles haV1ng been obtalned w1th gas—dllutlon methods (for .

%
% Kl

example, Refs. 6 18) - l‘dcgif“? i}',:ﬂ"frﬁf-,’ ‘ t ru'l‘g o /'-1“,";'j f_'f
A method for measuring TGV in a bodylplethysmograph in wh;ch the "q

a-

-resplratory effort 15 induced by phrenlc-nerve stimulation ls descrlbed

N .0 .,

'Jin thlS chapter. Paly was estlmated from TGV measured durlng HFOV and

e ithe stat1c P/V curves of the respiratory system.v In anesthetlzed dogs,

L . [

TGV and Paw were measured before, dur1ng, and after HFOV.A In a further -‘g’[

.,..

N w LI . . BT * N o

’ -
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MATERIALS AND METHODS ' SRR

Effects of duration of HFOV on lung volumes

E;ght dogs (8.8 ¥ 2,3 kg) were studied. The animals were ‘ 7’
anesthetized with sodium pentobarbltal, 30 mg/kg, and intubated Wlth a-
cuffed endotracheal tuge 9 mm i, d., 26. cm’ long. “IPPV was 1nst1tuted

w1th a Harvard ventllator model 607 at a rate of 15 bpm and a Vp of 15
4 \

"ml/kg. . The ETT cuff pr&ssure was kept above 40 cm. Hzo. A catheter was

ingerted into a femoral artery, for monltorlng blood pressure and heart
rate (Vla a Statham ‘P23Db transducer) and for withdrawal of samples for

blood-gas analysis (analyzer model 816, Instrumentation Laboratory).

Another catheter was ‘inserted intg a femoral veln, for lnfUSlon of a
' sdlution of 3. 3% dextrose in 0.3% sallne (5 ml/kg/hr) and malntenance of
"anesthesia. ‘The phrenic nerves were lnstrumented and the dogs placed

into a body.plethysmograph to . measure lung olume by phrenic-nerve

stlmulation, as descrlbed in Appendlx III. (ore temperature was

\
measured WLth ‘an lntragastrlc thermistor and: maintalned at phySLOIOQLC

levels with a water blanket system.

The anlmals were also ventllated with the HFOV pump at 20 Hz'and 4.

L/mln blas flow. The clrcuit usedﬂhas been descrlbed ‘in Chapter 1 For

TGV measurements durlng HFOV, the airway was, clamped and the pump 'r
N . : }
stopped at varlous tlmes after startlng HFOV (at 1, 2, 4, 8, 12 and 16

ﬂmln, asslgned at random), and TGV was. measured by phrenlc—nerve

_ stimdlatlon. Control mgv values were obtalned durlng IPPV, before and L

; A

after HFOV perlods.

8

Paw was monltored via a side port (3 mm ID) in the Sllastlc tublng

B -

'Qoutslde the plethysmograph wall. It ‘was dlsplayed, along wlth arterlal

'blood‘presSure, on'a strlp chart recorder (Gould,fmodel 26008) and was'.

I

I

3
Al
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" the volume axls. The statlc P/V curvee and

1~plotted on’ ‘the P/V curve, and the Palv value was ad off ‘the pressure

ax13. If the P/V curves obtalned hefore and after HFOV were not '

"Effects of variatlon in’ HFOV 1evel

‘ o . o 157

averaged blectronically to vield Paw, The Paw value obtalned J“St

after the airway was clamped was termed the occluded alrway pressure :M

2

(Poc)., Stress relaxatlon of the lung causes Paw to decay w1th tlme(J7)

QF

and thus may hamper detectron of alr-leaks wlthin theusystem. To test .

o g

Whether a leak existed, the dog s lungs were lnflated to a presgure of

25——30 .cm H20 volume and the alrWay was clamped; the plethysmograph wast? ;f

connected to the bell spxrometer w1th large—bore tublnq, and the volume o

e )

reading was observed for at least 10 Sec. Volume remained constant'in B

all cases, - IR e

A statlc p/v curve of the resplratory system was constructed durlng B

=~ LA )
each control (IPPV) period. Flrst, to obtaln a 31m11ar vplume hlstory
L3N

for all 8 dogs, the 1unge were h&berlnﬁlated by the lnjectlon of 40-—501:‘:f

:\.

Al

ml alr/kg and the arrway was opened to the atmosphere fbr 6*—10 sec.

¢ "u‘

Then, 5 or 6 dlfferent volumes of a1r were xnjedted 1nto the lungs, Pawhf;“i:

’

was recorded after 3-—4 sec’ equlllbratlon at each volume (modlfled from7‘

\‘x’ TR

‘ ZRef 11. '+ The plethysmographlc FRC was. used to positlon the P/V curve on'~'

<

FRC measured durlng HFOV

fldentlcal they were averaged to obtaln Palv._ll}fwg Lpf‘vfkﬂill-'{?”ffj’:f K

,,’ .'..,',‘__ ‘ . et s
» I . L .

""studied.' Anesthe31a and xntubatlon were performed and

,’venous lrnee lnserted as beﬁore. A Tygon tube, 3'mm i d.,

e

For these experlments, another 5 dogs (8 8 t 2 2 kg) were

1. - . RN
y ; \ B -

!

=- T

“

oL e
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Ref 10) Alrway and pleural pressures used to construct the static P/V
curVes of the lungs were measured w1th two calibrated dlfferentlal-

'g<1gf pressure transducers (Statham model PMS) Water manometers were used

bl for all measurements of PaW‘and Ppl durlng HFOV. _ . é?
S .
The anlmals were ventllated W1th IPPV as before, and statlc P/V

&

| curves of the lungs were obtalned 10-—15 min before and after HFOV.

Three\curves were plotted(a),vfor compllance of thora01c cage, lung, ahd

\

" total reSplratory system. Elght HFOV levels were studled twice ,in each
dog, comblnlng at.random four frequencles (15, 20, 25 and 30 Hz) and two

( rates of blas flow of fresh air (l and 4 llters/mln). The HFOV pump
carcult descrlbed prev1ously was used but w1th the HFOV lines and

)

endbtracheal tube enclosed ln a 290—ml alrtlght Plexlglass chaﬂBer (Flg.

' 2 1), for measurement of chapges in FRC., Fresh air (lS llters/mln) was

1ntroduced through one 91dc of the chamber, to wash out C02.- A port»ln g

the other Slde could be connected to a 6-liter bell spirometer (Colllns,

-',". )

,model 687) or left open 1nto the room. Thls chamber changed Paw by less
than 1 cm H20 and dld not alter the]blood gases slgnlflcantly. At each

1eVel of HFOV the arumals were ventllated for 3 to 5 min - and readlngs

*'for'Paw’and Ppl were taken. Then the 15 llter/mln flow of air was

_\;. . by N
v

stopped, and the chamber outlet was connected to the spxrometer,,thls h»‘

reglstered a constant volume 1ncrement from the flow of air enterxng the ~j,'

Vo

'?’cerUlt 41 or 4 llters/mln) The HFOV pump was turned off 4—-6 sec - ."";,

‘ 1ater-x thls caused FRC to decrease and added to the splrometer a volume‘
(A FRC) that was measurable (i 1Q ml) .as. addltlonal to. the flow of a1r f'

o 'tnat-' had pheri ‘shtering. -

S
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Statlstlcal analy51s

'+ For each dog, GV values measured during IPPV w1th ‘the helium-
dilution technlque and phrenlc—nerve stimuiatlon were: compared, ‘using
'Student‘s“paired t-test, Differences between TGV values durinngFOV}

were tested with anaIYSls of covariance (20) to correct for basellne

'

TGV._ Only the ™GV - values at 1, 2 and 16 min of HFOV were used to

\

eénhance any posslble dlfferences.: The values for Palv estimated from

the COmpllance curves were compared w1th correspondlng values

for Paw, using Student s palred t-test. The data obtalned from ther
) ‘

experlments at varlous HFOV levels were not analyzed,statlstlcally, due

T to thevSmallfsaMple 31ze.(n=5). Results ‘are reported as mean t sb.

RESULTS R

Effects of duratlon of HFOV on lung volumes

* L

Lung volume durlng IPPV averaged 48 8 k3 8 7 ml/kg w1th the He—l:l
dllutlon techn;que and 49, 9 t 10. 2 ml/kg w1th phrenloénerve stimulatlon g.
(TGV).V The dlfference was not. statlstlcally signlflcant (p>0 05).f~v

The TGV values reported are those obtalned w1th the phrenlc-lnerve -
'_fmethod.. HFOV 1ncreased TGV by an average of 63. 6% wlthin the fltst \"j,q:'- .
mlnute and thls remalned constant for at least the next 15 mln (Flg.>.:ii |
2-2). There was no sidnlflcant dlfference 1n TGV.values wzth time

durlng HFOV, or between those measured durlng IPPV befo e and after |

HFOV.; Mean airway pressure also remained constant thrh“

Analy31s of Paw vs‘ Palv derived from the statlc P/v curves showed the '

former slgnlflcantly lowet (p(O 001) (Table 2-1)» In all 5 doqs 1n whlch *éifq/(*

v

Paw was monltored When the alrway was oqcluded 1n preparatlon for TGV_QT_'”‘

measurement durlng HFOV, Paw 1ncreased 1mmed1ately (Poc ln Table 2-1)




~and Poc was between Paw and calculated Palv.

. . . s
"Effect of vardéation in HFOV level

Sew,'spl anq‘ﬁfRGftended to increase with increasing ventilation

™ . 5
i K

’frequenq1es (Flg 2—3), w1th litgle dlfference between the bias flows of

\

‘1 and 4 llters/mrn. Paw values were in the range of 4 4 to 9, 8 cm- H20,
Ppl. -3 0 to +2 0. cm Hzo,-and AFRC, 32 5 to. 180 0 ml,

HFOV;dld not change the’ statlc\P/V characterlstlcs of the lungs.

\
\

hthegcurves¢qonstructed before and~after the HFOV runs were nearly
g S N ‘.' r
superimposed except in one dog in whlch a leftward Shlft in thorac1c—
v, st \9‘ .
§ cage‘Coyp;ienceewas'obsérvedg It should pe noted that FRC values were

e ‘6

R

not available to corredt;thgse?cgrves for absolute volume. .

LI . ’ : .
e e et f : ! K

f . 'DISCUSSION

4

in@estfgation of varﬁbus*methods fo: measuring the Fchof

anesthetlzed dogs ln a plethysmograph (Appendlx III) showed lnductlon of

e .

: %
the 1nsplratory effort by phrenlc nerve stimulation the most
. s' .
N~‘s3tlsfaétory technlque for use w1th HFOV.. Con31derably less’ preparatlon
» &
is . requlred if One walts for th%aanlmal to take an Lnsplratory effort

agalnst 'qluded a1rway(9)_or if the chest 1Sacompressed to 1nduce
\",{"l/\\"} ) . Q
ﬁthe changes ln thoracic volume(4), but nelther of these methods would

f;n*have been sultablewfor the present experlments. The lung volume

',., %

¢

T‘lncrease‘induced-by HFOV abollshes sp0ntaneous resplratlon, possibly '

‘év-«

%through a. Herlng-—Bre‘br reflex(s),,for up to 45 sec or even 1onger._'
gD’Vﬂ‘ . - _0 - o

L .Aégea of thlS duratlon would produce hypoxemla befoz‘TGV could be

S

_'measured by the DuBois method.; Also, 1f the resplratory exchange rath -

J“ff}were different from 5 0, TGV w0uld change durlng thls Waltlng perlod.ﬂl,,f{f

160
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‘External chest compression(4), the initial method of choice for FRC
measurement, consistently yielded higher values than expected. It is

likely that thd tendency for this method to overestimate TGV iS~due to

‘the nonuniform changes in lung volume that are produced by localized ‘

chest compre331on, this forces‘gas into other lung reglons, 30 that .
proximal alrway pressure is ‘an underestlmate of the alveolar pressure.
Phrenic-nerve stimulation was used, .in order to make changes in'chest _
volume more uniform and permit FRC (TGV) measurenent durlng apnear' The ’
airway was clanpéd during'HFbV and then the'phreniclner;fs were '
stimulatga'te generaffe pressure changes in the lungS‘within thel
plethysmograéh. ) T w | | N

A surérising flndingcﬁnvthe~presenthexperiments Qaé the achieyenent.c
of higher lUng volumes during thV thanIWOuld he espectedhfer,the ;'fni o v'

- R . -

'measured Paw, suggestlng that Palv was hlgher ‘than Paw or that lung v
compllance was 1ncreased. In . fact Palv derlved from P/V curves was 1 S :

31gn1flcantly hlgher than Paw. Also, Poc was cons13te?tly hlgher than

Paw,v 1nd1cat1ng that pressures were hlgher dlstallyﬁkhan at

of the‘endotracheal.tube. Testing w1th a slnusoldal pressure wave

'conﬁlrmed accuracy of the system for measurlng Paw.-'Probably, the

I

. aerodynamlc characterlstics ofgfhe fﬁsplratory system durlng HFOV could V;f; -

ighe alrway., As cross-sectlonal

o

;area 1ncreases down tHé respixatory:tree,.both gas Speed and klnetlc S

l ‘. .
: . Vot e

. energy‘decrease.. Accordlng to Bernoulll g equatlon, a decrease 1n
) s o .0 .

'“iklnetlc energy must be matched by an 1n¢rease 1n ﬁotentlal‘energy, whlchh} :

- . : SR e -
v'would result ln higher mean pressure(15). qu alrway pressure gradlents

‘_sare dlscussed 1n Chapter 9A,-__.
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o

artifact of the occlusion maneuver. Clamping of the airway to measure
TGV durlng HFOV was done manually ‘and wlthout synchronlzatlon with the
oscillator. It seems 1nconce1vable that the occlu51on invariably

. . . . 3\
coincided w1th.endf1nsp1ration~dur1ng HFOV in an oscillatory cycle that

o

lasted only 0.05 sec. Breen°et.al.(5), also, reported Poc higher than

Paw in dogs during HFOV and assumed that Poc’ equalled Palv.

’ Y
Furthermore, they stated'that'the venous admixture was similar to that
during IPPV only when Poc was 1.5 cm H20.higher»than the IPPV Palv
- value.ﬂ These'findinqs'suggest that their neasurement of Péc

o underestlmated Palv by an amount similar to what was observed if the 4 .
Q) N A

»

presentwexperlments, in whlch Palv - Poc averaged 1. 9 em’ HZO.
v.\

: ‘'There could be other explanatlons for the discrepancy between Paw
and Paly values. Palv was derlved from TGV measured durlng HFOV and the = -

statlc P/V curve of the resﬂiratory sttem, asSuming the sanefcompllance'
- . . R : ' > } . ‘ .. ]
durlng HFOV and apnea. However, if COmpLiance of the respiratory system

‘ "were higher durlnq HFOV, 1ower Paw could be achleved w1th the same . TGV. §\\
'Increased thoracic—cage complianceicould produce this,~but*v}hratlon o
'\. X L
tends to 1ncrease~muscular tone(14), stlffenlng the thoracxc cage.

) . N e T

o - g
Increased surfactant act1v1ty durlnq HFOV could 1ncrease lung

compllance, but Frantz et al (11) found no change in surface act1v1ty of

: S
- not be 1arger than Paw. A hysteresls effect, the 1ung belng on the_
. " .

deflatlon part of the P/V curve, could also explaln the lower Paw durlng'

the 1ung durlng hlgh-z?equency ventllatlon. CIn elther case, Poc would o

HFOV - but, agaln, Poc would not be hlgher than Paw., Moreover,ut'

although 1ncreased compllance could have caused overestlmatlon of e *45afi:x'
.\J . . - . b s . _-_ . ‘ ', ', S
Palv, lt could not have accounted for the 1ncrease in Paw after .

_ , -~ a , B L _p LA

'::ef'occlusion'of‘the;airWay,. Therefore, 1t can«be postulated,.as Slmon.dlu




‘volumes may remaln steady unless structural changes occur in- the lung

_ mesurement probably lnduces an artlfact in the readings.v Therefore tha'l

."shape of Ppl changes remalnlng unaffected. The Ppl values were not used-
N. - . .

to est;mate;Palv,ul 7 '_.j.--~'l' «': N

N found by some authors during hlgh-frequency ventilationjB,

-et'al.(19) and Breen et al.(5) did,_that»Palv~is trulyvhigher ]

than Paw during HFOV, causing larger values'for'FRC thanﬂmight_ e

expected from Paw measurements. = - . N :
. e Y

[

It is "clear that HFOV 1ncreased FRC,. as well as Fav,-ibi; ' d Palv,.

'These changes occurred w1th1n 1 min of the start of HFOV and remalned

stable for at least 1S»min. Over a longer period, these pressures and

‘\

(-

-‘parenchymau' aAs dlSCUSSed -in Chapter 1, the use. of a: catheter for Ppl

" ]

t

absolute Ppl values reported mlght not reflect acutal Ppl;s However,

: 7th13 artlfact was probably constant throughout the experxments‘W1th the

.g. -

There is.Wide variation invthe design.of?circuits.for-high- ’
" ,-'-vv.v

' frequency ventllatlon(12). Thus thelr aerodynamlc charactéflstlcs are

AT Ve
. . S | e

| ullkely to vary, g1v1ng rlse to dlfferent effects on: the cardlopulmonary fffff.’”

'system. The changes 1n lung volume and alveolar and pleura* pressures

observed_durlng HFOV may be e cause of the decreased cardlaé output b ffatt'f'i

oo \\

i"l;'see also

A
VL

Y

lf'uIntroductlon) the 1ncreased FRC and alveolar pressure may augment 'lfffﬁf[r

bz’f:compllance(16). r{;f”,;i*_j;i 5?“{.j5;”.,:

‘jpulmonary vascular resistance(22)> and the 1ncreased 1ntrapleura1

L SR . A H BN
A . - . : [ PR

»;pressure may decrease both venous return and left ventrlcular--
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TABLE 2-1: . Mean airway préssuﬁ% (séw)A airway occluded preséure

(Pbcfnéhd calculated mean alveolar pressure Palv during high-frequency

. oscillatory ventilation.

e
4 P «

Dog
no. - . - Paw Poc ;a;v
i 10.7 & 0.2 o120 0.5 12.4 + 0.9
' 2 9.9 £ 0.1 12.3 & 6.4 14,5 & 0.8
3 10.0 £ 0.3 i1.s't,o.6 _ 13.6 & 2.1
.4 9.9 % 0.4 12,1 ; 0.4 15.2 £ 0.7
5 9.6 + 0.3 1.9/ ¢ 0.4 13.9 ;"1.3
6 ] 7.1 £ 0.7 - 10.8lt‘9€7 .
7 4 ’ 9.4 £ 0.3 - 1008 £ 0.6
8 6.7 £°0.1 >~ 8.0 £ 1,5

L] .

Values are means + SD (n=6), in cm HZOZ

PR
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Fig. 2-1 .
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Ff'ure\ 2-1: Schematic diagram of the modified circuit used for meaéuri:'ug y

AFRC\. k quure 2-2: Thorac1c gas volumes (FRC) ‘and prox1mal airway
pressure (Paw) at various tlmes after. startlnq HFOV, and restlng volumes

v durlnq apnea before and after the HFOV measurements. ‘Values- are means t SD.

M
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Figure 2-3: \:wmual data on. 5 dogs, show1ng t.he effect of varlous HFOV
frequenc1es on mean aJ.rway pressure (Paw), mean pleural pressure (ppl), '
and change in FRC (AFRC), Ktwo rates of blas—flow of a1r (1 and 4 ‘
llters/mln)._ R S e o : S
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CHAPTER 3

COMPARING LUNG VOLUME AND ALVEOLAR o

- PRE$SURE_DUR¥NG_HEOV AND PEEP

&

~/



INTRODUCTION _— L B I

ReView of the HFV literature reveals a large Variation 1n.resu1ts ‘.; v oo

Y . X Lot

and concluSions on the effects of HFV which could be due, at least in'
part to the variability in Palv and- resting lung volumes induced bf

: different HFV systems.j In Chapter 1, a significant difference in

a PN

hemodynamic parameters was observed between IPPV and HFOV, but Palv
(or Paw) and V were not monitored, ahd as can be appreciated fromefd
'Chapter 2,.they are altered by HFOV, depending on. frequency and bias N

[y

: flow.' The present study was)undertaken to assess the relative ‘4_f7“

importance of Paw (and Palv) and V in producinq the differences betw§§§
- IPPV (with or w1thout PEEP) and HFOV. .For this, dogs were ventilatmi
With IPPV,_HFOV, and PEEP that induced an end~expiratory 1ung volume

' Slmllar to VL during HFOV (hemodynamic parameters were measured at end--

expiration), and PEEP that induced a Pd like that seen during HFOV.\ f"
MATERIALs AND METHODS 7n7"jf Q ;.";f‘ ,'L' "‘_s:i o

' Eight mongrel dogs (7 7 i 1 3 Eg) were anesthetized WLth.

Inv pentobarbital sodium (30 mg/kg) and intubated With a. cuffed endotracheal L

1tube 9 mm i.d.,_tuff’pressure ‘was kept above 40 cm . Hzo. The animals‘ -
o were ventilated w1th a Harvard respirator (model 607) delivering a V 5;
bvfj15 ml/kg at a rate of 15 bpm, the ventilgtor s expiratory line was
)f;immersed in. water to induce a PEEP leVel of 3 cm azo. A 7F fldw-.
':rdirected thermodilution‘catheterrwas inserted through a. femoral vein and : 3»

fits tip positionedlinithe pulmonaryvartery,.the prox1mal'port was‘used.{e'.ill
ﬁ'v"to measure IVCP, to maintain anesthesia w1th pentobarbital boluses and ij}'d
A ;-

'fuinfuse a solution of 3 3% dextrose in 0 3% saline (4 ml/kg/h). - ~’f ,55;?wv*5

'”{JPolyethylene catheters (PE90) were introduced thtough each of the

<
o

e




remaining"fEmoral yessels fa'n'd t-heir tips*po}s,itioned int‘djthe’ri‘éht'

B atrium, abdomlnal aorxa and left ventricle reSpectlvely. Samples for.

.

'”h-blood gas analysis (Instrumentatlon Laboratory analyzer model 813) were

~fobta1ned from the aortlc catheter. Aortlc and left ventrlcular

.A

"-.jvpressures were monxtored w1th a mlnlature transducer (Statham model

; ’ 10
":PSO), and the remalnlng vascufhr pressures Wlth a Statham P23Db
‘*transducer.: The phrenlc nerves were 1solated and connected to a Grass

'rystimulator (model SD9), and the anlmal was placed in a 100-11ter ‘
‘/‘

"alrtlght PleXLglass box whlch acted as a plethysmograph (Flg 3- 1)..; _r '

Com e . _\, A,\ ) 3 .

I'"

-t

;fpressure was monrtored w1th a MP45 Valldyne dlfferentlal—pressure

“;.‘transducef connected to an ampllfler, w1th the output fed 1nto the X

o

axis of an X-Y recorder (model éﬁ%M, MFE Corp., Salem, NH). Large-bore

'wtublng connected the box to a 9-11ter bell splrometer (Colllns model

a'6001P w1th a llnear—dlsplacement transducer (Sanborn model 575 DT250)

Yy

Iattached Changes 1n 9051tlon of the bell were dlsplayed numerlcally,on

,: dlgltal voltmeter (Fluke model 80255, Everett, WA), to monltor changPS';“

~t ',

"1n FRQ For plethysmographlc FRC measurements, the spxrometer tublng

blwas clamped A polyethylene catheter (PE90) connected to;a P300

‘-;_:Valldyne transducer, was 1nserted through an alrtlght openlng 1n the ETT

v~hconnector and 1ts t1p pOSltlonEd Ln the small airways in. a. p0$1tlon 3—~5 ~,f3 .

o

'j;cm prox1ma1 to the pos1tlon where wedglng occurred. ghe dlstal tlp of i

"the catheter was occluded and had 6 sxde holes drllled 1n 1ts last

“'515 mm, the catheter was used to monltor Pd. ‘Arshort~cathetermw1thfaf"*‘

:f~iVa11dyne MP45 transducer attached was used to obtaln Paw for FRC

. 'vmeasurement, 4 cm from ge pI'OXJ.mal alrway opem.ng. The ampllfled ,

T

‘7l7_transducer output ‘'was fed lnto the Y ax1s of the X-Y recorder for FRC

__<,h

'1calculation,~ p

4; Sy

yslologlcal recorder (Gould model 26008) was used tojffff



. o S B 172
o ) o P4y

; . . . © ! . N 3 _ X - » . . .
display cardiovascular pressures,.Pd, changes in spirometer volume and, -
“in'several’cases, pulmonary artery temperature (during»Qjmeasurementsl.

When preparatlon was, completed the anlmal was placed 1n the’ box,’. &

-~

» the 11d was closed, PEEP was . set at zero and the\resplrator rateuwasl
h;, adjusted to 1nduce a. PaC02 between 28 and 34 mm Hg. Afterwards, PEEP;"
_Q>_.- 'was reset to 3 cm Hzo. When the box temperature had equlllbrated (in
B approx1mate]:y 1 hour), the control fPPV perlod was started by settlng k _"
, PEEP to zero. Fifteen mlnutes later an arterlal sample for- blood gas,f
{gnd hemoglobln) analysls was taken, and the followlnq hemodynamlc
) parameters measured SAP, PAP, PWP, RAP, IVCP, LVEDP, dP/dt, HR and él

(thermodllutlon, wlth 3 ml boluses and measured 1n trlpllcate). The*_-'k

r,\\

same measurements were repeated after 15 mln on HFOV, PEEP at -dan v : , S

31m11ar to that 1nduced by HFOV and PEEP at the same Pd as obtalned '

PR . : L ..

durlng HFOV (see below). When these parameters had been obtéined after

t

15 mln of IPPV FRC was measured as follows. the alrway and splrome@er

tublng were clamped and both phrenlc nerves were stlmulated

¥

'.31multaneously w1th - traln of 50 Hz 1mpulses of 2-msléulse duratlon. - lkl?{
E Insplratory efforts were lnduced bY VarYlnq the voltage manually from o

.Zt_below to above threshold.( The slope of é£ least four X—Y recorder S
fri;;; traC1ngs was used to calculate FRC by the method of DuBozs (3)" Theiydf

airway was occluded for 30~—60 s to complete the FRC measurements.';;'f

L!”

‘iih After the FRC measurements, IPPV was contlnued for another 5 m1n but at

_.'. . .
';lf: a slightly faster rate (22-—25 bpm) to speed the return of blood gases

'iv}llfto‘thelnre—measurement levels. After thls IPPV perlod, the HFOV pump L

- R e M o WS

was started and the anlmals vent;lated at 20 Hz and 4 L/mln of b1as flow

(see Chapter 1 for a descrlptlon of the HFOV cerult). The change ln fo;i:fif
- restlng lung volume 1nduced by HFOV was recorded (thlS volume,_added to




@

_‘Qer;od). After 15 mlnutes an arterlal blood sample was taken and

'fshemodynamic meaSurementsjrepeated; _Then theAairway andﬂsplrometerh,'

3 .'173'\

¢

'vbaseline»PRC_corresponded'to the‘average lung volume or Vi.during HFOV) .

When the. corresponding hemodynamic and gas measurements had been taken

‘(after 15fmin_on HFOV ), the Harvard respiratordwas‘again conneCted and
'.f!the anlmals ventilated ‘at the same rate as durlng control IPPV, but PEEP
' was. added (in- P—~10 breaths) until the end explratory splrometer readlng

(from-tq%,digital display voltmeter) coincided w1th theovalue at the end

3 B L

,of HFOV,.thls ventllatlon perlodfwas named PEEP V Eifteengminutes
hlater blood gas analysls and hemodynamlc parameters were measured but
B thls‘tlme at end—explratlon (for Q, the ventilator was stopped for 20— A
A30 Seto ingeCt the cold solutlon).u After thls perlod, the PEEP level

-was readjusted - to lndUCP the same Pd as obtalned durlng HFOV (PEEP P

:tubing“Were'clamped:at end;exbiration,\and FRClmeasured adain as

-

ﬁ descrlbed before.

s

.To obtaln average 1ung volume ( V ) durlng IPPV and PEEP P, the

'mean change 1n volume Lnduced by V (calculated from the area of the
-traclnqs of Splrometer ‘volume changes) was added to the measured FRC..‘v_ PVZ C
; The dP/dt values were obtalned dlrectly from left ventrlcular;pressure |
..(Gould-PreSSure Processor module; model 13 4615 52) };Parameters derlved
u:\from hemodynamrc and blood qas data were calculated u51ng standard d'ﬁ

_ntormulas.f“

?f“1Statistioaifanalysis:j‘Student!s.two¥tailedvpaired*tétests'werefusedftof

S

”vffcompare the measurements made on each ventllatory mode w1th sxmllar data

- P

'fhobtalned durlng the othef types of ventllatlon.v The 31gnlflcance of the
. ~‘v'dl,ffer:ences IVCP-RAP and PWP LVEDP durlng each type of ventllatlon were

\f‘elso tested W1th a pelred t—test. Tables show average dlfferences

=
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’ b AR A /
between parameters obtained durind, two test periods. Symg;ls in figuﬁés»

: ' v . : . Lo /
refer only to comparison betweem HFOV. and other test periods. Data are

expressed as mean £‘SD. and significance' levels werqéget‘at p<0.05,

RESULTS ~ ' o [ : o
Table 3- 1 shows. the statlstical analy31s of the dlfferences 1n h"

hemodynamlc parameters, lnduced by the varlous ventllatory settlngs.

Table 3-2 shows dlfferences in blood~gas related parameters. ‘Pd was 3'

. Significantlyvlower during IRPV; and HFOV'inducedwhiqher.Pd levels than“

PEEP-V (Flg 3- 2) but almost 1dent1cal to PEEP-P (as requlred by the -

‘protocol).k VL was srgnlflcantly“hlgher durlng HFOV than durlng IPPV,.’

but 51gn1f1cantly lower than durlng PEEP P (Flg 3 3), the experlmental

Alsetup was deslgned to 1nduc€ simllar V durlng HFOV and PEEP-V, but thlS

A

- could not be tested due to the experlmental desxgn. HFOV and PEEP P

1nduced 31milar changes in the remalnlng parameters, except Q (Flg 3—4)

o

'-Jgand O Del (Flg 3 5) that were 31gn1f1cantly lower durlng PEEP-P than S

- 'jdurlng HFOV When compared to PEEP V HFOV 1nduced signlficantly hlgherf,i@hhﬁ

PAP (Flg 3~ 5), PVR (Fig. 3-7), pwp (Flg 3- 8), LVEDP (qu 3—9) and svn,-_‘°'

'but lowerlQ (Flg‘3 4) and 02De1 (Flg 3 5). The remalnlnq parameters‘>

were simllar, 1nc1ud1ng the dlfferences PWP-LVEDP (Flg 3 10) and IVCP- ;ffur*p;

*:a.

"“vRAp (Flg 3—11).' When compared ta’ IPPV, HFOV 1nducea signlflcantly

‘,-_hlgher PP (Plg 3-6>, PVR (Fiq,.s 7),,p_m> (mg 3- 8), LVEDP (Flg 3-9), sz o

._;p ‘and RAP but lower Q (qu 3 4), O Del (FLg.3~5), LVSW and SV.‘ When

v-l5Vwas compared to IPPV lt 1nduced hlgher Pd, v " PAP PVR PWP LVEDP and§f7’5~*

ﬁngEEP-V was compared to PEEP-P, 1t 1nduced lower Pd, PAP, PVR and SAP‘.ehé;j:Tfﬁb

"fi“when compared to IPPV, PEEP—V lnduced hlgher PdL_LVEDP and RAP, but

',l~

| gﬂlower Q, OzDel, sv, LVSW ‘and IVCP—RAP dlfferences.. Flnally,iwhen pEEP-pf_~jgrf;




SVR, but lower Q, 2Del, sV and LVSW,

Table 3=~ 3 shows the statlstlcal analy51s of the dlfferences RAP-

175

IVCP and PWP LVEDP, ‘on each ventllatory mode (see also Flgg~3—10 and 3- -

'11).’ During IPPV, vee overestlmated RAP by an average of . oyer 2. mm Hg;

PWP - generally overestlmated LVEDP but the dlfferences were small

(averaqe less than 1 mn Hg).

e

 DISCUSSION

The present experlments were’ desmgned to match durlng IPPV' the

Palv and V -levels lnduced by HFOV. when these parameters wﬁif obtalned

'durlng HFOV, care ‘was. taken to av01d hlgh frequency related measurlng -*’*

",artlfacts. FRC ‘was measured 1mmed1ate1y before startlng HFQV and the

‘.‘r subsequent changes monltored contlnuously. In prev1ous experxments

3
-
B

4 -

-(Chapter 2), 1t was fo?nd that HFOV-related VL changes were establlshed -

in less than 1 mlnute, and thus they couid be measured w1th the,‘ :

/ v

"plethysmograph sp1rometer system before fluotuatlons in box temperature =

"could 1nduce an error 1n the volume readlngs 1t was observéh that

h

'ﬂ_*spontaneous fluctuatlons 1n splrometer readlngs over 3——4 mln perlodsﬂf'fl'

‘ fwere negllgible).l To obtaln V ,durlng PEEP—V, FRC was obtalned as

/ T

4dur1ng IPPV, by phrenlcenerve stlmulatl n,.the average volume changes L

A

-_fnlnduced by 0& Were assessed from the splrometer trac1ngs, to obv1ate the"'

7effects of gas compresslon on VT The hlgh-frequency fluctuatlons agde

71n V durlng HFOV, 1nduced by V . must have been qulte small (less than e

".;ft 3 ml/kg,vcalculated from HFOV VT' Appendlx I) The experlments were
‘Tv‘deSLgned to match Pd and VL' and randomlzatlon was not p0551ble, but
'fllttle change could be expected in. the anlmal preparatlon over the test B

*,ﬂ{‘perlods (max1mum 90 mln).- Results of ptev1ous experlments (Chapter 2)

.



. e
and other)authors s reports suggest that HFOV 1nduoes no chang& 1n the P

. P/V characterlstlcs of the lungs (4 10) and 1f anythlng chest wall
compllance decreages slightly durlng ventllatlon (S). - |
. \W, “"- - s *
' Alrway presures were measured in a small airway (Pd), to obtain a

9 . B P Y
AN L . . : o,

close estlmate of Palv and obV1ate most of the effect of Paw gradlents o

RS ;
Y

‘ dlSCUSSEd 1n Chapter 6 suggest that Pd

(see Cha‘pter 9A) The ;

obtalned hy ‘the method used 1n the present study, 1s a good estlmate of

'APalv. The Pd-measurlng catheter had the tap occluded and 6 term1na1

./ . . B |

1de holesjto av01d gas ve}ocxty—related artlfacts in pressure»
me:asurmentv‘(Z):o : :‘:.. fj‘j‘ | : | r | ' P
,;»‘The results of the present experiments.suggest that‘to lnduce the”w"
, e v S e : D
same vL as durlng HFOV, lower Pd 1s needed durlng PEEP-V (aVerage 2 5 cm‘{5ﬁdft.lf

/

/

'°?¢H 0), and that hlgher V (average 5 -2 ml/kg) 1s obtalned at slmllar Pd¢=‘:d"”

f(PEd;—P)., There are tw0 HFV—related effects that could help explaln | e
L // .

1thls dlécrepancy dec;gégsd chest wall compllance and uneven dlsten51onf[.jlgﬁj 7\

'-.'o the lungs.' HFOV could 1nduce an lncrease 1n respxratory muscle tone '~";_

/,

'xfand shnft the P/V curve to the left (see Chapter 2 and Ref, 5) cau51n§7a R R

/ f

:"hlgher Pd for the same VL; ‘and lower VL‘for same Pd, however, avallablee'

th{ldata suggest that thlS ef ect lS small or, nonexxstent.-(Also,,the alrway

'75;Hpressure gradlents Lnduced by HFOV (Chapter 9A) imply that the“portlons

'of,the resplratory tree prox1mal to the Pd—mei'hrlng catheter, are-”

v S
N .

"\subjected to a. dlstendlng pressure lower’than Pd durlnq PEEP, the mean

xpected to be unlform, and equal to Pd.;

f-xx pnpssure 1n the alrways can be”
Thus,vto obtaln the same overal Alung (includlng alrways) dlsten51on f-(i

’

(V ) a sllghtly hlgher dlstendrng pressure (Pd) would be needed durlng

?}i, HFoV._ Moreover, as dlscussed ln Chapter 9A, one of the major factors

“_Ljrespon31ble for the alrway pressure gradlents 1s probably the decrease o




-(through a Bernoulll phenomenon\/ Due to the anatomy of the doq s

. ‘N-

;1n qas Speed lnduced by’ the 1ncrease in total crossectlonal area

- a e : : L

\

l[«alrways, the tlp of the Pd catheter can be expected to have been located

'.”alveoll wlth long brohchlal paths, llke those in the lower lobes. :Ifa

»

”nln the lower lobes most of the tlmes, follow1ng the longer, more dlrect

("' .
: Q

f”:bronchlal paths, however a large fractlon of alve011 are supplxed by

e I

‘,"shbrter alrways (9). It can be postulated that qas molecules reach

- B . /-,

j'alveoll that are E;ose to the carlna before a larqe drop ln veloc1ty '

‘7(and k1net1c enerqy) has occurred, the OppOSlte could be true for

v

ﬁ=‘thls 1s correct, alve011 close to the carlna would he less dlstended f

Rir(lower Palv) than those further away (llke those near the tlp of the

‘d?QPd catheter), and total lung volume would llkely be below what wOuld be

'f"ﬁpuslmllarly, at equlvalent Ed (PEE?-P), V

bffcould be related to the decreased dlstenSLOn of alveoll w1th short ;f'lﬁf =

‘T,‘alrways. And flnally, 1t can be postulated that,»although durlnq L

TS

flfventllatlon of aplcal reglons durlnq HFV,’squested by some reports (14 '“ff

'sfthls may not be the case durlng HFV (7), thus explalnlng the hlgher Rd/,»

.5ﬂiprobahly due to a comblnatlon of factors_;l.

: 'ﬂflexpected 1f Palv was unlform throughout the lung. Durlng PEEP—V the

."v

"-Bernou111 effect can be expected to be mlnlmal and Palv more unlform,r,‘fﬁgf,'r

?lgfand lower Pd would be needed to obtaln a V \llke that of HFOV.

L would be lower durlng HFOV due ;Q;ﬁ}'f

\

'_':ta 1nsuff1c1ent distenSLOn oﬁ short-airway alveoll.h The decreased ';ig;;f,v

\..

N

",,ponventlonal ventllatlon 1nert1a of the lunq parenchyma 1s negllglble

L . SRR h;.%- . - L
‘Wﬂi(necessary to overcome the 1nert1a of lung structures) _ owevef none of
N .
-},these factors alone seems to be\able to explaln the substantlal _ ‘-_ S

“f,”drfferences 1n Pd and VL observed ln the present experlments, whlch are R TS

oy

In another set of experlments CChapter 6) 1t was found that Pd



RNV
N

R represent data obtalned at the same V

‘fh was. not the case for blood gas data ln the present experlments, thever,~f5{f¥f

]

"ﬂ underestlmated steady“state levels.. If thls was the case,

'(';“ The end—explratory measurements durlng PEEP-V wexe 1ntended ‘to

1evelss

vv. ‘. -:v | | . K - » - . - . .‘ ) L | ‘.
corresponded to the' mld-p01nt tweenfthe'inflation'andedeflation limbé',g';i

-

| Of the P/V curVe of the resp ratory System. "'The discrepénéyiﬁithlthé;.

. . 1.v, . » . :,,ﬁ. . ﬂ
present results oan be explalned by a dlfferent volume hastory 1n those\J; :
. ': ; ) . - . ’ .
experlments, the lungs had been dlstended by a sxgh maneuver to close to
total lung capaclty (TLC), whlch probably moved the@HFOV-P/V curve to e

@ “n
the left. 1n-the present experlments no 31gh maneuver was applled, and fr'

the anlmals were probably ventllated on a less advantageous pOSltlon cf \f;;j

the P/V_curve.l-j'~x'5t?h\ﬂif'_tQV;.NL» ;_g".-ﬂd

- R y . ; N

In the present study, rather small dxfferences between HFOV, PEEP-V

Hand PEEP-P were antldlpated,f The overuse of palred t tests (6 pér ﬂ‘
'hﬁftparameter) instead ofaone ANOVA test, Was thus justlfled by the |
\:nece381ty to. detect small dlfferences. In some tases, he antrc1pated v;-f*' ?
dlfferencesvbetween ventllatoty nodes were not 51gnif1cant pro.hﬂly due;i;;% ‘f
'L;f to.rather large SD (for example, RAP ln HFOV/IPPVLQPWP 1n PEEPhV/IPPv,HRhif
: SVR in pEEPQV/;épv, and PWP-LVEDP during PEEP-Vf).; f l -_:j.
”

L as durlng HFOV. Most 11kely thls}jmv;?,

Fan

even durlngyIPPV the dlfferences thh HFOV were not smgnlflcant (except

.’.' .'1.

for OZDel . -Hemodynamlc parameters were measured at end-expiratlon and

monltored 1n the strlp—chart recorder,'was close to pre-lnjectlon B

But the explratory t1me (apnea durlng Q measurements) was _jf

_o‘.'
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: Y

the differenCES between HFOV and PEEP-V wduld have been even lar%er
~=
(Tahle{3—1). ‘ . ) o

The overall blood gas data anéﬂyéis shows that the four ventilatory

!

modes were equally effective (Table 3-2), and the significant decrease

R

in O,Del was related to the drop in é»(Table 3-1) rather‘than>Ca02. The
hemodynamic data indicate that PEEP-P had an effect equivalent to HFOV
(except for Q and probably vascular re51stances), PEEP- V induced less

changes than HFOV, gnd IPPV was the least detrimental for the

4
3

cardiopulmonary circulation. The fact that at the same VL_PEEP—V had .
-q‘.“ . N .
less effect, and at equal Pd, PEEP-P was similar to HFOV, suggests that
intrapulmonary pressure is more important than:lung volpme in -
‘determinihg the cardiovascular effectsjif HFOV., The increases of PWP
_abeve IPPV levels, were followed by similar changes in:LVEDP and the
‘gradient PWP-LVEDP remained afost constant (Fig.3-9) which indicates
L = -
that during HFOV' PWP is a good index of LVEDP; the differences PWP-

LVEDP, although significant;”were minimal and -probably unimportaht

physiologically (less than 1 mm Hg, Table.3-3). However the increa
. > - @ ‘ N . ‘ . .
in PAP were higher than the increages in LVEDP (Table 3-1

suggests that anothe% factor, probablyfthe distension and compression-of

the pulmonary vessels (12), was also respon51ble for the lncrease in
PVR., The.present data (Table 3-3) also suggest that durlng HFOV and
. g

PEEP, IVCP (measured ‘from phe prox1mal port of a flow-directed catheter
. - . " ‘{ . - :

in‘a relatively small animal) is an acdeptable estimate of RAP (mean
. \ R .

dlfferences < 1 mm- Hg,‘non-SLgnlflcant), however durlng IPPV IVCP

overestlmates 3AP (mean 2.3 'mm ég- ‘p<0.05). These data are 1mportant to
) .

interpret some of~the"results of Chapter 1 in which RAP was estlmated

~

. from IVCP.
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o

The present results show a decrease in 6 despite an increase.in
left ventricular (LV) preload, which suggests that the impairmeﬁt in LV.
function was dqe to a decreased LV compliance (8); fhere was not én. .
increase in'preioad that could explain the decreased LV function. .Alsb;
dp/dt did'noﬁ change sighificantl;, bonsequently'myocérdial depression
was dnlikelyr Right ventricular afte;load (with displacement of the
interventricﬁlar geptum) could also have contributed to the decreasé in
é (11). The increase in SVR wa$ probably Qué to a baforecéptor-quiatgd
reflex fhat‘ﬁaintainéd or incre;ééd SAP Aespite a decrease in él(6).

In conclusion, during HF6§, Pd seems to be a deferm}nant of-.-

cardiovascular function.and is more important than~VL. When animals are

ventilated with HFOV without a sigh maneuver, a higher Pd is needed to

2

.obtain a VL similar to PEEP.
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TABLE 3-1:

Stastical analysis of changes in hemodyndmic parameters

PEEP~P

182

HFOV " HFOV HFOV PEEP-V ~ PEEP-V

minus minus minus minus minus minus

PEEP-V PEEP-P ippV PEEP-P IPPV 1PPV
Pd . 2.581.4 - 0.1£0.1 - 6:440.4 =-2.5#1.3 3.8%1.3 6.4:0.4
cm Hy0 i NS *kx xx T kkk
v, - 5,2¢4.7 20.449.4 - -—— . 25.6%8.8
nY/kg * rx : xx
HR 0.747.4  =5.1£10.1 =0.5&11.4 4.826.9 0.2415.4 4.6x17.3
b/min . NS NS - NS NS NS NS
SAP 3.0465.8 -2.9:4.8 -0.428.4 =-5.9£2.5 -3.4%4.8 2.5:4.8
mm Hg NS NS NS kEk NS NS
RAP ~0.320.8y 20.241.2  2.142.0  0.1£1.5  2.4%2.1  2.31.4
mm Hg NS, NS, NS . NS * *x

: ’ ' . .

IVCP . '00 : ‘3 "'O.3t1 06 009t1 .9 "004*1 -5 008t1 09 B 1.2*2.2
mm Hg NS NS NS NS NS .N5 .
AIVCP 0.457.8 <0 1£Tel - =1.241.7 =0.621.2. =1.621.6 =1.141.5
mm Hg NS NS NS . NS *¥s
PAP 2.442.1 ~0.3+2.3 - 4.242,5  -2.742.3° 1.8%3.1  4,5:£2.2
‘mm Hg ‘ f : " NS *k T * NS" - ik
PHP.  1.381.0  1.3£2.0  2.942.8  0.1#1.4  1.722.3  1.7#1.4.
mm Hg SR NS * NS NS *

- LVEDP 1.640.8 1.1£#1.9  3.1£2.1 =0,5%1.3 ~1.5%1.7  2.0%1.1
mm Hg Ll ) *NS *k NS ’ x . ** :
ALVEDP  -0.260.8  0.280.5 =0.1#T.1  0.520.7 0.14#1.5 =-0.421.0 .
mm Hg NS NS NS ~ NS " NS NS
9 -63£67 -94£86  -250£219 =3151 '-187£208 -1562162

" ml/min * . * NS %y * *
dP/dt - 1.1#2.5  “0.3£2.9  -0.3%4.7° -1.3#4.2 -1.324.6: -0.1£5.7
mm Hg/s NS NS NS "~ NS | . NS - NS
sV -0.420.6 - =-0,420.7  -1.6£1.0 -0:0%0.4 —1.,241.1  =1.241.8.
ml/b NS NS % NS I .

LVSW  -0.4#1.0°  -1.0%1,6 - -2.7£2.3 -0.520.9 =-2.3%1.) -1.,2:0.8 .
RVSW 0.140.2  =0.140.3  =0.140.4 =-0.240.2 -0.130.4 ~1.0%1.4 - -l
gmeM ** NS - NS~ . NS NS NS NS o o
SVR 128031448 103421803 234311406 -2454634 1063144731304£1222 -
dynes/cm®>  * NS S NS NS T
BVR 1812157 -384192 - 3393196 -2192187 1584199 © 377£199

. dynes/em>  * NS R A e NS . = o xS
| NS: p>0.05; *: 0.05>p>0.01; **: 0,01}p>o;oo1y*#**g\p<o.001ng.; Y
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 TABLE. 3-2: Statistical analysis of changés'ih‘blood—gas related

. parameters ’ -
wFoy  HFOV _ HFOV _  PEEP-V  PEER-V = PEEP-P
minus " minus minus ~ ° minus minus - minus
'PEEP-V PEEP-P . IPPV - PEEP-p  IPPV- TIPPV
torr . NS NS ' NS NS " NS NS
§a0,  0.5%1:9. 0.5%1.7 0.142.0  0.140.5 ~ =0.3%£1.3  =0.4%1.3
% NS NS i NS .. . NS NS NS’
ca0, = 0.1#0.4 0.1%0.4 ﬂyo.oi&.s” 0.0£0.1 . -0.1%0.3  =-0.120.3
ml/100- ‘NS NS NS . Ns.. NS E NS. -
P(Aa)0, 2.634.17 2.2¢4 1 3.337.1 -0.450.8  -1.3#5.7 -1.0%5 5
torr - NS NS - “NS - NS NS NS
0,Del  -11%12  -16x18 . -49£39  -4%11 937¢38‘ o -32329
ml/min SR A * ok . NS Lo *
PacO, - -1.53.9 =2.1#4:8  =-0,633.2 -0.6£1.9  0.982.9 ' 1.4%3.9.
torr - NS - NS NS NS- .- NS - NS¢
\
" TABLE 3-3:  Pressure gradients RAP-IVCP and PWP-LVEDP B
ST o ST SR : N e
. IPRV HFOV . PEEP-y PEER-P
RAP-IVCP - ~2.381.4  0.981.2 - 0i520.9 . 1.081.20 o
PWP-LVEDP 0.980.8. ©  0.7:0:6 . - 0.9%1.1 . 0,540.4 -
. mm Hg R T L
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INTRODUCTION-'
In Chapter 1 the effects of changlng HFOV frequency on . -

_cardrovascular.functlon wereeexamlned. The results of those experlm nts

~

, o .
' suggested that the varlatlons Ln Palv and V are major determlnants ofy \

- . ; . ® N

;,cardlovascular status durlng HFOV, In Chapter 2,_1t was observed that
-"the‘changes rn frequency are followed by varlatlons of Palvignd V.
i'if'the same dlrectlon. The present experxments ‘were de31ghed to study ‘the
:bacute effectsvof changes 1n Palv (and\v ) on cardlovascular functlon at
a.constant HFOV frequency¢4 For thrs, a grouptof anlmals: erelQEﬁtilétedi

at 20 Hz, and several hemodynamlc garameters measured ‘at™ ifferedt;'

”7;Palv (assessed by Pd) whlle the changes 1n VL were belng monitored. §

o MATERIALS AND METHODS i*;f; ;f’ '17?;: ;r,'];=;;;fj,',- _'-g o L
Seven mongrel dogs (7 5 t O 8 kg) were anesthetlzed intuhatediand '

;placed 1n a 100-L plethySmograph box after being 1nstrumented as '_

v'jldescrlbed 1n Chapter 3.. THe preparatlon allowed the monltorlng of the a";)/f'j.
"'lfiifollow1ng lung meéhanlcs and hemodynamlcs.,de VL' IVCP, RAP, PAP, PWP,f,twj S

7V'Q7SAP, LVEDP and dP/dt.' Wlth the experlmental setup lt was poss1ble to:?*ﬁf'”"

R

'Twaichange Pd by varylng the alrway-chamber pressure (AﬁC, Fib 4—1) Thls gjfh;‘fﬁ

jfa,y;chamber (290 ml) enclosed the HFOV catheters and tlp of the :‘ One

';‘f3h31de of the chamber was connected to a- vacuum source (VS)/Zhat sucked 25f ff.ifffﬁf

ﬁf{-L/mxn contlnuously.f T e other 51deawas attached to a. 9051t1ve—pressure ?dl}d”_izgg
P B B . [
ﬁ;;fVSource (HPS) WLth adjustable flow and to a modlfled PEEP chamber

(M-PEEP) WhICh COU1d PrOVIde pressures ln the system from -25 to S

.U.v‘."

'vﬂlf+25 cm azo.,

:t when box temperature had equllibrated (1 hour 5§7;# c1051ng theihfjify?




‘"djprelimlnary trlals it. was found that PAP was a good lndlcator of i:;5fft,
v{37exchan§e, PAP ralsed progressxvely and dld not follow VL changes (as 1tuif:~'7

:azfdld durlng optimal condltlons).v Whenever a Pd 1evel (always 1n the low:jt

gt ;range) Lnduced a stead'

“cf,system ‘was: obtalhed(,using the techn que descrlbed ln Chapter 2.:

of HFOV at 20 Hz,‘4 L/mln bias flow and a Pd of 10 cm Hzo.' After*a7few A

'”'ventllator was . st0pped and -a basellne TGV was~obtarned by phrenlc—nerve ‘,
-stlmulatlon (see Appendxx III), followed by a statxc P/V curve (V was
’monltored contlnuously by measurlng changes 1n plethysmograph volume

'with‘the beLl spirometer,:after.theuTGV-measurement)., The anrmals'werea4.

ifadjusted to lnduce a Pd of approx1mately 16 om HZO. After 3—-5 mln,;
' readlngs for.hemodynamlc parameters were taken and then Pd was decreased~;
hbv several cm Hzo.“More hemodvnamlc readrngs‘were‘taken.after a 51milarrf-
‘Ewaltlng perlod and the-process repeated once more at a lower Pd.» The f;{V
t'aFOV c1rcuit was then dlsconnected and conventional ventllatlon |
.i- restarted (at PEEP 4——6 cm Hzo) for LO—-15 mln. Another basellne TG:
fimeasurement was then made and three more sets of hemodynamlc parameters i

'measured ddrlng HFOV as before, at three dlfferent Pd levels. fin_vz
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minutes of convent10na1 ventllation (at PBEP “of 4~—6 cm &}o) the R -
; (‘_ : o @

3

then connected to the HFOV circult and the a1rway—chamber pressure was 3rff

oo

FE

L4

A

..:”

' Foxygenatlon and ventllatlon. whenever an*HFOV settlng induced poor gas

) rease 1n PAP, no measurements were taken and:

The




v | : | §§

N

\

four lower P/V points of the deflation limb were fitted into a linear

regression equation (least squares method, Ref.1) and Cst obtained from

the slope of the line. "Compliance" during HFOV was obtained from the
slope of the.correlation line VL/’Ed-.

Statistical analysis: Linear correlation of the hemodynamic parameters

with VL and P was assessed by the least squares method (1). A paired

_ t-test analysis was used to compare'Cst with HFOV "compliance".

Correlation between some pairs of hemodynamic parameters was also

tested. To %orrect“for simultaneous depenaence on luhg volume changes,

. a partial corfelation analysis (2) was applied. Significance of the t°

b
4

value and Gorrelation coefficients was established at p<@.05. >

¥

¢ DS
RESULTS

: . S
Baseline blood gases (mean % SD) were: Pa0, = 96.9 £ 5.5 torr; a pH

L4

7.36 £ 0.02; PaCéz = 29.8 + 2.4 torr. Baseline FRC was 49.7 + 8.9 -
ml/kg. Table 4—1‘shqw$ the ‘linear cdrrelation coefficients (and
significance levels) of'tﬁe hemodynamic parameters with VL (A),andﬁid
(B)‘, All dogs showed a high correlatioh betﬁgen Pd andeL (Table 4-2

and Fig.4-2), and‘all but two ‘hemodyr‘lamic ﬂtéxs (saP and dp/dt)

showed a gobd éorrelation)with both Ea and Vi. PAP was slightly better.

corf;fated with VL (Figs.4-3 andi4—4) and PWP had éimilar correlations
with both VL and Pd '(Figs.4-5 and 4-6); RAPf(Table 4;1), LVEDP (Sig&.4—7

s

and 4—@) and IVCP (Table 4-1) had less consistent correlations.‘ All

parameters that showed signficant correlation with VL or Pd, had a
v , \ . . ‘

positive slope i.e.: values increased as Vt'ér Pd increased; in those

few cases where the slope was negative the correlation was not

significant. Table '4-3 shows the correlation analysés of pairs_of‘

HD

o

1

3
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parameters. PWP showed a goad correlation with LVEDP and PAP, also RAP

was correlated with IVCP; dP/dt was not correlated with either LVEDP

1

— -~ ' ’
or SAP. The partial correlation analysis showed that the interrelation

beﬁweep PWP and PAP was due mainly to the influence of lung volume; the

correlations bhetween ?WP and LVEDP and between RAP and IVCP were only
-, . ’

partially influenced by lung volume effects; the correlation bhetween
dP/dt and SAP was only apparent when tﬁe lung volume factor was removed

(Table 4-3, values in parenthesis). Cst values in 5 of the 7 dogs were
- {

slightly highef than HFOV "compliance”, but the overall differences were

*

not signficant (Table 4-2); in all cases the correlation between

Pd and VL was linear (p<0.01).

pIscus€IoN

i

The *present experiments demonstrate the importance of lung volume
" :
and Palv on the cardiovascular changes induced by HFOV. The major

effects of‘VL and Pd were on the pulmonary circdlation and systemic
venous return. There was a very strong correlation  betwéen

Pd and V_ (Table 4-2) which intefered with the analysis of separating

the individual effects of pressure and volume on the hemodynamic
- D -

-t

barametérg;b Duriﬂ§ static conditiong there was. a tehdgncy (not
significant) for slightly highér féspira;é;y system compliance>th§n
.durinq HFOV, ££is finding agrees with thé;aaté ﬁfom Chaptef 6, whiéh
sugqestea that during HFOV the lung is'situéted halfway between the
éyétem;

"Ea'was used as an‘eStiﬁate of §é}y BeCausglproxiﬁél féw? i.
undereétimates respiratory zope.prgséﬁre (Chgptéf 9A)., Resuiﬁglffom

«
]

inflation and deflation lim%? of the static P/V curve of the respiratory

194



-deteriorate) and also to prevent barotrauma. The.strict control of

other experiments (Chapter 6) suggested that Pd is a satisfactory
estimate’ of Palv. The range of Pd tested was determined by the

. ! : - - *
characteristics of the present experimental preparation: the lower

[V

limit was the minimum .pressure required for satisfactory gas exchange;
the uﬁpef limit was somewhat arbitrarily set to avoid major

cardiovascular depression (that could cause the pfegaratioh to

volume changes did not permitkan extension. of the'test_periodé to

include Q and bldod gas measurements. . Minor changes i’n'PaO2 or PaCO2

could therefore have been present but major fluctuations that might have

significant cardiovascular effects were avoided by rejecting

\

measurements at’ Pd levels that induced a steady increase in PAP (this
- ,

was a rare occurrence at Pd>6 cm H,0). In Chapter 2 it was found that
the changes in VL induced by HFOV are established in less than"1 min,
consequently the 3-5 min waiting period of the preéent experiments would

be sufficient to achieve steady state conditioné. The different Ea-

leveis were tested in groups of 3 and sta;ting hy the high ones, to

prevent accumulative effects of potential poor gas exchange conditions

L)

induced by low Pd, and avoid large fluctuations in ¢atdidvaécular’st§tﬁs

that would require long periods of equilibration. The tracings obtained
in the,presentAexpériments'suggested.that the hemodynamic parameters

< -

195

were in a steady state when -measpred, however additional changes induced .

Aby'longer periods of HFOV cahnot‘be excluded.

e

The observed increase in PAP was probably due to the compression of

4 - - . . .
the capillaries by high Palv and the stretching of the pulmonary vessels

_ in@uced‘by high lung volumes (3). The results of Chapter 9C exclude a-

role for PG's in this response.. The .correlation analyses suggest that -

4



PAP was more related to V£‘than té Pd (Table 4-1), however, the strong
P/V eorrélation observed impedéd the SEparatioh of these FWO effééts.
PWP was usually corrglated with LVEDP, even after remo?ing thé inf1ueh¢e
of VL (Table 4-2). The changes in PﬁP and LVEﬁf‘wg;e prébébly iﬁdﬁcéd
mostly by intrapulmonary pressure fluctuations. The lack of qorrelation
between.dP/dt-and-LVEDﬁ suggests tﬁ;tniv function changes were not |
related to fluctuations in preload} the. correlation between dP/dt and
§X3'§fter remdving,the effgcﬁ QE‘VL suggeSté fhat aftﬁgiogqu§i§ied'LV')

function, and that VL had opposite effects on dP/dt and SAP. In "

t .

Chapters 1 and 3 it was found that HFOV decreased Q, thus thé’iﬂcreases,<
in IVCP and RAP observed in the present experiments -are probably due to-
an:obst:dction to venous return caused by an .augmented pleural pressure.

. In summary, the results  of the present experiménts indicate -that

during HFOV, the changes in hemodynamic'parameterS'(mainly.PAP, PWP;
LVEDP‘and RAP) are related to increases in VL and-ﬁélv. The P/V .
characteristics of thé’réspirAtory éystem during HFOV arevcbmparable-to

.those found during static conditions without HFOV.

far
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Dog# ~ PAP  __PWP__LVEDP.  gb/dt’

B

SAP

RAP - IVC
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*x **'. NS
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R R

S asi NS
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Flgure 4-'; Dlagram of the I{E‘OV c1rcu1t and plethysmograph.» A blas flow,-*___-'f',.:" R

.'APC, a1rway pressure chamber, BS,‘bell spirometer, HPS: hlgh Pressure
source, M-PEEP, modlfied PEEP chamber,- Paw, alrway pressune transducer,

BOX’ box pressure transducer; PhN, phren:.c nerve stJ.mulator, VS vacuum

~ s source. : Flgure 4"2 Chanqes 1n alrway pressure w1tb lunq volume,‘ showmq:f R

llnear regresmon lJ.nes for 1nd1v1dual dogs.
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F1gures‘4—3 and 4-4"jChanges 1n mean pulmonary artery pressure w1th lung;

volume (top) and mean dlstal alrway pressute (bottom) show1ng regre551on o

11nes for 1nd1v1dual dogs.; Dashed line, correlatlon not”51gn1f1cant.‘
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CHAPTER 5

L

EFFECTS OF HFOV'AND PEEP AT CONSTANT Paw = *

ON DOGS WITH LOW-COMPLIANCE'LUNGS - ' -
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INTRODUCTION

e .

"} S | Appendlm v desctlbes a- method for. decreaSLng the compllance of dog :
lungs. The stlff.lungs were oroduced by repeated washlngs w1th warm | |
sallne, whlch probably depleted the alve;ll and°a1rways of surface—

‘"actiwe materlal.' After the lungs became Stlff P(A-a)o2 lncreased but
hemodynamlcs-were almost unaffected.i After a perlod of "stahlllzatlon

G h on IPPV) the pathophy31olog1c changes became stable for at least 4

’ mh.l Thus, ‘this type of 1ung damage affects mechanlcal and gas- xchange'l’

ﬂfunctions prlmarlly, w1th llttle'interference w1th thevclrcula ion.
Thls type of lung le31on has many 51m11ar1t1es w1th two common c11n1ca1 ‘:ﬂdlz -
'-vsyndromes IRDS (2) and ARDS (4). The effects of HPOV on’ the sallne

lavaged lungs could. prov1de 1nformatlon useful for understandlng the

'toleﬂof/HFovfin clinical practlce..
In thlS chapter,'the effects of HFOV are comparedvto PEEP (at

o 31m11ar Paw), 1n elght pentobarbltal anesthetlzed dogs Wi, _

,f'induced lung damaqe. B

T METHODS

Elght dogs (8 3 t 1 8 kg) were used for the experlments.; Aftet

'_ffbelng anesthetlzed they were 1ntubated and 1nstrumented as descrlbed dn

oo

dfthe prev1ous chapter.l In addltlon, the phrenlc nervesvwere 1solated andl"
.;'hf;COnnected to- a PhYsiolgglc stlmulator, and-the.anlmalslblacedkln amhodY df\
>'lf}fplethysmograph to measure TGV as descrlbedflh Aobendlx III.“The an1malsiig}7fuﬁ:h'
s coEes . |
g;fifﬂﬁlf;were ventllated w1th a Harvard resplrator (model 607) at 15 bpm and V

i

u‘;of 15 ml/kg (and 3 cm H20 PEEP during the Qreparatlon Perlod).; After;?-fffgff

'lfpreparatlon had beeh completed,»the anlmals were placed 1n thevﬂ




3.Qf”Harvard respirator w1th 3 cm H20 PEEP and 100% O2 Thlr”yimlnutes :

PEEP),-the dogs were subsequently ventilated with 3 cm H20 of PEEP.i
‘,'When the animals had been 1n the plethysmograph for 1 h, PEEP was ‘'set at
,‘ zero and 20 min later basellne measurements were. taken.l The parametersA
measured'(obtainedlas described in- Appendix Vi) were Cst;f | |
Paw, Peso, B, PaOz,. P(a- a)02, PaC0,, PAP, PWP, LVEDP 'LVSP and, dP/dt,
also,.TGVrand'V were calCulated asrdescribed-ln Chapter 4. Afterf
"making the.measurements, the - animals were ventilated w1th the Harvard
’respirator w1th 100% 02 and 3 cm HZO PEEP, 20 min later saline laVage‘of
'hthe lungs was performed as’ described 1n thé prev1ous chapter.“ After the

o lavage, the animals were ventilated w1th IPPV (and 100% 0 ) for 60 min

'_and all the measurements repeated.ih

- ) e L 5(&

The animals were aSSigned at random (restricted randomizationT”to-f;:a‘;;;;_

two’groups' HFOV-and PEEP. The 4 animals in the HFOV qroup were flrst

ventilated w1th 3 cm H20 PEEP for 10 min and the Paw readinq noted, the |

b"doés ‘were then ventilated W1th the HFOV c1rcu1t vescribed 1n Chapter 4

V>at 20 Hz and 24 L/min of 02 (bias flow). The pmessure in the airway
:chamber was adjusted to 1nduce the same Paw than during PEEP

ventilation. During the first few minutes of - HFOV,_several Sth

’-maneuvers were performed by ralsing the pressure in the alrway chamber

iifor 4--6 s, 1nduc1ng a Paw of around 25 cm Hzo.' After 30 min of HFOV,Q_'flgffﬁu5

‘ ?all the measurements were repeated, and'the anlmals ventilated w1th the

,.,'._‘

b'

clamping the expiratory line. In some cases, after 1avage, the animals

206

-'77ﬂlater, another set of measurements was taken.{ The HFOV and PEEr:Studies S



St
.

probably due to hypercapnia. In these siguations the respirator rate
was increased wto 22--24 bpm  to maintain apnea.
\ The animals in the PEEP group were first ventiléted with 3 cm Hzo
PEEP for 40 min (10l+ 30 min) and méasuremente were taken. Three more
sets of/ﬁeasurements were ohtained after plaéing the .animals on HFOV for
30‘mina(at the same Paw level induced by PEEP), PEEP and again HFOV,
‘The TGV measurements were performéd after opening the ai:way toi
: v ——
atmospherlc pressure for 6--8 s. To obtain V during HFOV, the volume
exélred (measured with the splrometer) when HFOV was disconnected, was'
added to the previously-measured TGVT V durfh% IPPV was obtained by
adding to TGV the average volume changes 1nduced by T (from the
spirometer tracings; see Chapter 3). To calculate Vﬁ during PEEP, the
volume expired when PEEP was'dieCOnnected at end-expira;ion (measured"
with tﬁe spirometer) was adéed to the average ofdthe lung volume changes
s o

induced by Vq (between end-expiratian and end-inspiration), and to

i

measured TGV.

Statistical analysis: To test for overall differences between PEEP

and HFOV periods (post—lavage) a 2-way ANOVA (6) was used. Individual
dlfferences between HFOV and PEEP durlng the f1r§t %fafecond perlods
were tested with Duncan's multiple—tange test (1), Pre-lavage baseline

and post lavage IPPV measurements were not lncluded in the statlstlcal

. o .
analysis. ,Values are presented as means + SD; significance value was

¢

set at p<0.05.

ate

(. ~ , RESULTS
Table 5-1 shows the average values .of each parameter, obtained
. ! -, |
during the pre-lavage control period, post-lavage IPPV and the two HFOV

207
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and PEEP periods; statistical analysis (ANOVA and Duncan tests) isfaléo

included. As expected, Cst decreased after.lavage'(Fig.S—1) and this

* was accompanied by an increase in-?ﬁw (Fig.5-2) and

5#(??9.5-3); Peso decreased concomitantly (Fig.5-4). Cst and Paw were

similar during HFOV®and PEEP, butPesc was lower and EL higher during

- HFOV. TGV decreased,éfter laggge and remained similar during HFOV ‘and

PEEPFig.5-5); V£ also decreased after lavage, and was significantly

higher during HFOV {Fig.5-6). Pa0, was significantly higher ‘during HFOV

(Fig.5-7) and P(A—a)02 was significantly lower; PaCo, was slightly

higher during HFOQOV (Fi§;5-8) but the differences were not significant,

PAP increased.after'the.lavage and‘yas sigq;ficantly highefldurihg HFbV
(Fig.5-9); the same was: true for PWP ' (Fig.5-10) and LVEDP. ‘Both LVSP
and dP/df decreased somewhat after lavage, and there were no significant
i : ~ :
'éifferences betw2en HFOV and PEEP.

When the first and second test periods were compared statistically

(Duncan's test), no significant differences were observed in any
10:- R

parameter between qgé'two HFOV periods, or between the two PEEP periods.

°

DISCUSSION . S

-

The aim of the present experiments was to ‘compare ' the effects of

HFOV to those of conventional ventilation in dogs with stiff lungs. 1In

Appendix IV it is demonstrated that saline l&vage induces an increase .in

’

lung stiffness which was'étable for at least 4 h; the associated
physiolbgic~changes have alsovbeen dgscribed.f'In:thé:presgnt_Chapter,'

the statistical analysis,of tﬁe-fesults was deSigned_to.compare HFOV =

/
with PEEP; the effects of lavage, although th’tested-statiéticélly,/

seemed similar to what has been déséribed-in_Appéndix Iv. 'Thﬁﬁﬁveréll

o
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testing time was around 31/§h after the post-lavage IPPV period. Any

changes in the stability of the lung lesion with time, would have little

)

effect on the results because the testing periods were randomized and

.repeated twice. The statistical analysis did not show any significant -

’

differences between tﬁe two HFOV or PEEP periods, indicatinq.that the
degree of lung damage was quite stable duriﬁq the time tested. In
Appendix IV a small increase in;§X§iwas obsereed at ﬁhe end of the
testing period; in the present experiments, an eVen‘smaller increase was
feund (less ‘than 1.5 mmHg), which was hot'statistically significant.

Fer data analysié, neasurements obtaaned duriné'the.first or second
testing,pefieds were pooled, althduqh half of ﬁhe time PEEP was .tested
- first, and in .the dtﬁer half HEOwaas”firét. This was justified because

: . . o . o . .

the lung injury wasVStahle; and.it would-avoia any biases induced by
starting the_eests'with a particular ventilatoryvmede.

In the present experimeﬁts,'gaw'was measured’aﬁﬂtﬁevETT leyel, a
ioeation that was later foﬁnd to underestimale Ealv.by an average of

around 2;2;cm Hy0 (see Chapter 9A). This means that. during HFOV the

dogs were probably ventilated at a slightly higher Palv than during

PEEP;' This“may'explain, at least in.part, the hi-gher‘PaO2 and VL during

xHFOV, the sllghtly higher PaCO2 durlng HFOV could be due in part to-

,larger "dead space" induced by hlqher small alrway dlstendlnq

pressures; An estlmate of the VL that would be lnduced by HFOV at the .

.U
same Palv as durlnq PEEP ‘was obtalned by multlplylnq "Cst“ durlng HFOV
\ . ' ' - -
by the prev1ously—mentloned pressure gradient'Palv(= ?aw-(z.z cm HZO),
SR = 27

and shbtracting this‘value frOm V‘ obtalned durlng HFOV. V was an -

' average 29% (lst perlod) and 27% (2nd perlod) hlqher durlnq HFOV w1th no

DA
[ L:

correqtlon for Palv;_when adjustedAfor'Palv'the,dlfferences wvere Stlll

s
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‘important, 11% and 10% respectively. bAlth0ugh these calculations are

only a ro estimate —-which involves several assumptions. and use data
obtained.from different, experiments — they suggest that in the
surfactant-deficient lung HFOV induces-higher Viﬂthan conventional"

. -~ ‘ ' o »
yentilation at similar distending pressure. This agrees with data
publishedrhy other groups who-lavaged rabbits lungs (3).’ The resdlts of
the experiments of Chapter 3 sﬁqgest that‘in normal-lungs'cohventional
ventilation induces higher VL than HFOV at the same alveolar distendihq
pressure. This disereéancy.could‘meah»that &hen there is‘a tendeney for
alveolar col;apse, HFOV rsemdrebefficient in maintaininq alteoli‘in:ah k
opened state, as suggestee ih the brevieusly;mehtiohed‘rehort (3)¢ It
- is unlikeiy that;the.differeht techniques used for the sigh.maneuyers
were responsible for the ebserved d15crepancies: In Chapter 9, the

- Paw gradients during HFOV_were studied at’a bias flew of 4 L/min, ‘but in

.ol

the present experiments the flow used was 24 L/min,'which’could‘inducela‘

-zdifferent gradient.. To test thisvhypothesis, the gradients of'tWo dogs

- were studied at a flow of 32 L/min (the maximal that could be generated
-“ .A V ‘ ° -
in the experimental setup). The pressure differences between the ETT:

‘and distal’airWay_were respectiveiy 2.7 and 2,1’gm‘H20,wwhieh are in the

ranqe’fohnd in Chapter 9A using‘only.4 L/min of bias flow.l
Interestlnqu, 1n the tests with high flow, a reqlon "of low. pressure was

cons1stently 1dent1f1ed just dlstal to the tlp -of the ETT whlch was 1.9

‘and 1. 5 cm HZO lower than averaqe ETT readlngs.v Thls effect dlsappeared :

)

.a few centlmeters dlstally, and the pressure lncreased as- descrlbed

210

‘previously;_ These flndlngs mlght be explalned by the. turbulence created o

at the' tlp\of the ETT by hlgh gas flows.- The presence of thlS low-_i
. \\4 . . . . s

pressure zone has to be c0nsidered~wheneVer‘§aw is,measﬂred near‘the tip
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nét_ﬁerfqrmédfﬂurianthe1expériménts;,5ThéfﬁéﬁddyhaMié data ‘sugg
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of the ETT and high bias‘flows are used.

°" 1In preliminary trials it was found that the bias flow of 4 L/min

_used in most experiments was asSoéiated_with C02‘retention after saline

lavage. An:incxeaée in bias flow to 24 L/min ind@ced satisfactory_PaCO2

’ [ . . N
levels in most cases. This finding corroborates reports from other .
_authors who have suggested that an increase in bias flow imbroveS'Coz';
removal (5,7). However, in some cases-a tendency for CO, retention was

_ obéerved dﬂrinquFOV at high‘f10WS; but it was not statisticallyj

significant.

During conventional.ventilation_With PEEP, 100% o2 was'used,‘but

during HFOV this was probably. not the case. Durinq HFOV, pure O, was

used for the bias flow, but air circulated through'the airway pressire .
chamber. The‘iﬁ vitro tests reported in Appendix I suégeét_thqt--
significant enﬁraiﬁment does nat take place with this -HFOV system, and

consequentlyilittle'ifkany, air'entered the circuit in the present

_experiments. However, as discussed in the Introduction, signifcant

rebreéthinq'probabiy takés place duriﬁq HFOV, and'this decréaSés the 0y

cohcentrationithatlreaches the alvéoli.» This makes the increased Pabé‘

v observéd'during HFOV even more:significant clinicallym_i,v;

_Thefexperiments’reported'in Appendix IV suggested that saline -

ia&aqefmith increase the pefméabilitY'bfitherIVeqlé-capilliﬂ R

membrane. To-avoid fluid accumulation in the air ‘spaces, minimal i.v. - -

' ;fluids,Wergiadministered‘in thegpresent'ekperimentS’(similar‘to.what was

.

_-used in. the previous Chapter);. for the same reason, Q measurements were . =~ .

st that

.

~Hfbylipdu¢ed highg: pressuresfin.;he:pdlménafy'cit¢ﬁiétionvand'left

'at;iumﬁ,bu;fﬁhefhiqhén*ﬁalvgduxihq~HEOV.waS'pfobébiynthe'méjar“féctér :
s R C R SR R U
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1causing this. There ‘were no 31gn1ficant dlfferenees in v functlon (as»
.assessed by dP/dt), but the large sD dlminishes the value of thls
flndlng. LVSP was used as an 1ndex of LV performance and perlpheral
_Yc1rcu1atlon status, but unfortunately, dlastollc systemlc blood pressure
- and vaere not avallable to support the . flndlngs. -

In summary, thevpresent experlments suggest that HFOV is at least
;as good as (and probably better than) PEEP in malntalnlng V and PaO2 in
surfactant—def1c1ent lungs. However, in some cases, CO2 removal could
be unsatlsfactory These flndlngs suggest that HFOV could be useful 1n>3,
'cllnlcal settlng to ventilate patlents w1th surfactant-def1c1ent and
?Stlff lungs. However, the potentlal for barotrauma lnduced by the Slgh

maneuvers ‘would have -to be 1nvest1gated further before startlng human

s

- experiments.
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TABLE 5-1:
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Overall data and, statistical analysis (Multiple range test
and ANOVA) of the differences between HFOV and PEEP periods

| IPPV . IPRY  HFOV . PEEP  HFOV  PEEP  F value

Cst

control post-lavage _ ‘ S (ANOVA) - -

45.8: . 36.2¢  32.5%  32.3x  30.6&  30.2& 1,67

(ml/cm Hy,0) 11.2 18,9 12.2(NS) 12,8 ' 12.5(NS) 11.8 . (NS)

' §aw
( cm HZO)

© Peso

(cm H,0)
PL .
(cm 320).»

" FRC .
(ml/kg)

.

VL~
(ml/kg)
PaO2
(torr)
',p(A-a)oz
(torr)

Paco,
(torr),

" PAP
(mm Hq)
PWR
((mm Hg)
LVED??'f”
" (mmHg)
Lyse
(mm Hg) .

- apjat.

S 149% 0 . 130% |, | » 9% ' A o
C 1648 12,9 18.4(NS) 16,2 19.4(NS) 19.2 . (NS)

3.85¢  6.53%  8.78+ . 8.72¢  8.78%  8.82¢  3.04
0.80 . . 1,87  2.03(NS) 1.97 . 2,01(NS) 2.08  (NS)~

2,233 0.24% ° 0.34x  1.03x 0.31%  1.14x 11,29
0,77  0.71 .~ 0.85(*%) 0,72 0.96(**) 0.94 (%)

1,788 6.32& - 8,37 . 7.76x  8.51%  7T.64%  8.76
0.87 1,56 1.96(%*) 1,60 1.97(**) 1.67 - (*¥)

56,1+ 33,3+  38.5%& 36.0& = 36.8&  35.5& . 2,05

' 8.32°  9.62.. 12.1(NS) 12.6 14.4(NS) 13.4 -~ (NS)

61.4¢  38.3%  61.5%  47.8&  59.5&  “46.9% 14,95
8.37 9,88 - 14.8(*%) 13,6 - 16.3(%%) 147 . (ax)

95.6x 187 - 356x . 222& - 316  225% 13.37
3,75 118 49.0(**) 126 .83.1(%*) 127 . (x4) .-

9,08+ 476 - 341% - 445% - 369+ . 443x 9,72

13,74 85,3 . 32.2(**%) 93,2 - 58.2(**) 92,9 . [(#*)

30.0¢ - 32.0% . 36.4% " 32.9% . 37.5% - .33.0% . .1.67
1.55 3,88 9.14(NS) 2.93 - 11.1(NS) 3.21. .. (NS)

13.6+ . .14.8:. . 18.4%x | i5.6% . 19.9¢ . 16.91% 6,15
2,62 . 3,61 - .4.02(%) 4,01 T 4.24(*)  4.24 (**)

4,948 - 5.52¢  9.63% © 5.60% ¢ 7.66%  5.43F  -18.17
1053 .. 2,35 3.31(*%) 2,82 2152(%*) 2,71 (#*)

4.36: - 4,015 7 10.8% . 8.34x 1044 .0 8,72¢ 25,64
CUALBT 2074 0 TG TT(**) 5,05 L 6,73(**) 5,04 7 (**)

139¢ 128 - 139¢ - i3 .. 1,91

52.4% 38,4 43.6&  37.6¢ 50.4f  40.0f . 0,54

7 (mm Hg/sec) 11;6, i :1}56_ﬁﬁ..12L0(NS)78¢81__ 20.4(NS) .9.63 - (NS) .

© Values are mean t SD. NS: p>0.05; *:-0.055>p30.01; **: p<0s01 ~

L

.-‘ -
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CHAPTER 6

. COLLATERAL VENTILATION DURING .~ @ = .

| - HIGH-FREQUENCY OSCILLATION INDOGS =~ '




INTRODUCTION
It is still unclear how high~frequency ventilation (HFV) can
T

- v : i . ) .
achieve gas exchange, the tidal volume being smaller than the anatomical

dead space‘z10). Two main theories have been advanced: that gas

exchange is mainly by augmented diffusion (9}, and that, despite the

L4

small tida; volumes, HFV achieves sufficient bulk movement of gas up and
.down the airways (11). One mechahism»by which HFV cquld achieve this
Ibulk Tovement is by enhancing gas tranquft betweén lung segments (16),

~ perhaps via qollateral channéls (20). As there are no studies available
. on thé mechanics. of collatgréi ventilation during HFV, in the present'

study, . resistance (Rcoll) and time constant (Tcoll) of collateral

*

channels were measured during higthrequeqéy oscillatory ventilation

(HFOV) and positive end-expiratory pressure (PEEP) with the }unqs at the
same volume. The measurements were made at several lung volumes during

»

both HFOV and PEEP.

-

MATERIALS' AND METHODS
EiQhﬁ mongrel dogs weighing 6.5 to 9.2 kg were anesthetized with

pentobarbital sodium (30 mg/kg) and intubated with a cuffed endotracheal
Y : .
tube 9 mm i.d. Cuff pressure was;kept above 40 cm H,O. The phrenic

nerves were isolated and connected to a Grass stimulator (model'SD9) and
catheters were inserted into the femoral artery and vein. The animals

were piaced in the plethysmpgrépﬁ-spirometer sysﬁem described in Chapter

(]
f

3 (Fig.6=T), to méaSure GV and monipof"AFRC with the same technique.

i

\ : «\'

holes in the side of the Silastic ‘tubing'(Fig.6-2). The first, a short

Measurement Catheters: Three catheters were inserted through airtight

catheter with aHVaiidyne ME45’tpansducer attached,'was,used to measure

B
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proximal airway pressure (Paw) 4 ém from the proximal airway openinq.‘
fhe‘amplified transducer output was.cbnnected to the physiological
recorder, and the Y axis of the X-Y recorder when it was used to
calculate TGV as described in Chaptgr 3, The second, ;:double-luﬁen
catheter, Qas threaded down.the endotracheal tuBe. When thé'outer
catheter (o.d. 2.5 mm) entered a small airway, Paw was raiéed‘to 30 cﬁ‘
HZO and - the tuﬁinq was wedgeé kas sﬁggested by Woolcock ahd.Macklem,
_ref,30). The inner catheter's tip protruded 5 mm;'its prokimal end was
connected to the positive side of a P3QO validyhne éifferentidl-pressufe\
" transducer to measure segméng pressure (Ps). Compressed air flowed
through a calibratéd resigtance;type flowmeter into‘the outside éathetef-'
(Veoll). For calcula£i§n§ of flow, the pressure drop across-thé
flowmeter's‘resiétive elements (R in Fig. 6-2) was ‘measured with‘é
Stathamﬁpﬁs»differentiai-pressure tranSducér whose amplifieé output went
to the thsiologiéal fécorder, and als§ to a digital voltmeter (Hewlett .
-Packérd model 3430A) to allow precis¢ édjustment of Qcoll.“ The third

catheter, used to measure distal airway pressure (Pd), was advanced into

the small airways but not wedged. It was connected to another Validyne
P300 pressure transducer, .as well as to the negative.side of the Ps

tfansducer for measuring Ps minus Pd. The catheters fdr'measuring'Ps

“

and Pd had occluded distal tips with 6 small éide'holes>in the terminal
1.cm.. All pressures (Paw, Pd, and'Ps - Pd) Qere»recorded on ‘the Gould

strip-chart, and Ps - Pd was also displayed on a digital voltmeter

(Gould Digital Display Module, model 13-4611-10) to allow fast and . .
. \ v A : . i o

accurate pressure measurements, The cr;tgriabfdf assessing proper

wedging of the‘double-lumen catheter were: resistance to its;withdrawalf‘

(30); a steady Ps - Pd»value.that‘varied’with Géoli} rabid”oscillations_
¢« / o ’

.
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" in the Ps - Pd tracing, synchronous with the heart beat; and Ps - Pd = O
when Vcoli wés Zero.

Experimental Protocol: When preparation was complete, the animal was

placed inside the plethysmograph box and the 1lid was ciosed. The
Harvard respirator was set at a tidal‘volume of 15 ml/kg and the rate
adjusted to givé a PaCOy, between 28 and 34 mm Hg. The dogs were
Ventiiated for 1 h at 3 cm H,0 PEEP to allow equilibratioﬁ,qf\box
température;.then the PEEP level was adjusted to produce a Pd of 10
cm H,0. After maintenance ‘of this Eaf for 15 min, a Bléod samplé was
féken for determination.of baseline:gas”values and then the HFQV pump.
was connected.' The oscillatér_was aﬁjusted to. 20 Hz, which induced a
PaC02 value between 28 and 34 mm Hg. In the three largest dogs, £he
bias flow (alr) into the oscillator had to be 1ncreased (from 4, to < 35
liters/mih) to maintain PaCO, in the desired range. fhé airway-chamber
'préssure was,adjusted ta briné ;a.to 10. cm Hzo, and 15 min late; another
) .

sample was taken for blood-gas determinafibn. The dogs were again

ventilated with IPPV, using the Harvard respirator, and then FRC was

*

. 19
measured.

Pressure/volume (P/V) curve: The Har&grd respirator was restérted after

_the FRC me;surément, and é-10 min lafe? a static PyV curve for the -
Vrgspi;atbryAsygtem was obtained. Fér'this, the véntilato: was

disconnected and a 750—mi célibrated sy;inge was connected,in its

élace; Air was injected through thé syriﬂqe intO‘tﬁé dog's lungs until

Paw reached 30 cm HZO,.and the; withdrawn. Thls was done 3 times, over |

>4 6 S Then the syrlnge was dlsconnected for 5- 8 s to allow thé&;&nq :

to reach_FRC (the yolume‘changesvwerg monitored w1th the spirometer).

The-syringe was reconnected; 4 to 6 ipcrements of air (50 mlrfdi small



dogs, 100 ml for larger ones) were injected, allowing 2-3 s for

equglib:ation after each; then the same volumes were withdrawn, agein

" with 2- to 3-s pauses. _Measured FRC was used to position the P/V curve

on the volume axis. . , ' S

Measurement of Rcoll and Tcoll: The Harvard regpirator wasl:econnected

end the doge were ventilated for at least 20 min. The box was attached -
to the spirometer, to monitor changes in lung volume. The'Hefggrd

ventilator was replaced by .the HFOV pump (set at 20 Hz), for the first
. . Q& e .

‘measurement of collateral ventilation. Airflow into the double-=lumen

catheter (Gcoll) was started, and adjusted to give a Ps - P4 difference
) . . . .

close to 2 cm H,O (this was usually achieved in 3-5 min). When Ps - Pd

had become constant (5-15 s), readings for spirometer volume, Gcoll,'and"

Ps - Pd were taken ffom the diéital-diéplay voltmefefe. ~0coll was
stopped, and ﬁhe exﬁonential decay in the.Pe -APobtracing was r&sgrded
at either 56 or 100'mm/s: The oscillator wés disgonneceed; the airway
was ooened‘to the atmosphere for 8-10 s‘to ellow the lungs to reech:FRC,
and the ehahée in spirometer volume was .noted. -The'animal waslagain

ventilated with the Harvard respirator and the PEEP'level was adjusted

"~ to give the same readlmg for the splrdmeter volume (on the dlgltal-‘

»

display voltmeter) at end explratlon as durlng the steady—state HFOV

period. Vcoll was adjusted to glve a Ps - Pd value close to 2 cm Hzo.'

1
oA
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. The ventllator was stopped at end-explratlon, when flow and pressure had -

5

stablllzed (S 15 s), readlnqs for Vcoll and Ps - Pd were taken and the

- Pg - Pd decay after stopplng Vcoll was recOrded as before. The

'ventllatorvwas dlsconnected,vto allow the-lungs to feturn to FRC HFOV

was restarted,,and the airﬁay4ChaMber preésure was,changed*to‘lnduce a

different lung Qolume.' When ' a new steady state was reached, the



BN
measurements were repeated both during HFOV and at a similar end-
expiratory lung volume on PEEP.

These procedures were performed five times on each dog, yielding

pairs of measurements (during HFOV and HEEP) o% collateral ventilation
at flve-lungbvolumes. Rcoll, Tcoll and c0mpllance of the occluded
segment {(Cs') were calculated (20), as: Reoll (ps - Pd)/Vcoll, Tcoll =
time taken for Ps - Pd to detay to 37% of the steady-state value, and
cs! = Tcoll/Rcoll.

To obtain accurate readlngs of Tcoll, the Ps - Pd decay. curves were
dlgltlzed (Hewlett Packard Xstiqitizer} model 9874a), and stored and

analyzed (Hewlett Packard desk-top computer, model 9835) . Cardlac

rtlfact was ellmlnated by a mov1ng—average procedure (4), and the data

were fitted into an exponentlal decay equatlon by curv111near regression
analysls with the least-squares method (26).

Measured Tcoll (Tcoll')
was calculated from the slope - (b) of the exponentlal equatlon, as
Tcoll' = —1/b.

As the catheters used to meaSure the decay of Ps - Pd
were long and narroy, and therefore their response. time could »

51qn1f1cantly affect the measurement of Tcoll 'if Ps - Pd decay were

Ry

r‘bld the catheter/transducer system was tested w1th a square pressure

\mve. s
formula (21)

measured tlme constants (Tcoll ) and Obtaln the actual Tcoll, using- the

The. tlme constant of this" response (Tcr) was 0 042 s; it was used to corr

Tcoll-' (Tcoll )2 . (Tcr)2

As the tlp of(the wedglnq catheter
was . not flxed into plabe, and thus mlqht have moved when lung volume was -

changed, thereby alterlng the size of the wedged segment, the values (Tcoll

Rcoll, and cs! ) obtalned ‘at the dlfferent 1ung volumes were not compared.
Treatment of Data

o

The statlc P/V curve of each dog was used to derlve the Paw expected
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durlnq HFOV at a glven lung volume. For -this, each lung volume obtained
during HFOV (baseline TGV plus volume change) was plotted on the volume axis
of thelP/V_curve and the predicted airway prgssures were read off the ptessure
axis, Three Paw values (on the inflation limb,‘deflation'limb, and midway
between these points) vere derived from‘tne P)V curve for each HFOVovolume;
§d values measuredlduting HFOV at eaeh lung volume werelcompared ulth thej
thtee corresponding derived EaW'values,_using a Student's naired t-test.
Baseline blood gas values'obtained during HFOV»and PEEP were also compared
with a Student's paired.t-test.v
For each parameter of collateral ventllatlon, data from the 8 dogs at
each lung volume were.pooled. The 40 palrs of values (for HFOV and PEEP) were;;
; compa;ed,~usinq Student's‘paired t—test for assessing signiflcance of ‘
dlfferences, |
fhelleast—squares method uas‘used for-correlatinq the.differences ln'
" Rcoll, Tcoll,vand 631 values durlng HFOV and PEEP w1th‘the lung. volumes at
which they were measured The’slgn;flcance level was set atup<0.05. Results

are exPreSSed as mean % SD.j

RESULTS

Basellne blood gas values were s1m11ar (p>0 05) durlng HFOV and PEEP
l(Table 6—1). omparlson ofithe 40 palrs of values for Rcoll, Tcoll and Cs'
‘durlng HFOV and PEEP (both at the same lung volume) showed Rcoll and Tcoll
51gn1f1cantly hlgher durlng HFOV but Cs not 51gn1f1cantly dlfferent
(Table 6—2).‘:_~ | | |

Q<' Restlng 1unq volume was obtalned by addlnq to the pléthysmographlc
_FRC value the 1ncrease in lunq volume 1nduced by'HFOV or PEEP., Rcoll was

"*5usually hlgher durlng HFOV and tended to decrease as lung volume lncreased
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_(Fig.6—3), b‘ut.:r':omparison of th'.e"paired values’u (pooled data from the 8 dogs )
showed no significant correla;on between the HFOV/PEEP dlfferences in Rcoll,.
- Tcoll and‘Cs and the-lung ‘volum% at whic‘h they vere measured. The average'
| diffe;?_ences (£SD) between HAFO.V and ’P.EEpivalues vere: 'l‘Rcoll‘ = 0,101 ;t 0.142 cm
HZO/ml/‘s;: 'l\soll' = O..023 + 0.036 s; cs! = -0 .00641 0.073 ml/cm H,0. |

| Comparison of ?d values :‘durlng' HFOV with an derived from' the static P/V
curves at similar lung voluma (F:Lg.6 -4) showed that Pd fell slgmflcantly
- (p<0.001) to the right of the deflatLon curve (1 31 t 1.53 cm Hzo) and to -the
left of the,iv’nfla_tion curve (2 _12 %1 .47 cm ‘H2O), but-it was not slgm ficantly
| di fferent f rom the caloul_ated.midpol.nt between these curves.

-

DISCUSSION I .
A ) n

The present ‘technique for measurJ. ng collateral resxstance and the time

'constant of the collateral channels 1s sn.mllar to Hllpert s (12) as. detalled,

- ‘:,

by Menkes and Traystman (20), w1th anor modlflcations. Hllpert placed glue
.at the tip of - the double—-lumen catheter, to prevent 1ts dlsplacement thls ‘was
not done in present expenments. In prell \nary trials it was ‘foundvdl.fflcult
-to dlslodge the catheter when it was wedged at hlgh lung volume as . suqqested
by WOOlCOCk and Macklem (30), and unWedgl nq it resulted in a sudden drOp in
'.P Bd to near zero when Vcoll was on. Secondly, gluelng the tlp 1nto
'posltlon w0uld have hampered occas:.onal .removal of the catheter to clear i

. obstructlon by secretlons. In the present study, spontaneous dlslodgement was“

: not doserved. However, as repeated changes between HFOV and PEEP ralsed thlS
-,pos51b1hty, Rcoll and Tcoll obtalned at dlfferent lung volumes were not - A

; -compared -aeven though ln 4 of the 8 dogs, it was observed as others have (30)

‘. that Rcoll and Tcoll decreased as lung volume 1ncreased. . - |

- Dlgltal-d15play voltmeters were used to dotaln slmultaneous Vcoll and ’
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Ps - Pd readings and improve the accuracy. of measurements. A digitizer with a

conputer that‘remOVed the cardiac‘artifact by a nevinq-average method (4) was
used to calculate the slope of the Ps - Pd decay, increasing the accuracy of

Tcoll calculations.»_The difficulty in calculating Tcoll from raw Ps =~ Pd
curves is apparent in the tracipgs reproduced in Fig.3b of the report by
Menkes and Traystman (20).

Although the P300’transducer used to measure Ps - Pd had a very’emall

LT

“internal volume (0,57 ml), the t1me constant (63% fesponse time) of the

' catheter/transducer system was 0,042 g, which was similar to the.fastESt

A4

Tcoll' measured (0.054 S)e Thetefore,.cerreetionAfer’Tcr_wae'critical.
weolcdch and,Mackien (30) used a Ps catheter of einilar size but with a
.Sanhqtn transdncer thatdhas.a relatively largevintefnal volnne‘(3.42 nlf
Ref.14). . Thus'the_time,eonstant,ef theiricatheter/transducerfsyetem yas
.dgubtless laréer:than the 0.042 ; measu:ed’fof the pfesent syetem; and;-ae
theyvdid-not use fcr td‘correct Tcoll'; there_ma§ have;been‘a eubstantial
,;étror, espeeiaily in theii aSseeement"ofdehott time constants. |
The present findingsisuggestﬁthat‘teeistance*te.tlow,thtongh cbllaterai
channelsvis_incfeaeed'durinq Hde.’ It was.felt that fhis‘ﬁaégﬁot”causedhhy‘an
artifaet'df-the measurement‘method. Asg lund volune is a najbt'determinant-ot_Ai
collateral ventllatlon (20), Rcoll and Tcoil wete‘measured at the same ldng'l
:volumes durlng HFOV and PEEP. Also, the Vcoil-lnduced pressure dlfference »h
(Ps - Pd) across the collateral channels wae nalntaaned at 2\t 0. 3 cm Hzob
durlng both HFQV and PEEP to cause 91m11ar dlstentlon of the wedged segment.:'
: When the three dogs larger than 8 kg were ventllated, a low PaC02 could
‘not' be malntalned w1th ‘the standard HFOV settlng (20 Hz, W1th the blas flow at’
. SO

"4 llters/mln).- However, when the blas flow was increased up to < 35

liters/minp with‘airWay-ghambe: gressuregadjusted\to,maintaianaw_at 10/cm'~
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H,0, the PaCO, fell to the range achievedgin the smaller dogs. The higher

PaCO, in the larger dogs'during BFOV pgobahly indicates that 'alveolar "i,
ventilation"indueedﬁpy the oscillator was insufficient to eliminete thee;
weight-dependent largner‘co2 pfodpction; requiring,enhaneemeht of CO, removal
by .increased bias.flcw (15).‘ Aitetnatively; the collateral pathways may net
have been fully developed (18) in these three animals, which were also the

youdgest (< 1 yr). If the latter is correeﬂﬂkcollateral ventiletion could be
importent dﬁring HFOV (3) and the effects of lung immaturity on the efficiency
'of HFOV should.be considered. | - |
The;e are several possible.explanations fer‘the higher.collatefall «

resistance during_HFOV than with PEEP,' Results of earlier'HFOV experiments
(2) with ﬁheﬁsame oscillator indicated a lower mean pfeSSQrevin fhe proximal -
eirway than in the alveoli, as has been sugges£ed by eﬁhers'kS,ZS)- This |
preesure ggadient coﬁldvresult in lesé distention'of the Lemberﬁ and Martin

channels (20) than during static conditions .(PEEP), when -airway and alveolar -

. .
, »

preseures afe,equal. Howaver,pfhe pressures in- the varioueAairway generatiohs
are not knewn, or' also whether sﬁa}l'changes inipressure,gan affect'the
diameter ef collateral pathwaye. Moreover; there isldieagreement over the

: cdptributions by brenchioler’and alveolar éathways in cellaeeral ventilation-

’

\ \ ] . V ) '.» . . . . . . . . . ! ‘
(20}, It is unlikely that this mechanism plays-a significant role. "

j : - .
e , : SR

‘Changes in sﬁrfaeeﬁtension;‘also, may affectvcollaterai Veﬁtilation (195,
-altheugh available data suggest that high~- frequency ventllatlon does not alter
surfactant act1v1ty (8).;'The present.HFOV system 1ncrea$es‘pulmona:y erterial‘
.preSSUre (mn,* put,the.reperted influence ef the.phlmonarQ CirculaeionHOn
cqlleferel ventiiatidn,éeeﬁs‘deerto changes:in COziof’ﬁo peimonary_edeﬁe
(20).; Any lncrease 1n P002 decreases Rcoll (27 28), but the HFOV and PEEP

' basellne Pa002 values were not slgnlflcantly dlfferent (Table 1), and the _;



G

230

| ‘ ESS |

short time between HFOV and PEEP measurements would not have allowed much
change. Similarly, hypoxia increases Rcoll (28), but the 5—15 s of apnea
‘required to make the Rcoll measurements during PEEP would depress P02 only

slightly, and, if anythlng, lncrease Rcoll. Changes in local ventilation/

" perfusion ratios could have influenced local gas concentratlons @@ the. present

.studies, and consequently Rcoll. The-experimehtal setup old not allow for
control of this variable, |

A ‘possibile exblahation for the present findian is thatilduring’HFOV,'a |
vagally mediated_reflex-ihcreases-the resistance'ofAc011ateraltchanneis.."It

‘'has been reported that HFOV increases the discharge from irritant receptors in

the airways (31); -hs these reoeptors oan induce reflex hronchoconstriotion ‘

via the:vagus (22),‘ahd vagal discharge'can lhcrease Rcoll (23,24,29), HFOV:"’
may‘increase Rcoll by stimulating these irritaht receptors. ffhis is supported
by the finding that high-frequency‘ventilatioh increases'brohChomotor tone, at

‘

least in the large airways (6). .However, the'effects,of‘vagotomy.oh
‘collateral resistance_during HFOV, which might help establish vhether the

vagus is involved in the'observed changes in Rcoll, are not known.

\

Tcoll, -also, was hlgher durlng HFOV. This was’probably due. to_the

increased Rcoll, as Cs1 did not change (Tcoll Rcoll X Csj). 'The calculated'_

compllances of the wedqed ‘segment (Cs ) durlng HFOV and PEEP were 31m11ar,

,sugqestlng that the 1unqs elastlc characterlstlcs are almost the same.. during

S

'these two condltlons., Thls is supported by the p031tlon of - the Pd values at

‘the mldllne between the 1nflatlon and deflatlon part of the P/V curves
N _0 5 - .

A‘,(qu 6 4), !( L

R ST o o o .
In 1980 Bohn et al. (3) showed that HFOVfcan maintain adequate"

: ventllatlon w1th tidal volumes smaller than}dead space, but the mechanlsm of

jéas 'Phange duging this mode ofryentilation is_st;ll,notfolear.u Ventllatlon
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during HFOV may be achieved by enhgnceda%%ggusion (9) o by HFOV-induced bulk
'?transport of gas (1) The'latter michﬁ be féciiitated by intersegmental cas
" movement (16), whose existence’is‘sugcested by the;ﬁneven;moyement of lung
sufface under a strobe ;iqht'(i7) and irregular disélacemént of |
.intraparenchymal lead markefs (13) d%éing HFOV. An inportant pathwey for,this
lnterseqmental gas ‘transport may be through collateral channgis.//The relatlve
inefficiency of gas exchange during‘ggpv in pigs (3), which have high Rcoll
- (20), would be consistent with an important rgle for collateral ventllatlon.
It is concluded that during HFOV the re31stence to gas flow through |
coilateral Channels is increaSed but that gas exchange via this route may
‘ still be.impcrtant.’ Tnus, drngs that decrease Rcoli.(ZO) might enhance tﬁef

efficacy of HFOV, - S
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TABLE 6~1. Baseline blood gas values of each doq, obtained during the

control periods .-
PEEP HFOV
Dog #  paco,  pa0, PacO, _ Pal,
1 , 29.4 97.2 30:4 101.3
2 YR 95.7 28.6  110.3 )
sy ' 34.0 - 85.9 C s 875 /
4 : "32.5 94,8 31,7 94.4
5 S 29 027 - 32.8  88.8
6 a 3304 9402 “31.4 90.5
7. . e esa 33.3 97.9
"8 ' 30.4" 92.9 29.3  94.4
Mean + SD 31.741.8 94.083.8  31.141.6 95.64%5

N

: 5
TABLE 6-2. Effect of HFOV and PEEP at the same lung volume on 1nd1ces of \\
collateral ventilation (mean & SD, n = 40 ).

1

Rcoll o " Tcoll i Cs -
(cm H,0/ml/s) - (s) « {ml/cm H,0)
HFOV 10.710 + 0,324 0.185 + 0.100 . - 0,277 £ 0.166
PEEP "0,609 x 0.306 0.161 + 0,084 A 0.284 £ 0.176
p . <0,001" ‘ <o.061 50,05 C

/ 0 e

* Mean values were calculated from individual values for 8 dogs at 5 lung

volumes, .which were different for each animal.

<
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Figure 6—1- Diagram of- the HFOV -circuit and plethysmoqraph. SYubols as in F1g¢

Flg.6-2 Diagram of the set-up for studles of collateral ventllatlon.
Paw, alrwayrePs, segmenta1, 

4"1 .
N,kneedle valverff 

' Catheters and transducers for . measuring pressures
P4, -dlstal. Vcoll, transducer for measuring collateral flow.

R, flowmeter s resxstlve elements. S,.stopcock.



) : : . 237

@
Fig. 6-3
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. Fig.6-3: Collateral resistances (Reoll) in two: dogs, measured at different = -
lung volumes during HFOV and PEEP. Fig.6¥4£ Static‘pressuré/volume curves

‘ofatwo‘ddgs, and mean distal airway pressures dﬁring HFOV.




CHAPTER 7

TRACHEAL MUCOUS TRANSPORT OF LARGE AND SMALL PARTICEES

' DURING HIGH FREQUENCY OSCILLATORY VENTILATION IN DOGS

i
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INTRODUCTION
High-frequency ventilation has received much attention in recent
years, ‘and has been used clinically(4,5); as yet, there is not enough

safety. The effect of HFV on the pulmonary
R : : .

£

data to establish its
mucociliary function has not been well définéd. There are several

reports of large amounts of secretions in the airways during HFV

\ (1,11,17,19}), and it has been suggested that this could be due to an

augmented mucus production and/or enhancement in mucus flow(19). There
are two reports on mucociliarf fpﬁction during HFV, both inlénééthetized
dogs: in the first, the authors céhcl;ded that mucocili;fy‘tranéporfiwas.
presgrved, but no. data was preséntéd(15);, The secona'?@port‘foﬁnd_'
‘satisfagtofy tracheal mucous trapséoyt réﬁes (TMTR), bhut ébolished.lung

clearance(19); however, no comparisons were made with SB or IPPV,

In the present experiments, TMTR bf two different radiolabelled

markers were measured during HFOV, IPPV and SB. The_markérs were chosen

to cover a range of sizes which could be encountered clinically as

- pollutants.

MATERIALS AND METHODS
Ten mongrél.dogs were uééd in’tbesé studies: four animals (23,1 %
2.2 kg) in the 12 exééfiméﬁts compaéincj' SB -with IPP\II, and six (8,0 % 0.8
.gg)tin ﬁhe 19 HFOV/IPéV';ompaiiséné;  Eaéh:animal.waé étudied séverai |
times, and ag“léaStba‘wéekféla§séd_befween twéiéénéecﬁtive‘studiés in

the sdmé dog. i e : i' - ”    «1\

4

- ‘Measurement of the tracheal mucdus transport rates: The animals were

anesthetized with pentobarbital (30'mg/kg;iﬂv.){ addiﬁional'doseé-Of«
barbiturate;wexe.administeredfwheh\pecessary Eo,maintain a light. level

IR
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of anesthesia. The dogs were studled one hidr after anesthe51a to allow
for the acute effects of pentobarbltal to dlSSlpate. The experiment
proceeded as follows:_a 8- or 9-mm i.d. endotracheal tube was inserted
and the inflated cuff (high compliance) poeitioned just below the vooal
cords.".Immediately‘thereafter, a fey droolets of a saline sdspension»of.
both Dowex anlon—exchahge partleleé and sulfor-colloid‘werehdeboslted on
the'posterior'membrane of the lowef trachea4by a user-designed double-
.lumen pipette which allowed hoth partioles to temaln Seéarate untll
deposited-in the tracheav(Fig.751). The bowex:oarticles‘were spherical .
and unifofm in size and had a mean diameter'of 50“ph; they wetehradio—

N

125 Sulfur c01101d partlcles were: lrregular 1n shape

labelled with
wlth s1zes ranglng between 0. 2 and 1 0 pm, they were labelled w1th
99mTc. The usual amount of rad10act1v1ty dep0sited ‘was approx1mately

180 .uCi for 125

I and 160 uCi for: 99 mTc, and the volume ranged fnom 30 to
50 ul for each’ type of particle suspen51on.
Radloact1v1ty was measured externally w1th a colllmated sodlum

iodide crystal mounted on a rectlllnear scanner,which moved back and

__forth over the long axis of the trachea (Fig.7-2) at a constant speed
'f*.::f. - o o a

(40 mm/mln) The'detector Qas connected to a doal-ohahhel gamma'

analyzer w1th a two channel ink’ recorder XPlcker Noclear, dual probel

model 2000). TMTR of the pattxcles were calculated from the recorded
radloact1v1ty hlstograms, by the)chanqe in thelr poeltlons over tlme

(Fig 7= 3). vamed;atelyxafter the radloaqtlye.suepen51ons,wepe i

| depoeited,.the.animais were‘conneoteditéjthe’tesoitatoryfcitodlta
AdeSoribed:below,:and'eoannlnqvoomhenoed,; fhelatartinévmodejoflzuh'Aﬁ.Lﬁ'
‘Vehtilationywae'aesigﬁedhaty:andom.‘QWhenuat leastvohelradioaotiyefpéaklfyf'

'had been detected to be moving for 4 to 6. consécutive scanner ‘traverses, - . -



‘the animal wasvswitched to a second mode of ventilation (Fig.7-4),
Similarly, when mevement ef peaks'coeld be detected in 4 to 6
conseeuﬁive scans, the aniﬁ;l was_switched backrto the first mode of
ventilation. This procees was-repeated'uhtil the radioactive peak
stopped'at the upper tracheal level. - | ‘ o

Respiratory circuit for spontaneous breathing versus conventional .

ventilation: This respiratory circuit (Fié.?-S)-was designed in such a

way. as to allow. the dog. to elther breathe’ spontaneously or be ventilated
e

with a ?olumetric respirator (model‘607, Harvard Apparatus Co., Millis,

jMA) Witﬁ‘a tidal volume of 15 hl/kg body weight and etva rate 15

vbreathe/min,(IéPv). When the aﬁimals‘were either on SB or JIPPV, the

inspirétof? air . wes mdintained at a simila;.temperature (32~—35°C)‘and a

relatlve humldlty >95%, It took less than four seconds to sthch the

anlmal from .one mode of ventllatlon ‘to- the other (IPPV or SB)

'Reépiratorx circuit for conventional versue hlgh-frequency ventilation
studies: :This eircuie.(Fi§;7b6)'hed;gnfa#reneement for ifPV eihilar~toj
.ene-deeeribquebove; In addieien,'the gelloesfoeeillator was
ieeorporated inﬁo thebciicuit‘witﬁeahfefrangement‘simiiar te the,oﬁe
deseribed‘in Cheptef 2. . The 2 SSCillator-cafhééers.and'endotracheai\

' tube t1p were enclosed on. a 62 S-ml chamber whleh was c0nt¥euously’ :/
vflushed w1th 15 L/mln of warm humldlfled air (32-—35 °C} relatlve»h‘
1humld1ty >95%). The osc1llator was set ;£ a.frequency of 25 He,.the‘“

'J:biae.fiow;(45t/miﬁf Was'warmed‘andvhumidified](32f—35°C,~§eletivee,

‘ﬁumidity.>958).ﬂhIn_pteliminarytegberimentsfif.waé found that the dqés:

241

. .

 could be‘ddequately”ventilatedeaﬁchis_settihg.T'The-cireuif_alipweq’fqr :

' switehing,theﬂanimal‘from'IEPV to HFOV (or vice versa) in less than four

‘seconds., "
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Statistical analysis: The linearity of the4mevement of each peak was
assessed by linear regression analysis(23), by plotting the change in

distance on the Y axis and the time elapsed on the X axis. The

v

significance level for the correlation coefficients was established at

p<0.05. The vafues of TMTR were obtained from the slope of the

regression lines (with significant correlation). They differed widely

f.

‘from dog to dogl(pfgs;7-7 and 7-8). Thus a ndtmal distribntien of the
~ values could not ee assumed and a nenparametric statisticalvmethed was
~ chosen. The TMTR on gifferent modes of ventilatidn were eompared with a
X test on a 3 x 2 contingency table(23). The siénificance level was
establlshed at p<0. 025 because T™TR had been. calculated statlstacally.
To rule out.the possibility that one type‘of,particle or one
Qentilatory mede had preferentiallf affected the initial‘movement of a
radioactine peaﬁ, anether x analy51s (2 X 2.cont1ngency table) was
perforned.v In this analysxs; a comparlson was. made firstly between the
two difgerent particles, taking Into(aecount the number of_lntlalipeaks
of each that;yere observed,‘and seeondlx,:between'the‘diffetent | R
Qentilatory modes with regard to tﬁé nunber ef‘tines a radibactive peak
e . s : o ) :
started neving during each type of ventilati'on:. ”

K<)

RESULTsi

[

-Spontaneous breathlng versus conventlonal ventllatlon-; On-a”total of 31?‘
' occa31ons the ventllatory modes could be sw1tched at least once, whlle t

the radloactlve peaks were movxng (Table 7—1) From these, 72 TMTR were B

[

]'calculated (26 w1th sulfur c01101d and 46 w1th Dowex partlcles), and 42

vcomparlsons were made between SB and IPPV (1n several 1nstances the

o

7ah"'a1 could be sw1tched back and forth»to dlfferent ventllatpry modeSv"f:""
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¥ )
more than once)., A wide variation of TMTR was obtained (Fig.7-7) and

TMTR were usually altered when the type of ventilation mode wes changed,
but no clear trend was observed: statistical analfsis snowed<that the
changes inouced by the two ventiletory modes -were statistically
equivalent (p>0.10, Table 7-2).:.Similar findings were obtained when the

99m,

two particle sizes were analyzed separately: Tc-sulfur colloig,

p>0.60; (Table 7-3) 125I—Dowex, p>0.20. Also, a combafable number of
peaks of each particle type started moving at the lower trachea (p50.90,
Table 7-4) and the two ventilatory modes had a similar influence onh_ the

number of moving peaks (p>0.20). : . R

High frequency oscillation versus conventional ventilation: A‘total of
48. runs were oompieted and 101‘TMTR obtained. ffomithese, 55
‘comparisone were made between HFOY and IPPV (fable 7-1). Tne variation
in TMTR was‘eimilar‘to the orevioue gronp (Fig;7~5). tStatistical

. analysis af.the date:snowed'an“equivalent effect of both Qentiletory
modes on TMTR (p>0}05} Table 7-5). .A geparate ahalysis of eaoh type of
partlcles also showed 51m11ar effects of the dlfferent modes of |

99

'ventilatlon:: Tc—sulfur c01101d, p>0.50; 1?5

I-Dowex, p>0.,20
-(Table'7-3). leerse, the ventllatory mode and the partlcle type did
not lnfluence the number of peaks that started mOV1ng {p>0.10 and p>0 80

;respectlvely, Table 7-4).

« DISCUSSION
Muc00111ary functlon 1s a crucial lung defense mechanlsm in normal
humans(6), in mechanlcally ventllated patlents who' have 1mpa1red cough

L 1t may be of even greater 1mportance, Unfortunately, llttle is known

'<Qabout mucocxllary functlon 1n the crltlcally 111 patlent. Before HFV is'
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acce?ted for clinical use both its short- and long-term safety heVe to
be ;alidated. In the present study, the acute effects of conventienal
ventilation and HFOV on the tracheal transport rates of radiolahelled
particles were ebmpared. Several methodsehave“been‘employed tqiassees
in vivo mueous transport nechaniems(ZS). They include the nserf teflen
discs viewed by cinebronchoscopy(24), carnon-licopodium partieles vie&ed
‘through transilluminated tracheas(12), and radiolanelled albumin
microsgheres(ZG) or resin beads(21) felldwed by scintiscanning.. The
techniqqe-dsed in Fhe present studies has an added advantage over the
others as.it prevides the.simultaneous measurement of the TMIR of two
different markere; and in this case particle siees of 50 um and less
than 1 pm dn diameter were used,‘vThese gizes were Chgfen to cover a
range of particulate.noliutents that could be encquntered'in_a hospital
environment;'i;e.: becteria,'dust end aerosols(ZX. It wasjprtulated
that'a\meehanfcal interaction of the ventilation with thebnarficlesb

-should prefefentielly‘affe?t the larger sizes. No such effect was

obserVednin the present exéetiments, during either IPPV or HFOV.

i
e

In the‘designfefvthis study, the fact that the movement. of
parﬁicles as assessed by the scannind'method.is‘linear:as'evidenced by .
the regression anélyéis(?) was uﬁiliied. The change in‘the medejof
ventllatlon was done once a llnear dleplacement of atradeoactlne peak -
- was observed.f ?herefere, theyeffect of the ventllatony mode, if’ any,

could be;%seessed 5y envariation[;nltbe“rate]ef‘mevement bfvthe
’radioacti»ve vpeaka Indeed euch dar"‘veri-ation \v‘:as;’.ogeei:vedin- man‘y_ o

insta.Ces, but no partlcular ventllatory mode shOWed a tendency to'

v

L‘i

preferentlally lncrease or decrease I&I‘R, ér to 1mpede the 1n1t1a1

.

_movement'of the‘peaks.k The mechanlcal effect of abruptly sw1tch1ng thef-

W L " . P



ventilation could»have changed the tracheal patﬁ that the particles were
follp&ingvand thus the TMTR.' Other factors could also affect‘the
results in this sﬁudy: the\é%dotracheal tube itself may impair
muqocilciary‘transport(ZO), alﬁhough st@dieévof this facfor have
produced cénflicting ;esults(8-10). In the preéent experimeﬁts, the
dogs showed good particle clearange even after more than three houré
with the cuff infiatéd. It has been suggested. that barbiturate
anesthesié.decreases TﬁTR(3,16), but again repofts are conflicting
(8,13,i8). Despite the potehtiél‘féctors that might altéFATMTR, the
randomization employed in the present experiments and the br;ef periodé
studied, should have prevented ény of these factors from prevailing
during a particular ventilatory mode.
The effects of artificial vengilation on‘mﬁcociliary function are

E4 . : .
not well known and séme expe;iméqts suggest that it maY“bé depressed
dﬁrinq IéPV(lO). The present étudy shgqests that in intubated aﬂimals
breathing warmed and humigified air, the effecﬁs of ' IPPV on TMTR is nqé
vdifferent from,épontaheous bréathinq. It was als§ founé tﬁat.IﬁPV and
'HFOV influenéed TMTR in élsimilar.way. Klain et al. have also reported
that the effects of HFV (in this case HFJV) énd IP;V are similar(15);
Tﬁese~§uthors measured TMTR by the merment of dye in the t?acﬁea of
dogs, obéerved.by cinebfqnéhoscopy. Unfofﬁunatély, tﬁeir stud? has been
‘;Téébiisheq only aé‘in gbs;fact'fo;m, and" no data ér‘§tatistical éﬁalysis
“;ré;aQailébié, .In a receﬁtﬂrepbft; McEvoy gg;ggfufoqnd preSéryed TH?R"

(ébsgssédfwith'a'qémma camera) after more than 4 h of IPPV or .

2

HFOV(19). However, no baseline TMTR measurements during IPPV or SB are

"Thé'presénf experimental design was intended  to assess the acute

'comégred‘with thqse‘dbtainéd_durinq HFOV.,

245
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interaction of .ventilation with TMTh. A chronic study'might not
necessarlly produce the same results, and such a study is needed to
establlsh the safety of long-term HFOV. The w1de range of TMTR in the
same subject and between: 1ndiv1duals would make such a study dlfflcult.
In prelimlnary trlals, it was found that the present HFOV system induced
a long—lastlng apnea (often over 1 min) in the dogs after the pump was .
turned off. This prevented comparlng directly HFOV with SB, because the
‘metabollc disturbances induced by the‘perlod ofﬁapnea couldumake sucly a
-comparlson 1nva11d. | : ‘ S -
In a° recent publlcatlon, King et al. reported an enhanced tracheal
~ mucous clearance rate durlnq externally applled chest wall compress1on
at hlgh frequency(14). The physlcal 1nteract10n of thlS mode of
ventllatlon w1th the resplratory system can be expected to differ
'greatly from that of HFOV, and thls mlght explaln, at. least in part, the -

v

dlscrepanc1es with the present flndlngs. Also, King et al,wused a &
r:flberoptlc bronchoscope to monltor TMTR, the effect of alrflow

o ,'.

» obstructlon by the bronchoscope mlght have 1nf1uenced thelr results.t--

HFOV could have some spec1f1c effecff )néﬁiTR. For example, durlng

'HFOV gas veloc1ty is much hlgher than durlng IPPV, and dlfferent"'

‘velocity proflles develop 1n the arrways(22). Under these condltlons,

| T
sgﬁe transport of partlcles by the mucous llnlng layer could be dlrectly ‘._f~,

lnfluenced. Also, c111a beat at around 20 Hz(25) and thelr movement

B i

vcould be affected by HFOV osc1llat1ng at a 51m11ar frequency. Moreover, -

-’vthere are reports whlch suggest that mucus productlon is altered durlng

"

HFOV(6), although the exact mechanlsm (mechanlcal, metabollc, neural,,.'yrxc

i;etc ) 15 not known. Nelther the magn1tude nor the sudden on et of the ;”

e

'~effects of HFOV on the mucoclllary apparatus was
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sufficient in the preseiit study to induce a significant difference in

TMTR between HFOV and -IPPV.
In conclusion, thislstudy suggests that the acute effects of HFOV

and IPPV on the canine tracheal transport of particles are not
different. Moreover, two sizes of particles-wefe affected similarly-by
" both mgaqs'of ventilation. The findings during spontaneous respiration

were similar to those . on IPPV, It is‘unlikely,that during short-term

use HFOV is any ﬁore detrimental to this lung defense mechanism than
3 . .

IPPV.
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TABLE 7-1: General data related to the experiments (mean + SD)
o .
SB/IPPV IPPVZ HFOV
Dogs 4 6
Dogs weight 23 & 2.2 5 '7;38 £ 0.8
Expeériments per dog 3.0 £ 0.8 3,3 £+ 1.0
Total Runs 31 .48
Runs‘pef experiment 2.8 £ 1.2 2.7 £ 1.0
.Peaks per effective run 2,2 + 1.4 - \ 1.8 & 0.7
Total successful pairs 42 53
. \ .
TABLE 7-2: Spontaneous breathing versus IPPV experiments
Particle ' Ventilation Peaks Average . Coefficient - Speed Range
Mode Speed * SD. of (mm/min)
' (mm/min) Variation(%)
Dowex IPPV 24  10.0 2 5.1 50 4.1:- 23,7
. @ '
SB - 22 10.0 £ 5.5 55 3.6 - 25,3
Y
o &< » . i . \
Sulfur IPPV 14 11.3 £ 3.9 34 5.0 - 16.4
Cojloid - Sh 12 10.4 + 4.0 39 5,7 - 17.5 .
A Dowex 46 . 10.0 * 5.2 ° 52 3.6"' 2503 ' )
’ . . ) . . LB . . .
All Sulfur Colloid 26 % 10.9 £ 3.9 36 - 5.0 = 17.5
All IPPV 387 10.5 £ 4.6 44 a1 - 237 |
I All SB 34" 10.2 & 5.0 49 3.6 - 25.3 "
TOTAL 72 1043 & 4.8 a6 25.3 L ..
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TABLE 7-3: Effect of particle size onTMIR

{
] a) Spontaneous breathing versus IPPV studies

Al 1
!
. ‘-

/

~

| - 2

~Particle ‘ : n pairs- ‘ X P

99N sulphur collsid 15 0.875 50.60
1251 powex 27 . 2.477 >0.20
TOTAL 42 4,001 >0.10 -
"b) HFOV versus IPPV studies o \
99 . | NG /

"™re Sulphur colloid ‘ 22 ‘ 1.204 />o.50
1251 powex . 31 2.849 >0,20
vTAQLE 7-4: rComparison,of~étarting movements
Experiment : Comparison n X p
l ' ‘ t . « . .
SB/IPPV Dowex vs Sulphur colloid .30 0.063 >0.90
SB/IPBV.  SB vs IPPV | 30 2.802 . >0.20
HFOV/IPPV ~ Dowex vs Sulphur colloid .49 0.692  >0.80
' HFOV/IPPV 'HFOV vs IPPV 49 3,232 >0.10

’ R



TABLE 7-5: IPPV versus HFOV experiments

Coefficient

4.4

Particle Ventilation  Peaks 'Average Speed Range
Mode Speed + SD of (mm/min)
s (mm/min) variation(s) S
Dowex IPPV 29 19.1 8,5 43 4.4 - 37.7
" HFOV 20 16,5 % 7.5 46 5.6 - 32.9
- Sulfur ~ 1PRV 22 2041 & 7.3 36 7.8 - 30.7
Colloid - HFOV 21 19.5 & 7.2 38 7.7 - 36.3
. ‘ . . ‘
All Dowex { 58 17.8 % 8.1 48 4.4 - 37.7
All Sulfur Colloid 43 1944 £ 7.2 35 7.7 - 36.3
All IPPV 51 19,5 & 8.0 40 4.4 - 37.7
All = HFOV 50 © 17.5 & 7.4 43 5.6 - 36.3
TOTAL 101 18,5 & 7.5 40 37,7

252
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| o Fig. 7-1
18G Needles - PARTICLE DEPOSITING PIPETTE |
\ o
Metal Rod o ,
‘Bottom View (ngnlfled) :
&y - o
' Fig. 7-2
ANAL\“(ZEH RECORDER
LY ) -
- o o
~ m— .,
- DETECTOR|
‘ HFOV PUMP ' ; \
\ . .
- CASCADE

HUMIDIFIER-

quure 7- 1._Dual—channel plpette used for particlé depoSition. T;.plastiq'

,tape. ;Detalls. center, crossectlonal v1ew, bottom rlght, tip’ of the‘

R pipétte; : Figu:e“732;-Dlagram_of_the'setup for  the 91multaneous _
‘measurement of transport rates of two 51? s of radlolabelled particles.:
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' CHAPTER 8
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L%
COMPARISON OF THE EXPERIMENTAL BELLOWS " OSCILLATOR

[y

WITH A COMMERCIALLY-AVAILABLE DIAPHRAGM OSCILLATOR
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INTRODUCTION

"All the HFOV experiments reported.in‘this thesis‘were done with the
metal-bellows escillator described in Appendix'i As‘there are.no.other
reports in the literature describing the performanCe of‘this‘pump, the
present set of experiments was undertaken to compare the effects,of)HFOV
using the metalfbellowsvoscillator;with a commercaaily—avai;able
vdiaphragm’oserliater (Metrex model VSMV, Brampton, Ont:),. Severa;
hemodynamic, lﬁng mechanie and das exchange parameters weredehtained.
frem a group of dogs §enti1ated with the twe Efov'pumps'and-kith'PEEP,E ‘ - el
.‘_at a ;d ofvﬂO cm. 320. i . .

e

0 Lo ."-MET‘HODS“

o Seven mongrel dogs (T, 5 + 0,9 kg) were anesthetized WLth
pentobarbltal and 1ntubated with a 9 mm l-d. cuffed ETT whlle the -
,‘anlmals were beinq ventllated W1th a model 607 Harvarg reSplrator (at 15

’

:bpm, Vip of 15 ml/kg and PEEP of 3 cm H20) pﬁpcedures WEre performed and

‘I

':.1nstrumentatlon was set-up (as descrlbed 1n$thaptersa and 6) to obtalnj

“the, follow1ng parameters. Pd, ATGV, SAP, PAP, PWP LVEDP dp/dt, PVR, __' 'E,"
' paoz, PaCOz, Saoz, Ca02, P(A a)O and 02—De1. When instrumentatxon had

“ been completed, the ag%malfawere placed 1n the body plethysmo-graph and.i__f;:"

: :x temperature ‘to equl;lbrate.l The anlmalst; )

. ! y \3 1““"#}'- : i . . ;
vdwere ventllated at h;gh freduency w1th e;ther the dlaphragm (DV) or the.'f'; ,:?vﬁ'f

L =T N o

' Qbellows (BV) osclllator (1n random order) for 20 min. After thlS perlod,iff'

<

ttthe above‘descrlbed parameters were obtafned and ventllation with the ‘ :
aalternate osc1llator begun. After %9 m1n,,another set of measurements TR

T

1were taken and a. perlod of PEEP commenced._ The experlment ended when ff- :

':agthe correspondlng parameters were obtalned after 20 min of PEEP.v.dﬁr7r'
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N

HFOV was performed with both ventilators at 20 Hz.. For BV the a
o : oL : v o
usual circuit was used (Chapter 3); the bias .flow was set at 4 L/min and

airway chamber pressure 'adjusted to induce a Pd of 10 4P E;IZO.” For DV a

circuit similar to the one described by Bohn et al. (1) was used. The

;)

LPF ccnsisted,of 150 cm of 9.5 mm i.d.‘Tygon tubing attached to 150 cm

ofvaan 6,4 mm i.d. This tubing created a ‘back pressure in the circuit
o _ ) _

.jqf'0;47 cm.ﬂzd'ﬁhen the biag-f}ow-was set at_3Q L/minf' when the;LPF was , .‘)
clamped hementari}§,_the 20-Hz csciilations in PhoxdinducedAby the Vy
increasedvby less than 3%.° Bias flow during DV was adjusted tc indnce~' -;.J;: 7
abgd -of.10)cm H,0. Durlng BV the lgaln of ‘the Pbox ’amph.fler was ) "'

‘adjusted to obtaln a full-scale deflectlon of the 20 Hz' osc1llatlon in . C e

Pbox (monltored on the OSClllOSCOpe of an Electronlcs for Med1c1nev

. tecbrder model -DR8). ‘he volume dellvered by the dlaphragm pump wasr'
»adjusted todindnce a similar os;illation in»Pbe.p In the dogs assigned
first to DV/ aubiief‘petiod of’B? gas.performed to obtain theanpk“kb s\;:
fiuctuation necessary‘to adjust'the VT to’he delivered;by-the diaphragm

L pump.' Changes in*FRC (AFRC) were obtalned at the end of the)20-m1n
-ventllatlcn ;erlods by stopplnq the ventllator andcieav1ng the ETT open d

to the. atmosphere for 6—-8 sec, and monltorlng the vblume change lnduced h'z¥1

ln the bell splrometer attached to the plethysmograph (Chapter 3)

YN

The deferewées between the 3 ventllatlon perlods were tested wlth

:,a two-talled palred t—test, SLgnlficance was set at p<0 05. '9;v=v: Ly

RESULTS

f__' } \
Y . . _ . : TR
HARTN Table 8—1 shows the average values of each parameter obtalnéd Ll

N IR _

'durlng each ventllatlon perlod, ‘as weLg as the statlstlcal analysis. Pdﬁ{l

_was 51m11ar durlng the 3 perlods, as requlred'by the protocol (Flg 8—1),v

: ¥ . : : ST

however ATGV was lower durlng DV and statlstlcal 51gn1f1cance was only
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’f'hﬁﬁin Pbox osc1llatlon at the same freq enc& Consequently the frequency
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reached between 'DV and BV (F1g 8-2). There were no siqnificant
differences between hemodynamxc parameters obtalned durlng dlfferent
ventllatlon.perlods. Pao2 washslgnificantly lower during DV (Flg.B 3),»
however P(A—a)O2 was not dlfferent, (Flg 8—4)._ Even though there were .

no 31gnificant chanqes ‘in Q (Fig 8- 5) 02Del was signlflcantly lower

-

durlng DV than during PEEP (FLg 8~ 6). The remalning parameters were -

statlstlcally slmilar durlng the three types of ventilatiou. _

. . DISCUSSION | ([ L

Lt

The c1rcu1t used for DV can be compared to class1cal plston—pump

systems (1), although minor varlatlons 1n the waveform ‘can be exPected

due to elaSth1tY °f the diaphragm (When v1ewed under a. strobe llght, ;
"f1“tter" and uneven. m°Vement °f the. dlaphragm could be observed) The"x:‘

'LPF used in the present study was effective ln "fllterlng out" the hlgh-

N At Y . \ - B
frequenicy component of ventllatlon wlthout creatlng much back pressure/"k F R T
-;from the blas flow. The comblnatlon of large (capacltance) and qprrow’e”“'

I
3

(reslstance) tublng retalned over 97% of the hlgh frequenqy.osc1llat10n

'1' < TS ./-.

. 4_',&/

;(97 9% in an 1n v1vo test and 97 2% 1n v1tro) inside the ventllatory

c1rcu1t.; The catheter used ‘to dellver bias flow was very narrow (2 mm

,1 d ) and 1t 1s unllkely that much of the osc1llat10n had escaped

2
< .

7;through 1t. Avallable 1nformat10n suggests that other LPF sYstems are fﬁﬁ i

tless effectlve (2)_but actual measurements were not performed, and

l:}reported data are only estlmates.l The present method used to match vT

i t '9-,'..

‘ﬂand calculate the effectlveness of tKe LP? was- based on relative changes zfQ:ijxwﬁ' =
'Y;fresponse of the plethysmograph was not\relevant.,f’giffsﬁfdh"
SRV

It has been reported that dnassical HFOV systems are effectlve even

\




e ».underestlmate Palv (Chapter 9A)..-

'reported higher FRC durlng DV than durlng conventlonal ventllatlon 13); T

_but they measured an at a more p§0x1mal locatlon, whlch mlght fd B flya'

‘ﬁ:*at a dlstal location and 1t seems to be a- good estlmate’of Palv-f!fﬁL‘"ﬂ'h

,7:(Cha ter 6). There 1s no reason to expect a better compllance of the

~ 261

’
L3

at very low Faw‘(l);«however, the BV requires higher distending pressure

to .achieve suff1c1ent gas exchange (Appendlx I). To compare the two

- pumps, P4 was ralsed durlng DV to a 1evel at whlch BV was always o p

»

effectlve. This hlgher-than-negessary P4 durlng DV mlght have 1nduced

an over—dlsten31on of the lungs and 1ncrease in "dead space 'ventllatlon Cy

w1th a tendency for C02 and P(A-a)02 to rlse (the large SD probably

prevented the dlfference from belng SLgnlflcant). Thls mlght have also

&

,1nduced some . hemodynamlc lmpalrment w1th a tendency for Q to be lower

h than durlng conventlonal ventllatlon (Flg.8 -5), .and causing a drop in-

iR}

'”OZDel w1thout a major change 1n C$02.~ If: Pd durlng bv had ‘been lower -

Lop -~

S a better gas exchange and hémodynamlc functlon mlght be expected, as o

reported by other groups (1).. The present results 1nﬂlcate that DV “A,” R

-\ .

‘ 1nduces an 1ncrease in FRC slmllar to conventlonal ventllatloﬁdﬁat the 3

j 2

. same Pd). In studles with a 31ck lung model,_Kolton et al have ,s

o vooe [ R

v

‘ PR v
¢ . .

' —*The c1rcu1t used‘for BV dellvers T 1nto the alrway through a.

. narrow catheter (3 mm 1.d.l;k It is concelvable that‘%me hlgherigeloc1ty .

v : . e &

of the gas molecules comlng out of the BV catheter enhances dlfoSldn

e

.{further than the DV thus explalnlng the tendency for better gas exchange 1tf

vw1th BV. It 1s dlfflcult tq explaln the hlgher AFRC 1nduced by BV.v L

.'&Although the q;gher energy of the-gas molecules probably 1nduced a f"h

AN

fl?ilarger alrway pressure gradlent durlng BV (Chapter 9A), Pd was measured




Q-

'f.fdurlng BV..; ”,

FEY

.'1nstances and the presence of . -an artlfact seems unllkely. The average S ' 'f;?v;

dlfference in AFR: between ‘BV and Dv ‘was 3. 56 ml/kq, asauming linearity{ie"'

! experlments.

. 1n terms of gas exchange, however Pd was art1fic1ally rg;sed during DV

to match BV values. It ig llkely that at a lower Pd

-have been 31m;1ar or. better durlng DV (BV 18 lessLeffEctlve at low Pd,..:é;“

. 31m11ar gas exchange BV requlres hlqher Pd levelﬁ than'DV and tehds to. jji

o 282

v . e Sy
° . X . . . . \
az

,§d; Alsoj‘a similar method of AFRC measurément was uSedffh both”“

4

’

of“the P/V relatlonshlp of the lungs and a compliance of 43 8 ml/cm HZOT“GSL;. S,

A s
L3

(from Appendlx IV) it can be estgmited that Palv was around 0 6 cm azo

hlgher durlng BV than DV. It 1s possible that thlS small presSure ‘<r‘*_-, T FR

gradlent between Palv and Pa could not be detected by the method used»in o

Chapter 6, and was responsible for the hlgher AFH: found durinq'BV’

(whlch also could induce 1arger preSsure gradlents) in- the present

Y ,‘.‘\1

The data of thlS study suggest a somewhat better performance of BV

'r':
.

S ; S
as exchange might);"

e

«*‘,{

N

see Appendlx I).\ Avallable data suggest thad“in rder”to,achlevelg

i

S
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Table B8-1: Values obtained durihg éach‘bentilation period, and
statistical ‘ o '
' analysis of the comparisons between periods.

BV DV (/ ' PEEP BV-DV BV-PEEP DV-PEEP

Paw . 10.0:0.32 . 10,0£0.34 , 10.0:0.10 NS ' NS NS
(cm Hy0) L A o .

o "~ 8684133 9291251 9924198 = NS NS NS

(ml/min) o - Qﬁ? ' I ’

SAP 109211 107£15.5  107#16.7 NS NS NS
(mm Hg) - ’
PAP  19.73.33  20.733.23  19,3x4,10 . NS NS NS
(mm Hg) P T o 9
PWP 5.77+1.14 6.4321.18  5,67£#1.33 NS NS NS
(mm Hg) * ' L '
LVEDP ,5.04%1.,04 5.49£0.99  4.71%1.21 NS NS NS
(mm Hg) : .
PWP-LVEDP 0.71£5.70 .  0.9310.79 0.9010.34 NS NS NS
(mm HY) ' : ' » ‘
4P/t . 10.8:2.42  10.322.78  10.84£2.52 NS NS NS
(mm Hg/sec) ) ' B
o L |

C(ml/kg)" . | : -

PVR . 1324$405 . 12932443 1177#517 ' S NS NS

(dyn x sec/cm”) ' ‘ -

"pao, 90.8£9.64  82.1#10.1  90.6:4.43 * NS *
(torr) | S . -
Pacoy 3426£7.34  38.0£5.96  34.2:¢4.58 NS NS NS
(torr) - f ) = N o
sa0, . 92.52.92 89.8£3.86° 93.0#1.01 NS NS NS
(%) r . ’ ' : - .

' ca0,  19.331.34  18.741.56 - 19.4#1.46 WS NS NS

(m17100) R R SR .

| P(A-a)o, 3.0332,03 | 7.60#5.34  3.65:2.6 ~ NS . NS NS .-
(torr) ~ - S e T
0,Del  167425.8 175£¢54.1 . 194452.1 - NS NS ..
Values are mean + SD. NS: p>0.05; *: p<0.05. -

BV:| bellows vent.; DV: diaphragm vent.; PEEP: conventional vent.
Vo | S
| -

'\‘ AR}
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=, Fig. 8-1
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PaO, 4‘  Fig. 8-3
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: osc1llator with the bellows pump and convent10nal ventllatlon. Symbols as

;n,f%g 8-1.
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CHAPTER 9A -

Chapter 9A: AIRWAY PRESSURE GRADIENTS CREATED BY HIGH-

FREQUENCY OSCILLATORY VENTILATION

» \ Voot l‘,":

- o " INTRODUCTION-.: -

Y

'

Durlnq hlgh frequency osc1llatory ventllatlon (HFOV), gas exchanqe o

:VlS achleved w1th low’ tldal volumes but very hlgh resplratory rates
. 87 . .
(3). Thls mode of ventllatlon causes gas to flow at hrgh veloc1ty and .
G N . . ' N RN . X .
' consequently gas molecules acqulre con51derab1e klnetlc energy.. As S

Qe : s

pressure waves travel down the alrways during HFOV, energy gradlents

(l.e. changes in klnetlc and potentlal energy wrth dlstance) may be

, created that are qulte different from what would be expected durlng
I
conventlonal ventllatlon (4, 16) In the studles of lung mechanlcs

durlng HFOV (Chapte} 2) a con81stent discrepancy was observed betweenk

prox1mal mean alrway pressure at a. glven restlng lung volume, and the o
mean alveolar pressure that could be predlcted from statlc '

oAy !
’ {
¢

pressure/volUme curves of the lungs. Whe data squested that pressure l’}
1ncreased from the prox:.mal to dlstal alrways. In the present study, '

T . . ,,r_ PN
‘ .

catheters were threaded down the alrwaYS of 1ntact and lsolated dog ; :

lungs and thls pressure gradlent was conflrmed. To rule out artlfacts

N \ )

5due to the measurlng catheter,_a retrOgrade catheter technlque (9) was;

‘o

v

. also used to quantlfy the pressure gradlents 1n the lsolated lungs.'””

:qvgtﬂ-'

MATERIALS AND METHGDS flllqﬂ- ST B

SRR In vivo experlments Eight nonQref,do§5'(7.3;§.Q;8.kg){werée--7"

e L P AR
. . . . LA
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'anesthetlzed w1th i. v. pentobarbltal (30 mg/kg) and intubated with a 9
e e e .
_mw i.d. cuffed endotracheal tube. _Cuff pressure was monltored

tgroughout .the experlment and kept above 40 cm HZO' The anlmals were

ventllated with" the osc1llator c1rcu1t descrlbed in Chapter 1 at 20 Hz

@

and 4 L/min of bias flov;, One animal (#3) was also yentllated at 15,25

. afﬂ 30 H%. *‘ ) .' - R . . ' o
. . . Sy .

\_‘ - » e. } * . 8 . ‘- 0 .
Proximal ai rway pressure was measured~w1th a 3 mm i.d. rigid

plastlc tube (lntroduced 2.5 mm 1nto the lumen of the ET'I‘) and a

v

Valldyne dlfferent1a1 pressure transducer (model MP45) .. The catheter-

[
8

transducer system was found to have a flat frequency response to at

v o

’least 50 Hz Mean alrway pressure (Paw) was obtalned by electronLc

averaglng.‘ Pressure/gradlents down the alrway were measured wlth a

»6. \

/- .
Polyethylene catheter (1.27 mm o. d., .86 mm lﬂd.);_ The proxlmal end of

. the catheter was at tached to a P3OO Valldyne dlfferentlal pressure

tranSducer[ and theldistal tip was bcc1Uded butvhad‘s1x side holes
drilled in the last XS}mm of~it. ‘fhe catheter'uaskmarked}everyAZS mm‘to
a1d 1n posxtlonlng the_tlp in ﬂme airway . hn’airtight opening ln'ther
.ETT‘ia;l\allowed threadlng the catheter.down the alrway to measure mean
_dlstal alrway pressure (Pd) at various dlstances, startlng 5 cm from the
,ETT proximal_end | Introduction oﬁ the catheter‘increased Paw hy'less “
vthan~bféucmfhzo} and'thisvdld not:change:with‘advancement;of‘the -
catheter.‘ | | o .

| .Theuelectronlcally-aVeraged outputs‘of both transducers were' '

Lo c v

.fdlsplayed on dlgltal voltmeters (Hewlett Packard model 3430A for Paw o

B and Gould model 13 4611 10 foriPd) to facxlltate rapld and preclsev
readlngs.t rhe output of the Pd amplifler was also dlsplayed on a strlp i

.;7chart recorder (Gould model 26005) to assess “when the catheter tlp had
; ‘ L . . : . . ‘, S o -
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| | ¥ IR
been wedged in a small airway (the 20+H§<pressure oscillatiens
- * o

ceagsed) . Only Pd readings prior to wedéing were used. ‘In preliminary
. : A
trlals it was found that the proxlnal - dlstal Pd gradlent (Pd profile)
(NL)

was not 31gn1f1cant1y affected when a 1arger dlameter catheter was used_
(1.90 mm o.d., }41»mm 1.d.),.but d:v1ously, wedglng occurred more "”; o

e

«proxlmally than -with the smaller-dlameter catheter. r'
A total of 24 Pd proflles (w1th’1nd1v1dual measurements taken at.25
or 50 mm 1ntervals) were cbtalned from the 8 dogs (3 dogs had 2. proflles
each, 4 had 3 proflles and one had 6). One of the dogs (#3) had also
‘pressure proflles obtalned durlng ventllatlon at 15 25 and 30 Hz. ;ﬁf
the flrst three dogs, 51multaneous readlngs of Paw were taken at “each B
Pdrlevel vto correct for any effects of Paw.fluctuatlons on Pd values, Vﬁh
* but thlsuwas found to. be unnecess&@y and was ‘not done in the other f1ve
’ dogs. Osc111atlon 1nduced whlpplng of the catheter t;p 1n the f1rst feu'h
centlmeters of the ETT,‘and thlS created an artlfact that caused _“';" ”:.\i;
"fluctuat}ng:Pd readings.. Consequently, only valuesLObtalned\after“the h

i

first 5 cm are presented. - . . ° R ":“ o

In'vitro-exgeriments: Two normal freshly exc13ed dog 1ung lobes

(right lower lobe of two anlmals welghlng 22 and 26 Kg, respectlvely)
were studled. "The main bronchus-wasvattached,to”a Qfmm ET@'andtthe,;

:-lobeS'oscillated.With the'ventilatOr'as“previouslyhdéscri&edf:similarf’5 .h‘,“

transducers and catheters uere used.for Paw and Pd measurements. Paunh-
. was: malntained close to 9 J75 cm HZO-:ilwo éé;é:Qf;?dfpfOflles‘wereh;[;1'e'
f‘iobtalned on each lobe as descrlbed aboue; ;ln addltlon,‘four Pd proflles f~f;;,fl

were obtalned on each lobe bfua retrograde'catheter technlque Slmllar to s
'Ethe 5“9 descrlbed bY Macklem and Mead (9),, TheJproCedure’wasjasrh;_slﬁﬁj

' ~follows. a thln metal w1re was pushed down the alrway untll lts end

.



:pierced the pleura; A catheter similar to the smaller one'previously
' described for the Pd measurements, was passed over the wire until it

: e 3
ex1ted through the pleural surface, and-the wire was then withdrawn. .

—
The dlstal end of the catheter was occluded and had six lateral holes.

K9
a

'No funnel llke shape, as descrlbed by Macklem and Mead (9)rvwas used

because it wag felt that. such a design may not accurately reflect mean

K

'values from .a rapldly- alternatlng pressure wave. The open end of the
‘ o

catheter was attached to ‘the P300 transducer and" the catheter pulled

- -

'through the pleura to pos1tlon the dlstal tlp at dlfferent levels rqsphe o
airways. Readlngs of Pd were - taken untll the pressure 0501llatlon§§
7-ceased due to OCClUSlon of the 51de holes by the dlstal alrway wall.

At thls p01nt, the catheter was advanced prox1mally to the ETT level,-f

o

and the readlngs repeated. A total’of 8“sets of Pd measurements;yere

‘”;fobtalned, four 1n each 1obe, on 3 6bca51ons two profxles were obtalned

f”w1th the catheter pa851ng through the same pleural open;ng. o 1

: Statlstlcal analy31s of the'data,wasvperformh§3w1th a palred

EY

E.:).

¢

Student s t—test to compare Pd obtalned at dlfferent levels. .The1i.,"
' SLgnlflcance level was establlshed at p<0 OS: Results are expressed -as

mean. t standard dev1atlon. B U A TR

"In vivo experiments Pd-proflles obtalned from each of the 8 dogs'h:f

. RESULTS -

Vdare shown in Fig‘9A41.: Pd remalned constant untll the catheter t;p

‘reached the dlstal end of the ETT Beyond thlS polnt there was a,

-,«gradual rlse 1n Pd, more pronounced in the flrst few centlmeters, whlch :

';fcontlnued untll the tlp was wedged.' F1g.9A-2 shows average values for»‘ "

5Pd obtalned at three 1evels.;1n the ETT,‘S cm dlstaI to the ETT tlp,’and



~

o

L3

=

‘are shown in Flg/.QA-d,. The Pd;perl le obtalned w1th both oatheter

methods weﬁe s;mllar to t_hose found 1n v.Lvo. The Pd 5 cm beyond the ETT

.-_ sxgm.flcant (p<0 .001) The average dxfference between Pd measured 5 cmv

"/"Tfntgﬁ flthff f,‘f~tf‘,“hf~ DISCUSSION : ~[j;§i'.w~'“

| S o - Co - _ o - : f ’;‘4 ‘:.f}$1_273
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the last measure%'\ent before wedg1ng. The Pd obtalned 1nside the E'I'T
averaged 9.75 + 2.20 cm Hzo and 1ncreased by 1.35 t 0.61 cm 1Hzo at 5 cm‘
beyond the E{;F tLp and by 2 18 t 0. 71 ém’ szo before wedglng (ranglng

- ¥

from 1.00 to 3 36 cm H20) . B’oth wex;e sxgmflcantly hlgh7r than aVerage' v

- ETT Pd (p<0 .001 ) . The average d;.fference between Pd at 5 cm from the

A ‘e : w

endotube t1p a‘:nd pre—wedq1ng Pd\@s 0.94 + 0% 42 cm H20, whlch was also

» statlstlcally ‘si\gnlflcant (p<0 .001).'_ The average distance from the EI"I;,

tip to: the 1eVel ‘of the final Pd (taken Just before wedglng occurrgag

. /
was 14.60 ;t 6 41 ;:m F’J.g.9A-3 shows the pressure profl les cbtalned at
dlfferent frequenc:.es 1n dog #3 A gradlent 1n Pd was observed at all L ‘
/ . . i
frequencl es, w1th a tendency to be larger as frequency J.mreased.,g'-:_}i

e . _~/_ R - S 'A'. .
In v1tro exgenments. ; The Pd data obtalned from the lsolated lobes

,/

¥ ."'

\/ L
L8

1,47/ o.so ¢m ﬂzo hlgher, and the tinal e 2.32 £ 0 75 cm- HZO S

/v,

van average E'I'I‘ Pd, _both dlfferences were statlsthally

beyond the E’I‘I‘ up and re—wedg1ng Pd was O 84 e 0.69 cm Hzo, whlch was .

\ SRR : Lol .
Recent work pubhshed by Thompson et al indlcated that one of the,_y:i:- e

most lmpbrtant vanabla 1n determm.ng\ oxygenatl.on during HFOV 1.s Paw »

' "‘-."(17). Alrway pressure also has 1mportant effects on the cardiovascular: R

‘_"'fg'System (14).7 HOWever dlfferent groupS use dlfferent techm‘l;ues to

’ .‘-fmeasure Paw dun ng HFOV,,and Paw lS measured at different s:.tes-

._:'prox:Lmal end of the E’I"I‘ (5 6 10) tl.p of the ETT (17). 3 cal (5) or 5 cm i




e . . v P o

g15) dlstal to the ETT tip, .or beyond tHe carina (10). Assthe-present, :

| results show that Paw varies with the measurement 31te, comparlson of-
-the Paw values reported by dlfferent groups would be questlonable..’ e

"Other authors have cbserved the presence of these pressure gradlents

- (4 10, 12, 13, 16). ':"‘ff.”.. T -,*v’ - " A T W SR

~ . o

at mean pressure inside #&he ETT is quite constant, ' =~ -

It was found
, increaseiin the_first»S cm after the éTT tip, g"ﬁci. .

i

+

,but-there-isfa-sh
lt*:followed by a more gradual 1ncrease down to the small alrway level.~

"The average pressure gradlent between the ETT and the wedged p081tlon 1n
-'ﬂsmall axrways was usually over 2 cm H20 and sometlmes thlS gradlent

exceeded 3 cm HZO‘ When HFOV frequency vas varled in: one of the dogs
. (#3), there was a small change ln the absolute value~of Pd and 1n the R

'i'magn1tude of the pressure change (Fig.9A—3) but the shape of the

'“fi'pressure profiles was qulte con81stent. Thls suggests tha@)the presence
. AN :

of.the pressure gradlents was not spec1fac to a HFOV frequency of 20 uz,?,
’f?vIn the present experlments, uedglng occurred 1@ alrwayg of approx1mate1y;>leff~7“
. a I L Lo S |
‘:haj1 2 mﬁﬂ(°'d' °f the measurlng catheter), whlch corresponds to! the 5——7thﬁ"‘
{”ffhigeneratlon (7)', The studies reported 1nvChapter 6 suggest that, d;}lnq S

' *'pHFOV mean alveolar pressure ls close to the Pd measured 1n the small

~

"'f_alrWaYSu Thus 1t seems that the‘most appropriate place to 'jgh;thl )Q"

o monltor ?aw durlng ?FQV 1s ln dlstal alrways.,.However;.narroﬁ”cathetersid
;fused to d)talnPdtoften become occluded by secretloﬂs and have to ?é;;" '

r

SR : N | v Sl e e
'“premoved for cleanup. It mlght be more practlcal to obtaln a pressure,v RN




LN

"'-'fand J.nerttal phenomena, and an air-trapping effect dunng explratlon.v_

R

M -
_ gradients found were not k{e to ah artlfact 1nduced by the- measunng

. |- N .
- 9 . . , ' } . : . .
N . , N - L
. - [ - . M - E - ’ .‘.

.' catheter. X When a’ larger catheter was used (2' 84 mm2 crossec'tl.onal area‘ .7.‘::; ‘ 3
vs 1.26 “mm* ), the gradlents d)talned were sxmilar, even though the R
relatlonshlp of crossectlonal areas between the alrway‘ and catheter was
qmte dxfferent. In dLstal alrwavs the;ressure grad1 ent was s:nall. ,_ ,,

K although the alrway/catheter crossectlonal area rat:.o was changing \

: o S ‘ . ; .
s1m lar to those d)talned w1th the forward catheter technlgue.

explalned Ln part by the Bernoulh s pl’.\.ﬁlClple' "pressure plus the
total mechamcal energy per umt volume lS the same everywhere in a’ flow 3

tube (8) : In the resplratory tree, the total crossecta.onal area of the

WAL St

R f-';' calculated from Ref 7), therefore, the gas Velocity and consequently
L lts mecham.cal energy decrease

pressure (Pd) must 1ncrease as mecham.cal energy decreases (8). Breen et :

rapl.dly w1th dJ.stanc e; the overall gradi ents were also not apprecl.ably
affected by catheter sxze. 031ng the retrograde catheter technique, _the .

o g

p0531b1e artlfacts due to the presence of the measun ng catheter Ln \ S

proxlmal alrways were rm.mmzed, but the pressure gradlents obtalned were

:.v.\ o

'.n-"

'I‘he prasure 1ncrease from proximal to dj.stal alrways can be '

. a )

a:LrWays 1ncreasas as we get closer to the alveoh (11), or 1n the

trans:.tlon from the E‘I'I‘ to the trachea (134% lncrease 1n area

4‘. v,\'= §

I o

vAcc«ordJ.ng to Bernoulll 'S px:J.nclple, the

B
X ‘ : 1 R

~

al., u31ng thelﬂ own data, calculated a‘-pressure gradl ent of O 55 r‘m

:A*VI;HZO, uslnq a d.xfferent'approach, the calculated gradi ent was 1&45 cm H20

s

y‘-

_1-_'1'(4), Some authors have suggwted that other non-Bernoulh - factors are ( ,f.-_. “

'.;.j"iso lnvolved (16), _which could J.nclude energy éhangs due to ,fnct‘lohal

‘lis a pressure grad.l ent down the respl ratBry tree that causes the mean

.

* s

In conclusion, the present expenments show that dunng HFOV there __’ A

-»,-,_ _‘A, B . ap
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distal airway pressure to be higher ‘than the pressure measured at the

ai rway opening. The presence of this gradient must be taken into
[ i ! -

A ——
account whenever the effect of Paw $n oxygenation, cardiovascular
function, lung volumes, etc., is studi ed during HFOV, By posi tionning
- ' \;m
the tip of the measuring catheter just proximal to the wedged location,

an approximation of alveolar pressure could be dbotained.
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 Fiq 9A-1: Mean alrway pressure (Pd) proflles durlng HFOV from elght dogs.

T- E, tip of the endotracheal tube. . Fiqg. 9A-2 Average ‘mean alrway pressures' -

(Pd) at dlfferent levels of the resplratory tree- ndotracheal tube, 5 cm.

beyond the tube tlp and pre-wpdglngwf051tlon. 'Bars rep}eéent t SD.‘

' o
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a o Fig. 9A-3"
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.Fig;9A43: Pressure proflles obtalned in dog #3 at dlfferent HFOV

’frequencies. Flg 9A-4: Mean alrway pressure (Pd) proflles durlng HFOV in. :_ff

‘two lungglobes (A and B) us1ng for ard (measurements 1 and - 2) and

rograde (measurements 3 to 6) technlques. Arrow. endotracheal tube tlp
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Capter 9B: CARB'(‘)N,.D‘IOXIDE ,’vGRADIEN;I‘(S IN THE RES‘P‘IRA"I‘ORY TREE DURING ”sFovf '
¢
| INTROIlUCTI_‘ION T
‘During Hfov gas-exchange7can he accomplished with a-VTismaller:than

Sy o ’ . o
VDan,_probably throngh/{;; combined effects of con ction and enhanced
diffnsion (see Introduction). It was postulated that durlng HFOV, the
‘enhanced dlffusion wonld tend to create a C02 concentratlon gradlent.
down the alrwaYS. To 1nvestlgate thlS p0531b111ty, qases were sampied
and analyzed for ¢02 concentration at dlfferent levels in the.’ |

G,

respiratory tree-of two‘dogsdyentilated'with HFOV. -

i METHODS

v

Two mongrel doqs (welght 6 2 and 8 9 kg) were anesthetlzed w1th ‘

P

'pentobarbltal 1ntubated and ventllated w1th the standard HFOV c1rcu1t ':h-,f”'
~(Chapter 1) at 25 Hz and 4 L/mln of blas flow of alr.; A 50-cm long
vPolyethylene catheter (0 9 mm - 1.d ) was connected to a Godart capnograph

‘and threaded;downjthe a;rway. Readlngs of CO2 concentratlon were takeq

& RN

.atfdifferent‘levelswdown'the~resp1ratory tree,\untll.the cathetervwas

e & . R
'wedged in a small alrway.r The capnograph readlngs were taken 1n each ‘;4“

‘:;Bositlon after an equlllbratlon perlod of at least 3 s (the 95% responsed S

- tlme of the capnoqraph-catheter system was 2 6 s) : The capnograph had

. :been prev1ously ca11brated (w1th the catheter connected) w1th 5% C02.'

LN _' : RES‘UL'I‘S S |

quure 9B 1 shows the 002 concentratlons obtalned at dlfferent

-levelSjof thearesplratory-tree:1n,the;two dogs. The open symbols
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\

correspond to the large dog and the closed symbols\to the smaller one.
i o

There was a slight increase in C02'down the ETT, afiter which the
concentration increased much faster;'%ith‘the steepest rise in distal

portions of the airways. L .

IO ‘~vs,‘ 2 DISCUSSION - SRR

Thls study conflrms ‘the. presence df a C02 qradlent ‘down the
;o

. airways, 1nduced by HFovﬁ’whlch has been suggested by other authors (see
, ‘ _ \
Introductlon). The higher CO2 concentratlon 1n the larger dog, may have

been related-tO'a'hiqher cog productlon.- In the present experiments,i

]

31multaneous values of PaC02 were not avallable.' It 1s llkely that, 1f
';’1t were technlcally p0531b1e to measure 1t, the CO2 concentration would

.

: contlnue to anrease 1f samples were taken in smaller alrways untll the
Ualveolar level had_been reached. At thlS level, the €Oy concentratlon '

should glve a value close to PaCOZ' ", o SR

The system used to measure C02 1n the present experlments had a.’

<

very slow frequency response compared to the HFOV rate. Thus the values

obtalned represented ‘an average readlng of a sample obtalned over

'.several seconds; ‘It is concelvable that 1flthe measurements had been

‘ obtalned wlth a system havxné an extremely hlgh frequency response (much
faster than the HFOV rate) CO2 concentratlon would llkely fluctuate w1th i c
the ventllatory cycle in’ the alrway qeneratlons where bulk transport

| ex13ts. Althouqh mass spectrometers have an approprlate frequency

response, the sampllng catheters slow thls response down to an

V_impractical;level.v . _‘;*; ’ﬂi‘ ;;j,i:»f'-' T
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Chapter 9C: ROLE OF PROSTAGLANDINS IN THE PULMONARY VASCULAR

RESPONSE TO HFOV

INTRODUCTION

In;previous:studies(chapters'1,2,4)_HFOV was found to induce a

- gradual increase in pulmonary artery pressure in dogs, that was . .

eStabliShed in a- period of less than a minuté. Sigc&nthis COuld\not be -

!

explalned by blood gas ‘changes, it was thought that the pulmonary

o

‘ hyperten51on could have been>due to a gradual 1ncrease in ‘lung volume
" (or 1ntrathoraclc preesure)‘or been medlated through a vaso—constrlctor
3 : 3
substance llberated in the lungs by the v1bratory stlmulus of HFOV. It
has been known for .many years that mechanlcal stlmulatlon (agltatlon, |

N . : : o
- stirring) is anpexcellent way to'liberatejPG s from the lung (8¢9), 80

L 4 - . . . ’
it.was speculated that PG's could be inVolved in the increase in
pulmonary artery pressure 1nduced by HFOV.

Thls chapter descrlbes the effects of Indomethac1n, a. PG—synthesls

‘7blocker, on the pulmonary artery pressor response to HFOV.

'MATERIALS AND METHODS

Sevenbmongrel doqs (8.0 ERY 3 kg) were anesthetlzed wrth o SR
“_1ntrayenoua pentobarbltal (30 mg/kg), Lntubated w1th a cuffed |
“:iyendotradheal tube (9 mm 1.d ) and ventllated w1th IPPV at 15 breaths/mln'i;:;
{ and a tldal volume of 15 ml/kg‘u51ng a. Harvard resplrator (model 607). |

'fA femoral artery catheter was used to obtaln samples for. blood gas-’

7



at the level of the rlght atrium. 'Systemic~and pulmonary artery . .

26008).,

‘transducer. W ﬂf“ ' f',

\—\'N .

¢

. analy51s (Instrumentatlon Laboratory model 813) and to monltor systemlc

blood pressure (Statham transducer model P23Db). A femoral ve1n

”Catheter was used to malntaln anesthe51a with pentobarbltal (3——6 mg/kg

feVery hour) and 1nfuse 2 3% glucose in 0.3% saline at 4 ml/kg/h

Pulmonary artery pressure was measured with a flow dlrected catheter

‘(Edwards Laboratorles model 93A-301- 7F) connected to a callbrated

pressure transducer (Statham Model P230b).' The transducers were zeroed“

_pressure traCLngs were dlsplayed on-a strlp chart %ecorder (Gould model"

t o

. -
The dogs couid also be ventllated with the hlgh frequency punp

.wlth the 290-ml air ay pressure chamber in place (F1q 9C 1), whlch was

flushed contlnuousl}\by an air. flow of 15 L/mln.' To monltor Paw,f

' ]
a rlgld plastlc ‘catheter (3 mm - 1.d ) was 1ntroduced 2. 5 mm into ‘the

'endotracheal tube wall 40 mm dlstal to the tlps of the” ventllatlon

o, : : _
catheters, and connected to an MP45 Valldyne dlfferentlal pressure .
¥

‘Experlmental Protocol To supress PG productlon, 15 m@Vﬂq of .ﬂﬁfgas:'"

v

, S Y

. Indomethacln (IDM) were 1nfused 1nto the dog s femoral veinvcagh?ter

e : : «

"isolutlon of 15 mg/ml of IDM (Slgma Laboratorles) w1th 15 mg/ml sodlum .

iilfluctuatlons 1n pulmonary and syStemlc arterlal pressures 1n some

46‘.

~b1carbonate 1n water.v The IDM 1nfu810n produced mlnor and rever31ble o

D

’

l':dogs._ Ten mlnutes before and 60 mln after the IDM 1nfu31on, the dogsaf

y

were ventllated w1th the osc1llator (20 Hz and 4 L/mln) for 5 mln and}“

(‘ .

© 285

-7over a perlbd of 4 m1n (7) The drug was 1n3ected as a freshly prepared*ﬂ»?l“
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PAP recorded.

Data Analysis;f[Baseline'PAP was cbtained during a 10-15 s period of
. ’ A \ . : B . ) : . »
apnea before starting HFOV. . As | lectronic averaging wouih tend to blunt

time-related'ohanges, PAP was ca culated from tne tracings as: pulmonary - -
P T S ‘ L o I
diastolic pressure plus one thirdithe pulse pressure. fIncreases

in’ PAP lnduced by HFOV were plotted agalnst tlme, and found to’ f1t an.

1Y

' -exponentlal relatlonship. During both apnea (basellne) and ‘1--2 min

@

after startlng HFOV (plateau),_31x.sucoe531Ve PAP values’ were obtalned

‘from the recordrng and averaged. ‘The slope of the exponentlal rise -

ln PAP ‘was calculated by the 1east squares method (12) taklng

basellne PAP as 100% -and plateau PAP durlng HFOV as’. 0%.‘ The flrS£~3_tO

5. beati‘after startlnq of HFOV were not used for the calculatlon of the

curve‘slope 51nce.they'fluctuated‘1rregularlyr: One minuteiafter‘thé,e

:start of HFOV, an, arterlal blood gas sample was taken and analyzed \ :
| A two-talled Student s palred t—test was used “to- compare the :

follow1ng qroups of data- 1) lepe of the exponentlal rlse ln PAP 1.7é”..‘

e

A”1nduced by HFOV before and after IDM infu31on, 2) basellne PAP before_‘;-:

fand after IDM, 3) plateau PAP during HFOV before and after IDM, 4)

i DY N

b’?a'percent rise 1n PAP above basellne before and after IDM and 5) PaCO2

'\tand Pao2 durlng IPPV before the IDM admlnlstratlon and one mlnute after

v

';Tstartlng the two HFOV runs (one before and one after IDM). Data .are’

1 presented as. mean t SD, slqnlflcance was set ‘at p<0r05

- RESULTS
- ~ e

f*janrepresentative.tracin§;6f PAP cbanges-indueed.byﬁHFOV,'isf’:
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.
reproduced-in Fig.9C-2. ‘Table 9C?I.shows'the statistical.analysis'

%\of the PAP data. No statlstlcally—slgniflcant dlfferences were found
between the followlng PAP-derived parameters, measured before and one
hour after ‘the lnfu51on of’ IDM. 1) Baseline PAP (apnea), 2)

plateau PAP durlng HFOV,-3) percent change 1n PAP,,and 4) slope of the s
exponentlal lncrease ‘in PAP 1nduced by'ﬁFOV. All the correlatlon
coeffLC1ents of the exponent1a1 curves were 51gn1f1cant (p(O 001).

Baseline Pacoz during IPPV (before IDM) was 33 1 £ 3 5 and PaO2 '
»v91 8 t 10 0. Mean PaCOz durlng HFOV before IDM was 33 1 t 5 1 mm Hg and

_ after IDM 32 3 % 4 9 mm Hg.; Mean Pa02 durlng HFOV before IDH was 89 9 t

j8 8 mm Hg and after IDM 89 7 t 4 3 mm Hg.: These values for PaCOZ or

_pa02 were not dlfferent from the basellne.. The values of Paw during

I

"jHEOV before and one hour affer IDM were also 31m11ar (9 9 t 0. 3 cm H20

"and 10. O + 0 4 cm H20 respectlvely). o f’f::‘g_gtikfﬂ;f_lrfsﬁ "fftﬁif'?:*;u:‘,
E 'bISCU'ssx-oNi o e e T

;»f-buring‘HFQV resplratory rates of 5 to 30 Hz are needed to achieve:a :
anbas'eXChange‘fl) The effects on’ the organism of mechanlcal stlmulatlon yj'af;

i

- ff at thls frequency range, must be characteriZed in order to establish the

'”uiffxsafety of this new ap\roach to artlflclal ventilation., One of the ,:[g:a_a'"

posslble 31de effects of HFOV could be to 1nduce the secretlon of PG's,' .

':fr31nce 1t lS known that mechanlcal stimulation can trlgger PG release f"

‘l N N

fffrom the lung (8 9)., Recent studles squest that PG-related substances 1 B

v‘f‘may be 1nvolved an thqppathothSIOIOQY of the resplratory distress

'-fgsyndrome (10), so the HFOV—lnduced release of PG 's could he deleterious‘

':ito already crltlcally-ill P@tlents. Thereﬁare no;studiea;on'thefrole,of S
‘ e e

‘TihPG's durlng HFOV in’ normal lun&gT» el



- pr sures (13). B C e

o observed pulmonary hypertenSLOn.g Several PG s sy
- ‘-have pulmonary vasocontrlctor actlvrty,_they include- PGFZa, fFla,
: 4

: PGE2 PGA2 and pc;oz (5). v Also a group of PG—related substan és, the

"f’PG (and thromboxane) product10n\(11) however, th1

'ffﬂthe magnltude

:tdld not modlfy the sﬁhtus of the pulmonary c1rculatlon._ In prev1ous

s experlments (Chapter 1) 1t was found that the 1ncrease 1n PAP durlng “ $ff;

, o 288"

“ In preViousfStudies(Chapters 1;2}4)~it was found that HFOVlinduced

.
~

-a. smgnlflcant increase in PAP and pulmonary vascular resistances. As in

k3

- these studles, blood gas parameters did not change 31gn1f1c ntly durlng

-

V; two dlfferent mechanlsms could be postulated for this-

g 'u-
» . . - .

‘pre sor response',-a medlator release (3) or dlstenslon and coffpression -

.

As mentloned earller,,PG s, are released by mechan1cal stlmulatlon o

a:

‘tOf the lung, and we speculated that they mlght heLrespon31ble for thet

thetlzed in the lung

\’

.’q'
P
S

"y:thromboxanes, are potentlpulmonary vasoconstrlctors synthetlzed in the
x;t;lung (5) According to Needleman, one of the crlteria’to 1nvolve PG s
‘:1n the medlatlon of blologtcal processes.ls;li"the abolltlon of the 7.
nusynthesis of PG's sPould ahOllSh the phy31olog1cal actlon of the:rjef
ﬁid;stlmulus (6) Consequently, 1n the present study 1t was Speculath
blh??that 1f PG's were 1nvolved 1n the pulmonary hyperten51ve response to.l'f&

'“f’_aFov, the blockade of the;r synthe81s by IDM would decrease A¥ 1nh1b1t of;’f

o

*;thls reaponse. IndomethaCLn was used at a dose h1'h enough to abollsh

: dld not modlfy

------

St g S

percent change) and tlme course (slope of the exponentlal

“lerlse) of the iAP changes. Both basellne (apnea) and plateau

P L ..° “

7(HF0V) PAP values were simllar before and after IDM 1nd1cat1ng that IDM

BT UL

Cy T



V'{hfjg BDV,; However, in order to be able to exclude the role of:any of these

’},»." . - ) f - . . I L . | N | . v‘ .- . ,
- HFOV was associated with a decrease in cardiac output, and that

) pulmonary vascular re51stance (PVR) was increased.v Consequi\tly it

seems unllkely that, ‘in the present study, .an: increased cardiac output

was respon31b1e for the- 1ncreased PAP during HFOV leav1ng PVR

unchanged. The changes in pulmonary artery "wedge pressure cbserved in

e However, this does notﬁrule out the pOSSlblllty of HFOV-induced PG

'ﬂsecretion by the lung a balanced amount of vasoconstrlctor and L

IPAP (and PVR) was not mediated through PG (cr thromboxane) release.

s

those experiments were much smaller than PAP changes, thus ruling out an ;

_.1..

increase in’ left atrial pressure ‘as responsible for’ the increaseﬁb" :

- o

'ianAP.: The findings reported in~ Chapter 3 also support this theory.z-i

The present experiments indicate that the rise 1n

L

'-/

' 'vasodilator PG's could be liberated, or PG's could have been metabolized

“ﬁ_k‘before reaching the vascular receptor.zfy~”‘7"”‘ RS
, The role of other mediators w1th pulmonary vasoconstrlctor gf"] R

"actiV1ty,.like catecholamines, histamine, angioten31n, serotonln (2) or 5ffh*;

-leukotrienes, was not investigated in the present study. However,-in

v'fincrease during HFOV, sugdesting that a release of medlators with
"»]fchrono-tropic activity'1 catecholamines, serotonin and histamine (A),
. dld not take place. A remote posslbilityigrists that the mechanisms of

‘3,act1vation of the renin-anglotensin system (4) had been trf ghred bY

: ifassays will be needed. .;rff &

a

_...

R

-5, ediators, further experiments uSLng either specific blockers and/or

Cele

}' If known vasoactive substances are not 1nvolved in the pulmonary

:'Vartery pressor response to HFOV, then 1t seems 11kely that the 1ncreased

o
. ' B

”ff7'¢§rev1ous experiments (Chapter 1) it was found that heart rate dld not ff:’
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©
D ¢

w

lung Yolume and/or alveolar pressure have a major effect, as dbserved

‘3, during conventional ventilation (14). In previous experiments (Chapter

ié5\‘2)it was - found -that HFOV induced a substantial rise in mean airway

‘pressure and FRC, and that 15 to 30 seconds were required to ohtain an
almost complete increase in lung volume after starting HFOV. The time

course of the present PAP response was somewhat slower, and this could

R .
,.f Ya" ) B ¢ . i .
.iﬁf" he related to the time taken for a widespread alveolar recruitment to

become established. '
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TABLE 9C-1: Effect of Indomethacin (IDM) on the PAP response to HFOV

Before IDM

After IDM
Baseline PAP ’ 14.5 ¢ 2.5 ©14.1 £ 4.8 NS
(mm Hg) - :
Plateau PAP . 18.5 & 3.2 18.1 £ 5.4 NS
(mm Hg) ‘ -
Change in PAP ©27.2.% 5.6 30.0 + 7.2 NS

(%)

Slope of PAP rise ' 0,138 . 0.051

(arbitrary units)

' 0.144 + 0.048 NS

Values expressed as mean z SD; n=7.

statistically significant.

NS = difference not

293
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Fig. 9C-1-

Tryreov v

; = Air
Rotameter

[

- Paw:

Fig. 9¢-2

30

PAP 20

(mmHg) -

by 10 sec

.

Flgure 9C 1: Dlagram of the circuit used for high- frequency ventllatlon,
gw1th the alrway pressure cﬁamber connected to the endotracheal tube. o
- HFOV, hlgh frequency osc1llator, paw,'alrway pressure transducer, PEEP“- -
’;underwater system to pressurlze the alrway—pressure chamber.;: Flgure ’
"9C 2 Effect of HFOV -on the pulmonary artery pressure of a dog after a

few seconds of apnea (hpn) " Arrow, start HFOV.

N
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Chapter 9D: LUNG CLEARANCE OF RADIOACTIVE: PARTICLES

'INTRODUCTION

'.In the exerlments reported in Chapter 7 the. ef ects of HFOV on S
" ¢ - Ay, .
: mucoc111ary functlon were tested at ‘the tracheal level.‘ Although no ‘.-
N
l;dlfferences with' IPPV were observed thls does. not dlscard the pOSSiblllé}

VRIS

that HFOV has a signlflcant lnfluence on the overall functlon of the
<mucociliary escalatorv One way to test thls p0331b111ty would be to
‘assess the rate of clearance by the lung (LCR) of radloactlvely—marked

"1nhaled partlcles.

-

In order to test the effects of HFOV on ICR, approprlate controls had

"to be obtalned. Two approaches were.considered 1) one 1ung could be

'.ov.'
r ventllated w1th HFOV (w1th a double lumen ETT) and the other used as
‘control (ventllated w1th IPPV), and 2) a glven time period of IPPV couId

-

be used as control for HFOV measurements. 76 - valldate these approaches.i

prellmrnary trlals were de31gned to ;scertaln whether there.was a e

: correlatlon between ICR of reglons'of the rlght and left lungs and 1f ICR };ah

'Jwas’constantvover aigrwen t;me per;od.g Initlally, a dual—probe scanner i

.iwasusedfunsucceesfuiiwf?then;thehexperiments wereiperfOrmedpw}th a noreg:h
sophisticated multiprobe, scamners . e

) L

' J_Dual-probe experlments‘fh

A group of 10 mongrel dogs (welght range~ 14--22 kg) were:'

u»anesthetlzed w1th pentobarbltal (30 mg/kg) and 1ntubated Wlth 2 9 ., ,h"“‘/

'-.W:Zf:'
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f

10 mm i.de cuffed endotracheal tube. After a one-hour reetianperiod (to
“allow for the acute .effects of anesethesra to dr351pate), the doqs wereﬁv
placed suplne {on-a specxally de51gned table ‘that secured the dog 1n a i
fiied‘position) and'ventilated with a Harvard animal respirator (model
607) at a rate of 15 bpm and a vT of 15 ml/kg. A T ‘piece'i:‘n the
.glnsplratory line allowed connection of a nebulizer (DeV1lbls #4O)vwh1ch
: contalned a sallne solutlon of sulfur colloid labelled w1th 99mTc. hAji-
bmanually-controlled valve,allowed delivery‘of preseurlzed air (20 psi)’

]

into the nebullzer to generate: the aerosol, nebullzatlon was timed. to

fc01nc1de w1th the flrst halg‘of the insplratory time: of‘the ventllator.

c Two colllmator detectors (sodlum 1od1de cystals. colllnater apoerturet

‘38 by 61 mm) were.posltloned over . the mrd lateral reglon of each lunc and,‘
d connected to a dual-channel gamna analyzer (Plcker Nuclear, dual probe‘
'”model 2000) - fhe‘dogs were ventllated,wlth alr contalnlng radioactiwetd,
"aerosol«for‘seweral;breaths,nuntrlZa-eufficient anount:ofdradiétlonbwés
.":detected by the gamma analyzer (15 OOO——3O 000 cpm). The‘nebuliter~waai.f‘
'-vthen dlsconnected and the anlmals were exther ventllated W1th theb |
5respirator-(w1thtthe same-settings)'or alloWed-to breathe~so0ntaneouely)v 5'
."The.count rates over the lateral lunq reglons were nonltored for at least

_2'h; Anesthesra was malntalned at a. 1lght level wlth boluses of

| ’pentobarbltal iovi

2151 Multiprobe experlmente

| f_ TheseAexperiments Were.perforned on a. qroup of 6 dogs (welqht range
16—-25 kg) anesthetlzed and 1ntubated as-. descrlbed., fhe sane protocol as
for:the dual probe experlments was followed for aerosol dellvery,: however f'i‘?

‘.'ln this case, count rates were monltored wlth a detector setup containlng

8 colllnear palrs of sc1ntlllatlon counters placed over the lungs of the .

o7

: fﬁ‘ l\‘%\;‘ar
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supine dog. Count-rate data from each detector pair was collected via a

"real-time" computer systen and stored on magnetic disk for subsequent

’analysisa

Data analy91s
| The changes in. count rates over time were fitted 1nto.an exponent1al
equatlon by curv111near regreSSLon analy31s. The time necessary for a 50%
dronp in radlatlon counte m each reqlon (T 1/2) was d)talned from the
exponential equatlons, and corrected for the decay of the radioactlve
-marker to obtaln b1010g1ca1 T1A2.: A llnear regre351on analysis was used
' to compare data obtalned from corresoonding reglone of the rlght and left .
‘lungs over_l—h perioda,'or first’versusvsecond hourwdata fron-the same

<

lung region. - S N e

_ RESULTS

Dual- probe experlmentsv'

The statlstlcal analy51s of the data showed that there was no -
:81gn1f1cant correlatlon between LCR .of . the’ rlght'and left lung reglons

hdurlnq the flrst hour of scannlng (Flg-.9D-1, r=0. 29), or between the
: = ,
':flrst and second hour w1th1n the rlght lung region (qu.QD—Z, r—o 46) or

: left lung reglon (Flg 9D 3 -O 45)., When the data were analyzed --52'

. e
N

'*ygh“lndependently for anlmals ventllated w1th IPPV or breathlng spontaneously,vv

~ the correlatlons vere also not sxgniflcant. ;;fijhi

1jMult1probe experlments

T

No 81gn1f1cant correlatlon was cbtalned between LCR of horlzontally ’:""

'“L;fopposed rlght and left 1ung reglons during the flrst hour of scannlng,:,f

ffffFlg.QD 4 shows a: plot of data cbtalned from basal lung reglons (rgo 32)

E_There was no- correlatlon between flrst and second hour LCR of the rlght
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ieft lung.

tend to be deposited pfeferéntially,in the airways. The size of gngc-

'{eper;od studied)}l All theseifactorS'oomb1nedvmay.have contrlbuted‘to.the'

. 298

(r=0.68) or left (r=0.23) lung regions. Fig.9D-5 shows the data cbtained

ffom the basal regiohs of the;right lung during the first and second

hours; Fig.9D-6 shows the same data for the corresponding regions_of'the

( : <~

\ ‘ DISCUSSION
It is well known that the size of the particles (hass median
aerodynamlc dlameter) is one of the most 1mportant factors that determlnes

l

where a particle is deposited in the lung (1). About 50% .of" the 1-pm

-particles are oeposited in the respiratory region (1); larger,particles

sulfur colloid particles delivered by the nebulizer used in the present
studies; was measufed by a cascade impactor which gave the following
results:'activity mean aerodynamic diameter = 1.25 pm; geomet;ic-Sﬁandard

deviaﬁion : 1. 80 um. This implies that a signifiéaht'fraction of the

“dellvered aerosol was deposmted ln the fesplratory reglon of the lunqs,
"where.io_could.not.oe;cleafeo bj'the‘mucOolllary functlon.. The background '
‘radioaoﬁivipy.oeoositedvin.thelrespiratory zone couid hamper deteotion of

‘»anybdfop~in cooht sates in the airwa;s'(whichpfepresent awsmall7fraction

~-of the lung volume) due to the muc00111ary functlon. The regioos‘scanned

durlng ‘this study probably contained'a signifloant ngmber of_interoediafe-‘
s;ze aizways_whlch would'tend,to_clear,out“aerosoi.but.whichlwodidjalso

_receive a significant amount-of aerosol from smaller airways. The balance™

"of~these tWoffactofs~WOu1d,detetminei£he Change iﬁ count»rates over time

detected externally (superlmposed to the constant radloact1v1ty comlng
B B . »

from the resplratory zone whlch would rema;n qu1te stable durlng the
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lack of correlation betmeen bebneasured ln different lung reglons-
(different lnfluences cf_the factore) or during different time periods
(not a sincle exponentlal‘function).

In a separate experiment in humans, the same tyne of "aerosol was
inhaled by 10 suhjecte_and radicactiulty'over the whofé lung mcnltcred'
wlth-a gamma camera. When the'radicactivity measured was corrected. for-
the decay of gngcL it Was'fcund that:more than.95% of the aerosol~wae'
still present inlthe lunge 24Ah after inhalations. .From these reeults it‘
~could be speculated that: a) a‘significant number of‘particles were
dep081ted 1n perlpheral lung reglons and ‘could not be cleared by the
mucoc111ary transport: b) the- marker is bound tlghtly to the partlcles, c)
no 31gn1f1c1ant amount: of “the . marker is absorbed into the c1rculatlon.

| Inkorder to effectlvely assess mucoclllary function, a much larger
partlcle size would have to be used (probably larger than 10 or 15 pm).‘
‘ Also,lthe use of a gamma'camera wculdvpermlt a definiticn of regions of:
,interestfin>the,1ung; whlch contain5mcre airwaye. The decay of count
rates in -thesge reglons would be a better reflectlon cf mucoclllary
,,tunctlon. |

As. nelther a qenerator of large cartlcles nor an approprlate .gamma
camera uere avallable, these~stud1es were not done. o

In summary, LCR of 1nhaled radloactlve sulfur-c01101d partlcles was

monltored in dogs Wlth either dual or multlprobe radlatlon detectors

. “

'durlng SB - and IPPV. No correlatlon cdhld be found between LCR of
corespondlng reglons 0f the rlght and left lungs or' between flrst—'and
o second—hour LCR of 1nd1v1dual lung reglons. Thls 1ack of correlatlon was ?'7

' probab?& due to both the small size of the radxoactlve partICIes and to

‘the low spatial reselutlon of the scannlnq qystems used.- I
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Fig. 901
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Chapter 9E: USE OF A FIXED-VOLUME pOMP TO VENTILATE SMALL ANIMALS

°
b

: INTRODUCTION » :
] v : . .
In Appendix I it is stated that the HFOV pump used for this thesis

‘delivered a fixed volume, and the size of the animals had to be
A 9

accomodated to it; the optimal size of animals  that could be ventilated

G

with this pump was around 6--8 kg. Due to the possible application of

HFOV to pediatric use, the following tests werF done to develop a method
. [

to deliver a small VT with the same pump. ;Bywtrial and error, a

“ s

modification of the circuit was developedfﬁﬁhiﬁﬁ induced satisfactory

gas exchange in small cats.

METHODS‘

Two cats (2.0 and 2.8 kg) were aﬁestheﬁized with peptobarbital and
‘intubated with a 4 mm i.d. cuffed ETT. An animal yentilator (Harvard
model 607) was used for IPPV (rate, 25 bpm; VT 15 ml/kg)i Theréiandard.
HFQV circuit was modified to reducg the Vq reaching the lunés. This

Q@ .

modification consisted of a T piece that was placed on the inspiratory
5
* ~ Ay

cathete?~of the circuit, and connected to 60 cm of largéAESé§)(9 m
i.d.) TQQOn tﬁbing (this circuit was similar to Fig.AI-6D); the disﬁal
end.of‘this tubing was immersed_undér 5 cm of Hzé to maintain an

. : s o
adequate Paw. The sizes of.the components of this circuit were
aeterminéd'on a‘érial-and-error g;sis. The frequéncy‘of the pump was,
s;?ried between 10 and 30 Hz, and bias flow betheq‘?.1 aqg 5 L/min.

' Samples for blood gas analysis (Instrumentation Laboratory model 113)

‘were taken after at least 10 min of IPPV or HFOV at a‘fiﬁid'setting.

3
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8 red 4
: N

RESULTS
Figure.9E-1 shows values of PaO, obtained during HFOV in the.two
cats (calculated ag % of IPPV meaéurementss and PaCO, data. Pa0, was
usually similar to IPPV levels (x 20%) aﬁq sﬁowed a tenden;y to decrase
with increased frdquency. PaCO, could be maintéihed at very loQ le?els,

and did not fluctuate much with. variations in HFOV rate or ‘bhias flow.

DISCUSSI&N

The results of this study indicat; that a'fiigd—volume‘HFOV pump
can be used effectively to ventilaté small animals by inducing a
controlled leak in the inspiratory line. ?he low PaCOzvlevels obtained
in normal animals suggests tha; the system could.bé effective in'the
ventilation of animals with abnormal lungs. The leakage circuit used in
’ the pregent gtudies~acts as an inéfficiept low-pass filter whiqh‘leaks
part of the Vp. A certain "PEEP" level was necessary to maintain th%
‘lungs éistended. Other designs that induced a smalie; leak, had the
tendency to cause hypotensio§} a larger leak was associated with an

L T ' ,

increase in PaCO2 and decrease in PQOZ. It is likely that a.similar
system could b; used to ventilate even smaller animals by iﬁcreasing}the
proportion of VT 1eaked, hut it wouia have to be adjusted in eachrcése
depending on the size of the lungs and their mechanical characteristics
(especially Cst and Raw); The small effect of the change in rate and
biagjﬁlow on PACOZ squésts that the alveolar‘ventilatibn induéed,léas

sufficient to achieve an optimal gas exchange.
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Chapter 9F: PRELIMINARY STUDIES VITH HFOV IN DOGS WITH OLEIC ACID

INDUCED LUNG INJURY . ) ;)

A INTRODUCTION

In order to prove fhe usefulnegs of HFOV in a clinicél seéting, it§
pérformance in the ventilation‘oé diseased lungé had to be festéd.
Initially, a complete_séudy with an OA lung injury model was planned,
but when the important effects of HFOV on.cardiovaSCUiar function of
normal animals’were observed, the OA étudieS'were néf contipuéd'and‘
efforts were d;rected towards the.unders£aﬁding“;f the mechanisms4béhind
the obhserved impairment of cardiovasqular function\in dogs‘with nqrﬁai
lungs. Horeover the OA injﬁry has complex physiological effects on £ﬁé'
body,‘including changes in lung permeability and pulmonary and systemic
_circulation.» A more con?enienp~lung injury ﬁodel is 'probably the‘séline'
lavaée dgscribed in Appendix IV,'which has a more selective effect oﬁ
lung mecﬁanic parameters and less heﬁodygamiq repefbgssion.:

The followfngkisbthe desé({?ti;n bflthe Preliminéryffrials with an
OA lurg injh;y mddel | | | |

METHODS

iAfter the3ekperiments deScribed~in'Ch§ptéf'1 had ;een completéd ih
three of the doqs,»puimonary edema was induced in them by injecﬁing a
bolus of 0.075 ﬁi)kg.bfvoleicrécid into the}igbt ventrible;g Aftef 2
hours of IPPV, tﬂéée animais_Qefe vehtilated with HFOV alone (25 Hz,
bias flow 4 L/ﬁihf\ér HFOV (25 Hz, no bias_fldw; éupéfimp&éédon:ifPV.
ﬁro_achiéve the»iaﬁsér,.a 62.5-ml plastié,éhéﬁber:(éirw;;ﬁg;essure A

\

| . -
W . -
\

!



 chamber) enclosed the HFOV catheters and the proximal endotracheal tube

(Fig.4-1). One side of the chamber was connected to the inspiratory

port of the Harvard ventilator and the other side to the expiratory

port. During HFOV alone, the chamber was continuously flushed with 15

. L/min of air to avoid COé retention. In these studies, hemodynamic data

and blood samples for gae'analysis were taken 10 minutes after each

» ventilatory setting was started and at the endiof“the 2-hour IPPV

period. ) - _
o L

RESULTS

The results of the HFOV studies. in dogs with pulmonary edema are -

presented in'Fig..gC-1. The injection of oleic-acid induced a

’

dsubstantlal decrease in PaO2 durlnq IPPV, PaCO2 changed little.

and SAP decreased sllghtly. HFOV malntalned Pa02, PaCO2 and SAP levels

N

similar to the IPPV values, . However, when'HFOV was superimposed on

'IPPV, Pa0, increased, PaCOéidecreased}'and SAP decreased slightly.

DISCUSION

The preliminary results obtained after oleic acid injection support

previous‘data Suggesting'that,HFOV ie Simiiar to IPPYV in;gas ekchange;'

durlng pulmonary edema and is capable of supportlng ventllatlon and

oxyqenatlon (see Introductlon). The fact that gas exchange was better

b

when - HFOV was superlmposed ‘on to IPPV may be due to- the effect of a

e

y dlstendlng pressure that opened alrways that were partlally fllled Wlth

vfluld. Indeed, in all the anlmals abundant frothy hemorrhaglc

‘ secretlonsdappeared»in the proxiMal‘ endlof_the-ETT. yIt:can‘be :

speculated that these secretions represent a physical barrier to the

308



309

movement of gases in small airways when ‘a small VT is used llkh durlng .
‘HFOV.' The 1arge Vip used during ‘IPBV could probably overcome thls

barrler, at 1east partlally, allow1ng the superlmposed oscxllatlon to B

‘reach some respiratory,unlts.”
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* DESCRIPTION AND CHARACTERIZATION

OF THE HFOV SYSTEM
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DsscRIPTION' OF THE PUMP.

The PUmb consists Qf;a'7d-mn diameter standless-steel metal
bellows, welded to two ste‘ei plates kFiq.A1-1);_ The bottem plate is
attached to an eccentric cam through avconnectinq rod, and driven by a”
’variahle-‘speed DC motor (frequency 1—32 Hz); a sealed ball bearijng‘in
the cam helps minimize friction and a counterﬁeightAdecreases
yihration. The top plate has two openings that correspond wrth two1
apertures in the pump casing (to whichvthe plate is’holted)..‘Between
the upper plate and the casing there is a teflon disk~with two-orifices o
that contaln thln steel plates- that act as unldlrectlonal valves, one
for intake and the other for exhaust of gases from the bellows
chamber.‘ Two short brass tubes (20 mm lenqth 5 mm ieds) screwed into
. the c¢asing apertures allow connectlon of the pLastlc tublnqs of the HFOV
circuit.: This type of pump is used in the Lndustry for‘tasks such as
sampling hot'cases‘from,ﬁurnaces and smoke stacks or_pumping’fuel in .
'éircraft, and is very rugged and reliahle."According~to’the |
manufacturer fMetal Bellows Corporation(‘Sharon, Mh), the pump‘is
egtremely airtight (Leakaée‘less'thanu10-4 nl_He/sec) and desipned tolb
~ work at freQuencies of up td'SOsz_uninterrupted for“nore than_a.year.

In preliminary'trialsﬂit was f0und'that the-pumputendedrto"heat'up'".

at hlgh frequenc1es..'To avoid heatiné, an aluminum-plate_withfmultiple -

15

holes was secured in front of the pump and a hlgh pressure jet of a1r

w1th nebullzed dlstllled water ‘was dlrected onto it; another Jet sprayed

water d1rectly onto the. pump bellows. A thermlstor secured to the‘ .“__@ﬁlf*

1n51de wall of the exhaust tublng was used to monltor gas: temperature -
% : - . :

vdurlng the experlments. Thls coollng system was very effective (Flg.AI—'

’ .2) “and 1nsplred gas. temperature could ‘be adjusted to as’ 1ow as 263C,



but to prevent hYpothermia temperature was kept around 364C.
The stroke volume of the pump was measured by'water displacement

and found to be 25.5 ml; the bellows dead space volume (to the valve

ievel) was 5.5 ml.

VALVE PERFORMANCE
‘ . ' ‘ (& ' . - « .
According to the manufacturer, the valves are functional even at

. [
L 4

high frequencies and able to sustain a vacuum,or'compression pressure of

hundreds of torr, To check the functlonallty of. the valves several

tests were performed- Unfortunately,wthe bellows chamber could not be

drilled to:obtain internal pressure readings which would have been:
helpful in the performance testing.
For the first test the exhaust port was connected to a long tube

,(lenqth 8 m, g?mm i.d.) which had.a high pressure gauge at_the end. The

'tube dampened the pressure osc1llat10ns and allowed dlrect readlngs from

'the qauqe. The system wasvteSted over a wide range of frequenclesl the

A

"results'are;éhownvin’Fig;AI¥§. vAt“frehuencies;ofh15‘szand higher the

'system reached pressures above 2000 mm Hg, at lower frequen01es the

Q

’:hkmotor stalled. TheSe results suggest that the outlet valVe was

-'functlonal at hlgh frequencles and could generate pressures well above

Kl

rt;those expected durlnq the an1mal experlmentse In a second test, a-short

v . ‘a.
£

'"f,plastlc tube was attached to the pump outlet,.the dlstal end of the tube

;Hwas covered w1th a ff%g w1re screen (400 mesh).~ A pressure transducer‘

A

. (Valldyne MP45) was connected to the wall of. the plastlc tube.‘ ThlS

¥

~system acted as-a flowmeter,,and although lt was not callbrated ‘it was
' - . ‘-.0

~'filused qualltathely to monltor flow dlrectlon.,‘W1th the pump runnlnq at j"

314

full speed (32 Hz), no negatlve flow could be detected When the p051t1ve'7"

'ég»l-j e '-v[v . “‘w_r., f-ff" :wi‘f



h'r

. was med

s vvalue,(z'

‘displacemd

possible,

fpsw1tched from IPPV (15 ml/kg at 15 bpm) to HFOV. There*wereino*"

fflow creatgul 11 scale”signal on an oscilloscope. vThis meant that

the baokzi

than 1% o fvolume. When a vacuum was, created by partially

‘nlet, no'negative floﬁ signal could.heséetected. A

;1iure could be deteoted.
foellvereo“by the pamp over a wide»range of_frequehoies).
sing'aflos oompressionasystemv(see later)jfno'drop.in

volumefl ‘}bserved,(Flg.AI 4) as frequency-lncreased and the averaqe
1 t 0 67) was close to the stroke volume obtalned by water

’

tfindloatlng a satrsfactory'valve‘performance.

A

DEVELOPMENT OF THE RESPIRATOR¥ CIRCUIT

Initial Mode,

Qd Subsequent Modifications: The frrst trlal on the HFOV

B pump'was-af o w1th ‘a c1rcu1t de31gned to match, as closely asi‘~’f

b3

and Ref,J Chapter 9C) A dlagram of the c1rcu1t employed is shown 1n L
- ~.‘;_, G B
Fig. AI—SA.. The flrst anlmals used were tWo mongrel dogs with a welght
-of 17 5 kg and 17 8 kg, respectlvely.f The anlmals conslstently showpd a

fdecrease 1n Paoz and an 1ncrease on PaCO2 wrthln a few mlnutes of beinq

I ) :
A

',‘,‘

”:,1mmed1ate SAP changes.. These two anlmals showed very poor oxygenatlon C

and CO2 removal at frequenc1es ranglng from 10 to 30 Hz and 51de flows} ;»h

".as a low pass fllter (LPF, Flg.AI—SA) were modlfled over a w1de range_jyb
,va1th0ut substantlal 1mprovement 1n the blood qases.' In the second dog,

'”‘an attempt was made of uslng only the outlet of the pump, tryinq to

o

PR
A

fge suctioned if the valve had been failing) was less .

;;-rformed by attachlng the EIOWmeter to the pump lnlﬂt,'

andard HFOV systems (Dr. A C. Bryan, personal communicatlon,
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v"f of fresh alr of 1 to 16 L/mln. The sizes and lengths of the tubes used jgf-.f"ﬁ




-mimic systems that work as HFPPV-(Fig.AI-SB); however, the arteria13

blodd qases did not'improve.' Subsequently a dlfferent system was

tested, trylng to modlfy the aerodynamlcs of the “1§§p1ratory" circuit
%»‘\ 3. . ,

' (Flg.AI-SC). With this modlflcatlon, the Pa002 decreased from the

preVLOus values of 55--65 torr to less than. 50 torr at frequenc1es s

ranging between 20 and 30 Hz and side flows of 5Jto 15 L/min of'air.

Dog #3 (16 1 kg) was trled with the c1rcu1t shown in qu.AI -s¢ but -

"w1th hlgher 81de £lows of air (20 to 33 L/mlnﬂ The blood gas Values
lmproved, w1th a.decrease in PaC02 to the low fortles, the PaO2 also

showed -an lmprovement rlslng from values below 50 torr to 60—-75 torr.t
The best results Were obtalned w1th 30 Hz, a LPF 750 mm (9mm 1.d ),
. .‘)
L/mln of fresh alr flow and 3 .cm of PEEP LPF . lmmersed 3 cm underwater)

. Pao 'rose to 80 torr and PaCO2 fell to 45 torr after 15 mln of HFOV.

2
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. But Ppl (measured Wlth a pleural catheter and water manometer) rose from;.-"

l é?_, ;—5 (apnea) to +7 cm H20 .and there was also a substantlal drop 1n SAP. .

’Intermedlate Step;,, It ‘was postulated that a major problem w1th the'
.K/I;stem studled could be that the VT dellvered by the pump was too small

‘for the. 51;% of the dogs., As the flxed stroke volume was an _

B

vﬁunmodlflable characterlstlc ‘of the pump, 1$§was dec1ded to use smaller
- o AN < '}
L S

o animals&fT PETEE 'f‘»’FJ.'.ff B gfg, ST

1‘3 S I Lo . . »‘_r

’f The next experlments were done w1th dogs ranglng from 6 to 9 kg.c gffi

3

'The flrst trlals w1th the c1rcu1t deplcted 1n Flg AI 5C showed better fifw

‘-ventllatlon and oxygenatlon,_bugﬁfacoz was always above 40 torr. »

[«

The next step was then to develop another c1rcu1t w1th the hope lt )

”s‘would work better. Many systems and a w1de range of deslgns were tested;] '

',,‘ ©

: ﬂfwlthout oncess;nthe;dlaqrams_of»some of_the-olrcults=used:are.shown in 7,

R s

‘v?ig;AIfGQ'fThefparametersjmonitored;were;.éaO%jand PaC02 to'assess‘gasy?;f

-



exchange, Ppl as an index of changes 1n FRC, and SAP'as-a measure of
_'cardiovascular performance. The different c1rcuits were tested on a j"ﬁ'
'etrial and error baSlS, trying to cover a wide range of designs. The
‘-unidirectional valves were removed but CO2 removal w0rsened.A Pinally,_.'

after an over-simplification of ‘the: system, a setup was. obtained with '

’i good performance, this system is described .as the ”24W" circuit.

i

' o Description of the 2—W Cerdita This Circuit is depicted

,diagramatically in’ Fig.AI 7.' It conSists of two short

(30 mm) semi-rigid thin-walled plastic catheters (3 mm i.d )r'connecteddjl
.to the inlet and outlet of the HFOV pump with short pieces (30 mm) of
'nflex1b1e plastic tubing (9 o i.d. ). The tips of the two catheters were;°f{L
‘glued 15 mm into a rigid plastic connector (9 mm o.d.) attached to the ;d;{::?
fiprOXimal end of the ETT.‘ The 3-mm catheters were the Widest that would isﬁifj
:.flt into the ETT connector Without distortion (narrower cathetersAwere'??;lbfﬁ
v,lesszeffectiwe). A 14 G needle was . introduced through the wall of the‘
, : B P _ ‘
1,:;inlet fleXible plastrc tubing, 5 mm into the lumen, and po*nted towards;g';éai

N

-the inlet valve, it was used to add fresh air to the circurt (bias

T

"»;flow).~ The flows of air were measured w1th a calibrated glass rotameter:ff}~i

' f(Cole-Parmer #4 Chicago, IL) All the connections h‘d’an air—tight

T -m‘seal, except where the two ‘catheters entered Qhe ET'I‘ connectq; where a

.,-_ - i

' vf&fixed 1eak was maintained throughout the experimqgts.plFor some studies,ff

‘ fpga large chamber (airway pressure chamber) was fitted 'undhthejprdkimalvﬂf_ﬁf;

’*,"will be described in the corresponding chapters,vﬂ‘

The range of frequenCies tested was 15 to 30 Hz.» Lower frequenCies

‘\v— \'v

‘:f_fwere aVOided because of poor results on preliminary trials. Bias flows '*§7;.

it~fof air of 1 and 4 L/min were found to be appropriate fot the Size of

S L

e
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animals studied. With this circuit PaCO, was usaally below 35 tofr, and
in some cases as low as 25 torf; PaO, was usually above 70 torr in dogs
with normal .lungs {see Chapter 1).
: v
TIDAL VOUME MEASUREMENTS
Two méthods were used to measure the QT delivered by the pump: a
bell spirometér and a plethysmograph. . The spirometer was used to
. measure the pump stroke delivered at the pump outlet, fhrough a loQ—

|9

resistance s}stem. The plethysmogqraph measured VT coming out of thg
ventilator catheters, which could be expected to create a high

resistance load for the pump.

Spirometric measurements:The pump's outlet was connected to a 9 L bell

spirometer'(Collins model 6001) through a 25-cm large-bore tubingv(12-7
‘mm iede)s A,ZORG needle'directly attached to a miniature transducer
(Statham model P50) was inserted through the tubing wall; the amplified,
output of the transducér was displayed on a strip-chart recorder
(Hewlett Packard m;del 7784a) and uéed to calculate pump frequency and
testing time (Tt).' The pump frequency was set ;t random from 5 to 32

Hz. Tidal volume was obtainea from the volume delivered to the
R ‘ . L

-

sé!roﬁeter (Vs) during- the tes£ period, (Tt), and the. punip frequency
(£); the formula used was: |

Vp = Vs/(Tt x‘f5:
The results‘of the test are presented in Fig.AI-4; é%iculated Vé_was
quite stable over the réﬁge of frequencies tested, and ayéréqed.25.43 kS

0.67 ml, which is in close aéreement with the 25.5 mixobtg;ned by water

displacement. Y

Plethysmographic measurements:\ A plethysmograph was constructed out of
i \" - AT .

by
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al9 L airtight Plexiglas box (wall ;hickness: 12,7 mm)afilied wi;h
steel wool (to minimize adibatic' effects on chamber pressure). Box
pressure (Pbox) was measured with a MP45 Validyne transducer which was
connected to the box with 4 chm of plastic’ tubing (3 mm i.d.). Thé
catheter-transducer sysfemchad a flat frequency response up to at least
50 Hz (tested by the Jackson and Winegar's methdd); the resonaht
frequency of thevbox-trahsducer systeh was 117 Hz, datained‘by'the
transiene method (Milnor, W;R. Hemodxnamic . Baltimore; Williams and
Wilkins, 1982, pp. 289-291) A narrow tubing with very high 1mpedance

. was used to connect the box interior to the negatlve port of the MP45\
transducer, to reduce the drift in pressure readings induced by ;box
fluctuations due to‘HFOY, and allow the use of high gain in Pbox |
readings. The tubing was effective in dah?ening Pbox oscillations down
to less thani2% at frequencies above 2 Hz, and thes‘induCEd'minimal
error in the VT'measurements obtained from Pbox oscillations. An 8 cm
piece of ETT (9 mm i.d.) was used to connect the HFOV circuit to a pore
‘(8 hm i.d.) in the'box wall. To calibrate the plethysmograph, known

- volumes of air were injected into the box and Pbox recbrded; the system
was linear (% 3%) up to at least 50 ml, wﬂich induced aﬁqbox of 2.6 cm

!
H,0.

2

For the first test, the HFOV circuit described'p;eviously was used
. but witﬁout the hias-flow needle and with the19pace'between the ETT and
'theEB-mm catheéers fillee with piastic}éutty te obtain & closed system
and avoid air leaks or enffainment; Fig.4 shoys‘the Vo vaiues |
calculatee from Pbox oScillations between 5 and 32 Hz. Up to 14 Ha; #%_//
changed little and agreed w1th splrometrlc measurements, ab0ve this

frequency Vip decreased to around 22 ml at 20 Hz and 17 ml at 32 Hz.

' / -
¢
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Next, Vo was measured without occluding the ETT connector, hut with the
ETT tip and pump catheters enclosed in a 290-ml Plexiglas chamber |
(airway pressure chamber, Chapter 4). Vg was some 3 ml lower than
before at freqﬁencies’below 14 Hz "(Fig.AI-4); abbve“14 Hz the difference
decreased slightly aé pamp freqﬁency increased. When Vg was measured
without the airway pressure cﬁamber,»similar results were obtained
(Fig.AI-4). Thése results suggest that there was no aif entrainment
around the'pump4catheters'beeause VT at low frequencies was comparable
to the spirometric?values,'aﬁd decreaseq at ﬁfgh frequencies; a%so when
an open s&stem was used, VT was lower than with g closed system. The
;lOWer"VT seen wi£h the opén.system was brobably due to leakage around
the pump éathe;ers, which was influenced.very little 5y the airwéy
pressure qhamberf “
The lower Vf at high frequencies (compared to spirometric values) was
p;obably due to the higher resistance of the éump‘catheters, which
likely inducea significant volume ¢ompression. |
fn another set of tests,” the effect of catheter diameter on VT was
investigated. Four different catheters were used with an unoccluded
circuit: 3 mm, 2.8 mm, 2.5'mm aﬁd 1.6Emm i.d.) all of similar lengths;
the results are presentéd in Fig.AI-?ﬂ. The 2.8 mm catheter fnduced
"higher VT than the 3 mm catheter, and at intermediate frequencies VT was
slightly highér than the spirometric' values (compare with Fig.AI—S).
This was.probably due to aif'entfaihment induced bz the higher air
velocities' at the catheter tip, that "cﬁmpensated" (and in some cases
over-compensated) for the leakage volume} at high.frequencies the hiqﬁer
" resistance df the c@theters'was pr$bébly‘résponsible for the decrease in

VT' 'The same trend, but more,acCEntuated,'was obhserved with the 2.5-mm .

-

v
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catheters which probably induced higher Vo by entrainment at low,
frequencies and a lérger cbmpréssionfinducedvdrop in Vo at high
frequencies! The 1.6-mm catheters at 7 Hz induced the highest Vq of ail
the systems, but at higher freduencies Vp fell rapidly reaching values
below 10 ml at frequencies above 20 Hz, pfobably due to the very high
resistance ofvthe narrow catheters causing cbmpreséion.

In the last group of tests, thé effect on Vip of changing chamber

pressure was investigated. The '3-mm catheters were used unociluded,

with the airway chamber pressure in place. The chamber was connected to ’

both a compressed air and a vacuum source that could be adjusted to

s -
induce different chamber pressures. The pump was set at 20 Hz, with no

bias flow; VT was measured witﬁ the plethysmograph at chamber  pressures
between -20 and +24 cm H,0. Fig.AI-9 shows VT‘plotted against chamber
pressure;vVT varied only slightly when chamber pressure changed, the

average value being 20.61 + 0+42 ml. .Theqé results indicate that the

pressure in the airway chamber had only a minor effect on VT'

" LUNG MODEL MEASUREMENTS ™
A lung model was constructed using a latex balloon with several

Al

thin sheets of latex wrapped aé;ﬁnd'it to»induce.a cgmpliance similar to
'dog lung values. The compliance ranged from 52.9 ml/cm H20 at a balloon
volume of 550 ml, to 19.2 ml/cm HéOlat a volume of 750 ml. One end ;f'

the balloon waé aftached to a 9 mm i.de ETT and in the othér a miniature

blood-pressuré transducer (Statham model P50) was introduced without?the

plastic’ dome attached (to optimize its frequenéy resonse, which

according to the manufacturer is flat up to at least 200 Hz) to measure -

balloon préssure (Palv). The HFOV circuit was cbnneCted_yith the 3-mm.

321
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\

N I
catheters unoccluded and the airway pressure chamber in place.

The first;test was—performed with a bias flow of 4 L/min and

varying pump frequency. As frequency increased, Palv increased linearly
(linear correlation coefficient, r = 0.90; p<0.901); pulse pressure

increased up, to 20 Hz and then remained stable (Fig.,AI-10). This

increase in Palv with frequency can be explained, at least in part, by a
Bernoulli phenomenon: kinetic enerqy of the air molecules rose with
frequency, and was transformed into potential energy (mgashred as Palv)

when velocity decreased inside the balloon. The balloon's neck was

semi-rigid, thus the increase in Palvscannot be explained by air.

trapping due to "airway" collapse.. The same test was repeated but

maintaining Palv constant around 10 cin H,0 (by adjusting airway chamber -
pressure) and no bias flow. In this case Palv pulse was quite constant,

and only decreased slightly at frequencies above 20 Hz (Fig;AI—11).

These results indicate that increasing HFOV frequency tends to raise P
‘alv (and volume of the model) linearly. Pulse pressure decreases
'slightly at high frequencies - may be due to a decrease in VT' as \

»

mentioned above - unless model volume is allowed to rise to less *

compliant parts of thg'P/V curve. The.  lack of increase in pulse

pfessute q&.high frequencies, when Palv was maintained stahle, rules out
significant air entrainment. The resonant frequency of the system was

.

not .tested.

_AIn anothér test;vfrequenc§KWés mainﬁgined aﬁ 20 Hz and biasifiow
was Varied fréﬁ Oato 30 §/mih{ ;alv and‘pulse.preSSure rose as hiasvﬁlow i
increased'(?ig;Ai;12). When ;alv"was_measured‘at differéntwbiag flows;-f
with,the pump‘stopped, azFi$eLin ;alv was obtained tbat‘ranjalhqst

 parallel to.the HFOV values (Fig.A1412). This suggests that, dufing

'
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HFOV, increasing hias flow raises Palv, mostly due to the back pressuré
created inéide the luhg by the‘aif flow. The back pressure inddced by_
flows below 10 L/min Qas very small; ;lso;vas the ;;stém is open,‘;alvk
can bhe decféased to any desired level, b? 1owerihg the,pressurekin the
airway chamber.d | |
CONCLUSION

In summary, this HFOV éystem uses a sﬁainleés steel bellows;with
“high frequency unidirectional Qalveé, connected to’tﬁe ;iryéy by tﬁo 3
mm i.d. catheters introducéd into the proximal ETT; the vélVes are
functionai up to ;t léast 32 Hz. The'bellows deli§ers'a Vi‘bf
approximately 25.5 ml, but part of it,is lost, p;obably dﬁe té"'
cdmpres;ion at ﬁigh frequencies and leaks at the proximal tip'of the
ETT. Vp delivered into the lungs at 20 Hzris around 22 ml. VNQ'A
significané air entrainment ﬁakes,place uniess narré%er cathetegs-aré'\
used. A chahbe: encloéing tﬁg'caﬁheters and tip;of ﬁhe ETT bermitg :
adjuétment of’;alv; varfing this chamber pressuQEVdoes noévgffect ) |
deiivered.VT; Tests using é lhng model suggest:ﬁhatlinbreasing
freqpencies raise ;alv, as(does bias flow. fhe'ffequency—depehdéntb
réise»in‘;alv is probably f;qated to a Bernoulli pﬁeﬁomenonf the b;§;4
- flow-related increasé can be explainéd by'fhé back pre§suré c;éatéd'in

the system by the flow of air.
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DESCRIPTION

The body plethysmograph used in the experiments described in this theSlS

was constructed out of Plexiglas 6.4 mm thick and had the following 1nternal

length = 91.8 cm, width = 35.5 cm, heigh# = 30.8 cm; the internal

dimensions:

volume was 100 L. A plywood board (10 mm thi&k) that had two 15 mm thick

strips of wood attached to its sides, was used to prevent the weight of the

dogs from deforming the box floor (Fig.1, Chapter 4): qgiqht was distributed

by the wooden strips along the angle between the side wa‘s and the floor of

the box. The lid was also made out of Plexiglas (6.4 mm thick) and rested on

a 50-mm wide Plexiglass frame attached to the top edge of the box walls. To

create an airtight seal, an "0" ring made out of Neoprene (4 mm o.d.) and
¢ .
f
lubricated with silicone grease, was placed between the wall frame and the
\ .

1id. Eight large steel clamps compressed the lid against the "0" ring,
ensufitg an airtight seal; the adequéte compressioh of the Neoprene ring could

be easily observed through the Plexiglas lids With.this setup, no air leaks

!
* could be detected when the box was pressurlzed wp to 25 cm Hzo. S

[9

A steel rod (3 mm o.d.) passeé through an airtight hole in the 1id, at a
\ .

position that corresponded to a mid—chest location of a dog placed inside the
¢ : { N
. " - . . ) . .
box; this rod was used as a plunqer for external chest compression.
. [ " ,
external end of the rod was screwed into an aluminum handle; at the other end,

The

a 60-mm diameter rubber stopper/;as attached to distribute the cthression
When the plunger was not in

t
use, a clamp prevented the rubber stopper from touchlng the’ dog s chest. A 6~ ;

pressure over a wide area of the dog's chest.
. - ! b . |

mm thick aluminum angle bar was bolted to the outside of the 1lid at the ]

location where the plunger entered the .box, to prevent.deformation dufinq the

' |

compres8ion maneuver. An appropriate metal spacing placed the aluminum bar's

weight directly over the upper edge of the-sidetwalls of the box; this setup
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avoided any bending of the lid when the plunger was moved. The orifices where
the plunger rod passed through the aluminum bar ;hd box lid, were kept well
lubricated to ensure airtightness and a-smooth movement‘of\the plunger. A 19
mm t&ick board was bolted to the box floor and rested on a sturdy metal
frame. This frame was bolted to a wooden mobile cart which facilitated
positioning of the box during the experinents.

Ten connectors were glued into the lateral walls of the box, to allow

attachment of: arterial catheter, venous catheter, proximal and distal ports
. ¢
of the flow-directed catheter,\left ventricular catheter, esophageal balloon,

'endotrecheal tube cuff, etc. Three electrical plugs allowed connection of the

cables for phrenic-nerve stimulation: right and left phrenic nerve, and ground

A

(attached to a silver plate in contact with the dog's tongue); another \

electrical connector was‘used for attachment of the thermistor from the flow-
directed catheter (used to measure é and monitor.core‘temperature). A large-
bore connector (9 mm i.d.) with a 2-wey stopcock allowed rapid equilibration
of box pressure with atmosphere, or connection to a bell spirometer to moni tor
changes in volume (converting the‘box into a volume plethysmodfeph). A 3-mm
i.d. connector was used to monitor box pressure with a Validyne‘MP45
transducer. .The negative port of the transducer was attached:to a 2 L bottle
which had a controlled leak (209 needle); this sfstem minimized the effect of
ambient noiSe in Pbox., A 13-mm opening in one end of tne box allowed a tight-
fitting large-bore (9 mm i.d.) Silastic tubing (40 mm long) to connect.the
endotracheal tube from the inside of the box to the ventilator outside, a 3-mm
,i.d.‘connector on the/side of the Silastic tubing was used‘to monitor Paw.

The elaeticity ofnth% Silastic tubing ensured’airtignt fitting and permitted
clamoing of the aifw y opening during FRC measurements; In some experiments,

more -openings were made in the wall of the Silastic tubing (and catheters
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secured with silastic glue) for Pd- and Ps-measuring cat@sters (Chapter 6).
For box calibration, a Plexiglas cyiinder (diameter = 100 mm, length = 60
mm, inside volume = 476 ml) was attached to the insi@e of the box, just above
the endotracheal tube connector;-'One end of the cylfnder was sealed, the |
other was covered with a sheet of latex, which could be compsggsgg from the
outside with a small plunger (a 2-mm o.d. steel rod with a 1.3 mm rubber
stopper at the tip). The cylinder contained a humidity absorber and‘has
1oo;ely packed with steel wool, A‘2(mm i.d. blastic connector (35 mm long)
could be attached to the Paw transducer, to monito: cylinder pressure during
thelbox-calibration maneuver; at other times this connector remained occludéd.

s

In preliminary trials it was found that once a dog had been placed inside

the box, it took around 40 min to achieve box-temperature equilibration., All

-

subsequent FRC'measqrements‘were performed when the dog had been inside the

bgg for at least 1 h, In some long experiments, especially those involving
léige'animaIvaith long hair, the'dog 5 core tempéﬁature showed a téhdency to .
increase beyond physiologic levels. To bring the temperature to a ndrmgl
range, an.éirtiqhﬁ plastic bag was placed on the animal's‘g;oin and connected

4

to the outside of the box with plastic tubing. Repeated flushing of the bag

with ice-cold water decreased thé dog's temperature to the desired level. 1In

some cases, especially in small dogs with éhort hair, core temperature had a
. \ . , ‘.

tendency to decrease; hypothermia could be easily avoided by flushing the

plastic-bag system with warm water,

DEVELOPMENT OF THE PLETHYSMOGRAPH

when the plethysmograph was first tested, it .became evident Ehat'mipor -

NERN

movements ‘of its floor induced large noise artifacts in Pboxi! This was

i

corrected by bolting a thick board (19 mm) under the box, which rested on a

~
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- sturdy metal frame. This setup was effective in minimizing artifacts due to

. [}
box distortion. However, compression of the box floor with the large plunger

still induced some Pbox fluctuations. It was decided to put another board
inside'thé box with appropriate spacings ‘along its sides, so thé weight of the
dog was digtributed along theﬂgdges of the box. Compression.df this boérd
when it was in place, did not induce significant fluctuations in Pbox.

At first, it was decided to seal the 1lid with commercial putty, but this

.

implied an elaborate process every time the 1lid had to be removed. It was

decided to try a'rinq of Neoprene tubing greased with silicone compressed

between’the lid énd the wall's frame by steel clamps. _This system was finally

adopted because it was clean, provided a good seal and allowed rapid lid

removal. * . *

In the initial design, the box included a 9-L temperature-compensation

éhamber to avoid'fluctuations in Pbox duebto temperature changes, and tp
decréage Pbéx-noise. However it was found that thig éystém contributed -;_
;s&?hificantly,to looping in the X-Y tfacings of Pbox vs Paw. An alternate
éQStem_to decrease Phox noise was then uséd, which included a Seéled.plastic
bdttlé Qith a controlled leak connected to the negative port of the bhox
transducer.¢ To avoid'tempefature-induced fluctuations in Pbox,»a 1-m pieée of
large bore tubing (12.7 mm i.d.) was connected to the pressure -equilibration

opening on the box wall (in the place of the 2-way stopcock). This allowed

’

temperature equilibration of Pbox with minimal heat exchange when avdog wasg

vent%;ated inside the box. To obtain FRC, this tubing was clamped immediately
. - . R
prior to the measurement; connection of this 1 m piece of tubing to a bell

A ) . ,
spirometer allowed the monitoring of lung volume fluctuations (due to e

ventilation or changes in FRC). When box temperature‘wés equilibrated {the

animal had been inside for at least 1 h), fluctuatiéns in volume induced by

)
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temperature.changes were minimal over a 3—4 min period.

In preliminary trials, Pbox and Paw were displayed gg a photographic
strip chart recorder (Electronics for Medicine model DR8), but baseline Pbox
fluctuations and cardi‘% artifact (sometimes as large as 20% of the FRC-
maneuver signal) made FRC calculation extremely difficult (and inaccurate).

An X-Y recorder was subsequently used because the effect.of cardiac artifact
on.the tracings was minimal, and baseline’fluctuations could be easily
corrected by manually positioningvthe pen. Also accuracy was enhanced because
only one‘measurement had to be made (angle of tne loop) instead of the two
(Pay and Pbox) when using the strip chart recorder. The X-Yvrecorder was
tested with a’ sine~wave éenerator (Hewlett Packard model 336085; and its
frequency response was found to be satisfactory for the FBC measurements (flat
up. to 3'Hz). At'first, two .different Validyne transQucersluere used (D§.109Af
for Pbox and MP45 for Paw), but it wa; found'that a phase 1ag in their
responses 1nduced looplng in the X-Y tracings, thls was avoided by using two
similar transducers (two Validyne MP45). The angle of X-Y recorder trac1ngs

was measured with a special ruler-goniometer (Faber—Castell model 1084,

’ Germany) which allowed an accuracy on the readlngs close to + 0.1 degrees
%0'.

..@-

(checked by trlgonometry). ’ ' "”

The 1n1t1a1 calibration process was done as descrxbed by DuBOlS by
1nJect1ng a known. volume in the box (Pbox callbratlon) and callbrat1ng Paw
with a water manometer. This method was cumbersome and w1th several potentlal

error factors.f‘So theugreviously—described calibration chamber was‘designed,
. which.permitted fast'and accurate calibration'{Appenqlx‘lll),;uith feu -
potentlal error, factOrs. | . - |
. In order‘to measure Raw as descrlbed by DuBOlS, a system was tested whlch

' consisted of a #1 Fleishfpneumotachoqraph placed inside tne'box‘and connected
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to a large side poft in the ETT which in tﬁrn could be occluded from the
outside. During Qentilatioﬁ or FRC measurement the pneumotachograph remained
occiﬁded. ‘To measure'Rawvthe airway was clamped at the outside of the box,
and the pneumotachograpﬁ opened. Raw could then be calculéted from the flow
across the pneumotachograph and Pbox. However, thé'xéy tracings showed
considerable ldoping;(probably due mostly:to waferlsaturation and temperature
changes) which precluded accurate readings; As the‘measﬁremepts of Raw were
considered secondary and did not add ?uch informatioﬁ, fhé system was not

developed further,
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INTRODUCTION
[ ~ -
In the study of cardiorespiratory physiology, it is importdant to know
: ~ .

the volume of the lungs. This measurement is useful in situations that

require, for example, the assessment of the elastic characteristics of the

. respiratory system, the effects of artificial ventilation and positive

end-expiratory pressure, the changes in pulmonary vascular resistances,

the risk of small-airway closure, etc. The plethysmogréphic thoracic gas

A

volume measurement described by DuBois (DUBOIS, A.B., S.Y. BOTELHO, G.N.

““*not be bbtained in the usual manner.. This situation- is common in the

Kl

BEDELL, R. MARSHALL, AND J.H. COMROE JR. J. Clin. Invest. 35: 322-326,

1956) has.become a gtandard method for the assessment of lung volume,

Basically, the subject breathes against an occluded airwdy and FRC is

calculated from the resultant changes in box and mouth pressures applyiﬁg .

. i R ‘ o :
Boyle's law. This requires an intact respiratory center to induce

,_vqntilatory movements. However, in the case of a profound inhibition of

4

"?'thé respiratory center, breathing is delayed or even abolished and TGV can

)4
0

research laborotory, for example during hypocapnia, deep anesthesia, high

lung volume etc., -In those instances, the pressure changes required in the

Du'Boié”techniqde must be induced artificially. Two simple methods of

[

plethysﬁdgraghic TGV'meaSuiement in apneic animéls are chest wall

- ' f
’

compression and phrenic nerve stimulation.

30, .

Iﬁ!ﬁhisLStudy, afplethysmograph was used to measure TGV in

4

anesthetized dogs when the pressure changes were induced by:
"'1§'épéntaneous b;eathing,iZ),ekterna; thoracic compression, and ‘3)
.’ bilateral phrenic nerve stimulation. ‘The helium dilution method was used’

-to.measure;ﬁehtilated lung;Yolhmém: The external compression method gave

higher TGV values, ahd to rule out a technical error,  -a mechanical iuhg

340



model and isolated dog lung lobes were also studied. A simblified method

. for plethysmographic calibration is also described. *

MATERIAL AND METHODS

" The plethysmograph: A 100 liter box was constructed with' 6,4 mm

‘thick Plexiglass (Fig AIII-1) with an airtight removable lid. To prevent

the weight of the dog from deforming the floor of the box during. the

O

thoracic compression maneuver, the animals were placed on a board (10 mm

thick) attached to the side walls and suspended 15 mm from the box

floor. A metal rod (3 mm o.d.) with a 60 mm diameter rubber stopper at

the tip;.passed through an air tight orificé in the 1id and ‘acted as a

S

plunger to compress the chest wall, lung model or isolated lobe. The 1lid

oo \ .
was reinforced to prevent deformation during the compression maneuver.

-~

Several openings on - the’ box walls allowed for the endotracheal tube,
. N . . .

arterial and venous catheters, and phrenic nerve electrode cables to be

1

. ] o : | o -
connected to the outside. Box and mouth pressures (Pbox and Paw, -

-

vrespectively) were monitored with Validyne MP45‘transducers,‘theirvoutputs'

ampllfed and fed into an X-Y recorder (model 815, MFE Corp.; Salem, NH).

The oallbratlon chamber A Plexiglass cyllnder (dlameter = 100 mm,

length 60 mm) with one end sealed and the other covered w1th a sheet of

‘latex, was attached to a wall of the box - (Flg AIII 1). The alrway

pressure transducer could b& connected to - -the 1n51de of the cyllndbr and a
' /

small plunger leadlnq to the out31de of the box was used to compress the

cyllnder s latex membrang ‘ 'I‘he cal(igatlon chamber was loosely packed

wlth steel wool and contalned a humldlty abSQrber. The 1r-volume of the

- ‘:Q . T %
chamber was 476 ml.; - R

. : ,
@Callbratlon.. 'ro callbrate the box, the endotracheal tube was

occluded (w1th the dog, lung model or 1solated 1obe 1n51de the box) and

‘m

. 341
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the chanber membrane was repeatedly compres;Sd.with the small plunger
(moved by hand) to‘create:changes in boxvand."airway" pressures which were
displayed on the X-Y recorder (Pbox: X axis; Paw: Y'axis).x The
compressions were performed at a rate of around_1 per sec), The.recorder
gains were adjosted to cive an anglevof aboroximately 45°, . The angles
facal) of at least‘five of thesertracings were measured'ﬁith a ruler
goniometer (Faber-Castell model 1084-10942K, Germany) and their average
used to calculate the calibratlon factor (Fcal) by the formula:

< Feal ; (476 x tan qcal)/Barometric Pressure ' \\t'v
which.ls a modificatlon of the DuBois formula. Fcal was‘used‘to calculate'

TGV, as described below.

In vitro experiments with a lung model

A model of the lungs, consisting of two collapsible plastic bottles

(Fig. AIII-2) attached to the endotrachealztube connector with a Y-piece, !

. : . v
was'placed in the box.‘ The bottoms of . both bottles were removed. and
replaced by a sheet of latex which could be pulled 31multaneously from the
outs1de of the box with stangs to simulate dlaphragmatic contraction.
The two bottles were placed-one on top.oflthe other, under the box'lid
‘plgnger‘to~allow their-simulateousvcompression, to simulate tboracic eérel\
‘compresslon;. Theﬁbottlesiwere filled Qign_steeIIWOol and;contained a

‘dbhumidityjabsorber.' The total internal gas volume of ‘the lung model was ,

548 ml and could be decreased by adding glass beads..‘ .

.To 51mulate'a,TGV measurement'by,phrenlc nerve stimnlatiOh,'the"latex

membranes were pulled simultaneously while'the endbtraCheal ﬁg%e was
occluded.- This created changes in box and "alrway" pressures whlch were

'.”dlsplayed on the X-Y recorder. .The’slopes (a) of at least ﬁour tracings.~ o
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were measured as described eatller andrtheir avefage‘used to calculate the
lung model volume with the formula:
’ !

Vol = (Barometric Pressure/tang:a) x Fcal.
which ie also a modification of:DuBois_formula.-‘The same formula-waeaused :
to obtain the model volume.during external compression,.but in this case
" the ﬁairway" pressure changes wetevinduced‘by manually comptesslng(thev»
bottles with the'lid'plunger at'a frequency_of aroundv1'per‘aec. The
‘bottles were partially filled vlth known volumes of glassgbeads_and

. - - .

measurements by external compression and simulated phrenic nerve

stimulation were repeated at six'different_lung'model volumes.

" Measurements in isolated lung lobes bY‘external compression

: Seven freshly excised dog lung lobes were used for’ these vd e V_f

. experlments., The lobe was placed 1nslde the plethysmog;aph and the main

:alrway was tied to a plastic tube attached to the endotracheal tube "‘,vf
connector. The 1obe wasg. partlally inflated and the ‘airway occluded. Thec’

" pleural surfaceﬁwas then»manually compressed wtth-the.lld‘plunger atlad;:;ﬁ'

rate ot around 1 per s‘and.the airway and box preesure:chv,ceSdere usédfl_ e ;.;;
to calculate the lobe volume ae‘described for the,lungumodel{?fInwthle" |
>case'water vapour pressure waS'subtracted ftom barometric §§éééﬁ£;;;'Afnerd
the measurement, the anatomical alﬁwaylwas clamped and the,volume of thel‘T
lobe and tublnd§$:s obtalned by water dlsplacement. The gas volume of theb
'lobe was. taken as the volume (ml) of water displaced mlnus the lobe welqht
(é); The lobe was. 1nf1ated to a dlfferent volume and the above procedureHETY
. J;epeated; A total of 18 measurementsmwete perfgrmedjon the_? 1ung ;b

In v1v° experlments Sl 1‘-‘mA ,/ o

Elght mongrel doqa (8 912 4 kq) were anesthetlzed w1th 1ntravenous -”“”f=iﬂ“f;i"-L

‘1.



e three types of plethysmographlc TGV measurements were made, thelr order,'v

_,o;d.),'and ventilated with g Harvard respirator (Model® 605) set at 15

"*ﬂabsorblng canister,_and oxygen could be added to the c1rcu1t to compensate Ilf

pentobarbial (30 mg/kg), intubated with a cuffed endotracheal'tube (9 mm .

M K ¥

breathS/min and a tidal volume of 15 ml/kg: A‘femoral‘artery catheter was

..

used to obtaln samples for blood gas analyszs (Instrumentatlon Laboratory,

model 813) A femoral ve1n catheter“was used tof malntaln anesthesxa and

1nfuse a 3.3% glucose solution in 0. 3% sallne at a rate of 4 ml/kq/hr.

Both phrenic nerves were dissected at the lower neck level and connected

B

to a Grass stlmunator (Model SD9) w1th flexlble metal electrodes. When

i -

_preparatlon ‘'was completed, the anlmals were placed 1n31de the

IR

plethysmograph ‘in the left lateral decubltus 9091tlon. During the hour ‘

allowed for box temperature equlllbration four lung volume measurements _

were made by the closed -circuit hellum-dllution technlque (HEWLETT, A. M.,
p . .

. GuH. HULAN_DS‘, :J.F_. NUNN, AND K.B. MINTY. ‘Br. J. Anaesth 46: 479 485,

N

,1374). The circuit used ‘is shown in Fig. AIII~3, It con31sted of a

'Harvard resplrator (Model 605), a9 llter bell splrometer (Colllns model

6001) and a small fan to speed gas m1x1ng. Hellum concentratlon was

measured w1th a Godart analyzer (Model PA44A2) and the output was

‘ ampllfled and dlSplayed on a dlgltal voltmeter (Hewlett Packard model
3430A). ~Two 3-way stopcocks allowed rapld connectlon of the resplrator to,,j

.?J,the c109ed c1rcu1t or to amblent alr.. The-prrometer contalned,atcoze‘-

.‘

the dog S 02 consumptlon. The total lnternal volume of the c1rcu1t

: was 2652 ml and the 1nternal volume of the resplrator w1th Lts tublngs, 1n”f:"l

BIREED e QR R

the end-explratory p081t10n, was 1149 ml.«.

After completlng 4 hellum—dllutlon lung volume measurements, the

i

A

’ aSSlQDEd at random-' spontaneous breathing, external compress1on and

o
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phrenic nerve stimulation.

TGV measurement by spontaneous breathing (TGV—SB) A few minutes . e
before starting these measurements, the respirator rate was decreased to

11—12 .bpm to increase PaCO2 sllghtly and shorten the apnelc perlods. The
dog's endotracheal tube connectlon was clamped‘at,end--explratlon and the
~ v . S S
’changes in box and mouth pressures obtalned durlng spontaneous resplratory .
efforts were:* reglstered on the X-Y reoorder. The TGV was calculated as 3

descrlbed for the 1solated lobes.wa

QTGVAmeasurementaby eﬁternal compreSSion (TGV-EC)%kFor these' o ;l" qu e
measurements, the reSpirator was stopped at end-explration, the alrway
occluded and the lateral chest wall compressed by hand w1th the plunger at |

- a rate of argund 1 per s.f As the dogs weie hypocapnlc, pontaneous
_Qﬁ P

breathlnq d1d not occur durlng the tlme necessary to obtaln the X-Y
tra01ngs (less than 30 s). In prellmanary trlals we. found that '1' ::d”ffflfiﬂf*’»fﬁ

'compre5510n of the lateral chest wall 1nquced much larger pressure_pV

i )

fluctuatlons than compre351ng the sternum in, the suplne p081tlon, thus hf;{ ,”f;'m‘wJ”
RS 3 . \ ._.. "v o
‘1mprov1ng-thevslgnal-to—n01se ratlo.. A plunvf displacement of 1 to 3 cm

was necessary to 1nduce a satisfactory pressure/volume c nge.v Th&s‘hfﬁ"- u_t Jl“qfh{*hyg

created local pre!!ure at the q st wall/plunger 1nterface that ranged 'f : iff: lhﬁné

e s 'r\u

betwaen 12 and 250m H20 (measured w1th a waffer-llke pressure sensor).,f L
The calculatlons 1nvolved were the same as prev1qusly descrlbed\for the ;{7;"
1solated lobes.g" "°~J“7af't SRR

i TGV measurenent by phrenic nerve stlmulation 4TGV-PhN) For these
PR .' . e ."‘.‘?“ 7 T T "“‘o S -—*, s . I
: P U

measurements, themchanges in: thoraclc volume after alrway occlu510n were _,ﬂ;*"‘

produced by stlmulation of both phrenlc nerves thh the Grass '”ffffibfﬁijgi :

zigsﬁtlmulator. Thls was done w1th pulses of 2 mlliseconds duratlon, at a

i frequency of 40 t° 60 Hz-' The pulse voltage was Varled manually from‘a:i:ffi

o



. each other,

1evel(below‘th¥eshold to above‘it, creating.a'progreﬁsive diaphrégmatic
. ‘ c ' ¥ :
contraction with a duration of around 1 s. The TGV-PhN was calculated

from the X-Y tracings as described before.

\

During all these procedures, the dog’'s temperéture was monitored, and

N

. kept at a phy31ologlc level with a heating-cooling blanket system. AlsoL

1 3
the lungs were hyperlnflated to twice the tldal volume every 15-20 min and

a [

immediately before the TGV measurements to prevent atelectasis.

f
'

Statistical analysis of the data was performed with.a paired t-test

with a significance level at.p < 0,05.

e RESULTS

!

» In vitro; experiments, lung model: The actg?l;Qolumes*of the lung

N L3

i

model were'ndt statistically different from values obtained by external

‘
b

compression or simulated diaphragmatic contraction, and these two methods

‘were also not significantly different from each other (Fig. AIII-4a).

\

Isolated lung: The {8 measurements of lung lobe volume obtained by

B . . N , '
water displacement were not statistically different from the values

. .
“

measured b& external compression (Fig.;AIII-4b5.

In vivo experiments: The data obtained from the in vivo experiments
is presented in Table AIII-1 and the statistical analysis inp Table

i

) : Ch '
AIII52. The ‘external compression technique gave TGV values significantly

4
- {

larger Fhan the TGV obtained by phrenic-nerve stimulatidﬁ, spontaneous
b;eathing'and the lung volume measured by helium dilution. -The values

I

‘ X Ly, : ) > o } . \\ . . s "
obtained byq%he latter three methods were not statisticglly different from

Y
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DISCUSSION ) I

i

Calibration of a body plethysmograph is usually accomplished by the

separate calibration of the Paw transducer with a water manometer and the

L .
Pbox transducer with a known volume of air cycled in and out the

plethysmograph by a syringe or piston. pump. calibration errors could
result from: improperiy reading the water mandmeter or in»settinq the
pressure deflectlon on the X~-Y recorder (or oscilloscope screen); an
erroneous volume of the calibrating device; temperature 1nduced changes in

cycled volume; andareading the deflection on the recorder. There are,

A

'\then, several potential sources of error in the standard calibration

procedure,

0
\

In contrast, the method described in this paper has only‘two

o

potential sources of error: measurement of the celibrating cnamber volume
and of the angle of the X-Y trecings. The chamber volume can be easily

measured by water displacement and any error in the angle measurement can
be minimized by averaginglseveral tracings. Tne relatively slow frequency
of cnamber compression end the steel wool that‘filled the cal;bretion |

chamber minimized‘the potential errors due to adiagztic compression (which
' would lead to overestimation of Paw and Fgal). Another advantage of this

technique js the ease with which the calibration can.be'done: simély

connect‘ Paw transducer go the calibration chamber port;‘oeclqde the -

a a

airway and press the callbratgon plunger'several times, This process .

A

takes less than a minute, compared to the several minutes requlred for the

T~
i

sténdard calibration.

 The induction of inspiratory efforts by phrenic nerve stimulation

allows TGV measurement in the research laboratory even when respiratory

. centre_depression‘prevénts the use of the standard spontaneous”breathing

<
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I
!

‘technique.‘ IP gituations like hyper-ventilation, deep anesthesia, high

resting luﬁg{volume, or high ftequency ventilation, the onset'of breathing
can be delay?d lgadingito Qevere hypoxemia; in all those cases phrenic
nerve stimulation can induce the diaphragmatic contraction required for
TGV“measureﬁent. Very little equipment is needed: a pulse generator and
; variable resistor. The electrodes used were made from small pieces of
_aluminﬁm foil insulated from surrounding tissue with plastic tape. These
electrodes worked well for acute experiments that lasted up to 20 hours.
In the in vivo experimenfs, TGV—th, TGV-SB and He-dilution *ung
volume gave comparable results. leferences betWeen the He-dlluplon and
plethysmographlc techniques due to nonventllated alr space wouﬁé not be
expec;ed.because sighs were often given during the experiments to prevent
airway closure. In the experiments using a lung model with voiumes in the
rénge encountered in’other in vivo experiments Chapter 2), both the »
simulated diaphragm contractions and external compr;ssion gavé values}that
agreed well;gith the ac;ual vélumes‘of the model. Also, external
compression of lung lobes gave results in agreement with their measured

volumes. The lung model was filled Qith steel wool to avoid adiabatic

.

U 1 . .
pressure changes. Their presence during the experimerits could not be
~ ) -

ruled ou;,-bdt tﬁe goodicorrelation between actual and measured'vélumés
indicates that the errors due to adiabatic.phenomena (which wogld lead ;d
lqverestiﬁation of ;aw énd\underestimation of the méasured v§lume).were
minimal. :During BC of the luné lobes, the reiatively 3l§w speed of
coﬁpﬁession and large contact area p;ovidéd by the airways apd alvepli.
"also mlnlmzed errors due to adiabatic. pre;sure changes. In tﬁe in vivo

experlments, TGV-EC was. slgniflcantly 1arger than TGV-PhN, TGV—SB, and He-

dilutldn lung volume. Several precautlons were taken to avoid artlfacts%

N
[}



)
dﬁring external compression: the lid‘was reinforced and the animals
rested on a bperd which did not touch the box floor to avoid.deformation
- during externdl compression. Compression of the board with the plunger
was performed on an empty box, but no volume changes could be deteétéd.
A plunger volume of less\than 0.3 ml was introduced into the box euring:
external compression and this, if‘anything, would tend te underestimate
TGV The accuracy of lung lobe and lung model volume meaéurements by
external compression support the idea that an artifact was not involved.
Therefore, it can be postulated that external compression’ is an

unsatisfactory method for TGV measurements in vivo.

In their original paper describing the EC technqiue, Avery and

Sackner (AVERY, W.G., AND M.A. SACKNER. J. Appl. Physiol. 33: 515-518,
.1972) found no signlficant difference between TGV-SB ana TGV~-EC values}
however, actual data were not given. jA ﬁajor difference between the
present method and that of Aeer§ anq Sackner was‘the size of the plunéer
shaftr the movement of their plunger durlng compreesion added

approx1mately 1. 91 ml to the box _ (calculated from Avery and Sackner

diagrams) compared to 0,28 ml in this experiments. Using DuBois' formulas

it can be calculated that for‘a Paw of 20 cm Hzo‘induced by.compressing

the chest of a dog w1th a TGV of 651 'ml (Avery and Sackner s averaqe), the

introduction of 1.9 ml into the box would undeéestlmate TGV by 14. 5% (w1th

a 1dwer Paw”the error would be even larger). Thus, the plunqer probably
caused a 14 5% underestlmatlon of TGV-EC but no dlfterence was found

~ between TGV—E: and TGV-SB. This suggests that 1f the plunger-related

»error had not been present in Avery and Sackner s experlments, thelr TGV-'

2 8 values would have been around 14 5% hlgher than TGV—SB., In. the present

-study it was calculated that the plunger used causes TGV-EC ‘to be .

349



o S 350

underestimated by arouhd 2.9%, This meahsithat if the plungerLrelated
error had not been present, TGV-EC values’would have been 2. 9%”higher;
The measured TGV-EC were already 8.8% above TGV-SB, and probably wguld
have been 11 7% (8 8 + 2,9) hlgher if there were no plunger-related

" errors This 11.7% figure is 31m11ar to-the previously-mentioned 14.5%
difference calculated ftom Avety and Sackner's data. Consequently, it
seems fair to speculate thatialthough external compression leads to
overestimation of TCV, the large volume of the plungerlused by Avery. and
Sackner might havenconcealed it. Any‘sariation'in plunQet shaft size or
Paw changes would induce different errors in the method.

Although one cannot be certgﬁn of the.cause for'overestimation of TGV

by external compre351on, it can be theorized . that it could .be due to
‘1ntersegmental and interlobar volume shifts. The plunger compresseaijoly
a»portion of. the lateral chest wall and consequently alveolar pressyre

1ncreases locally; alveoli in other parts of the lung being closer to

’

atmospheric pressure, could recelve volume from the compressed alveoli.

Alveoli in the more compliant lung :egibns (like dependent segments) -would

- b

_be the most likely to expand during comp:ession. During chest compesioh
abdominal uolume increased,'probaggg due to a dowmward diaphraomatic

1§s~movement squestihg the basal lumg reqiohs wefe expamding.l'If
‘intersegmental volume shifts dld occur}fone would eipect some pressure to
be lost in overcomlng alrway re51stance, and mouth pressure to

underestlmate alveolar preSSure, thls would lnduce an overestlmatlon of

the:TGV. A 31m11ar mechanlsm has been advocated to explaln the

-"1\ © . a..

overestlmatlon of plethysmoqraphlc TGV in asthmatlcs. Durlng co preSSLOn»

»

.\-. } . Lo

fig' _ of lsolated lobes, a’ 1arge fractlon of the pleural,surface was compressed

j'$§= 4 by the plunger, preventlng major volume shlfts.’v:§j_ ‘~- 1"~fd",l S



TABLE AIII-1: Individual TGV measurements (ml/kg) obtained in‘wvivo by the

different methods. Values in parentheses are the dogs!.weiqht.

\agx."
Dog # Phrenic-nerve Externalq ' Spontaneous '_Heh#um
(Weight)’ stimulation compression »breathinq A dilﬁtion
1 58.6 63.3 564 59.9
(12,6 kg)’ | _
2 - 54,01 55.1 52.2 529
(7.7 kg) | | ,
3 8.3 44.5 36.6 43.0
(10.1 kg) | ' |
4 839 66,6 63.3  63.3
(8.9 kg) o 4
s sia - 55 57.3  .° ST
(7.3 ka) e R
6 ©39.9 0 .. 436 40,6 4048,
(10.9 xg) . - 4 o _—
7 ~ 36.4 42,9 a2 3909
(9.0 kq) X N ‘
g 44.8 46,5 5.9 - 424

(4-6 kg) . R ' ’ . - (/

average % SD:. 48,4 + 10.1 " 52.3 & 9.3 kq§ 3 {p 7 :‘49,T-£f9.1‘

TABLE AIII-2: Statistical analy81s of differences TGV meaqured
in the in vivo - experlments (mean i SD) ‘

Comparison ‘Differencesglmilkg) ) t value E_§ighificance ‘

>

EC-PhN ©  3.88 + 1.97 5.571 40,001
, o+ ¢+ EC=SB 4,22 £ 3.39 3.530 . <0.01-
EC-He  3.15°% 1.00 8.872  <0.001 | ¥
" PhN=SB ;o;3s~£'2.71 0.366 . 50.05
‘PhN-He - ,,0.73'§_2.38 o. 771, 50,05
' SB-He = -1.08 & 4,10 0.862 . »0.05
i
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FigufevAIII—3 Hellum dllutlon clrcult dlagram. coé;?cArbon‘f"

dloxlde absorber; fan, 'He, helium analyze' KL, lung, Oz,j‘

oxygen flow, S, three way stopcock,:mefespirator valves.nxfﬂiy'VV
fFlgure AIII 4 Lung model volumes measured by external
vcompresslon (EC) and phrenrc nerve stimulatipn (PhN) compared
:”to actual volumes (MV). Also shown are 1solated 1obe volumes
';measured by external compre381o% (EC) compared to volumes ff

;vmeasured by water displacement (MV)r
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CHANGES IN HEMODYNAMICS, LUNG MECHANICS AND “GAS

EXCHANGE IN DOGS WITH SALINE-LAVAGED LUNGS
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. INTRODUCTION
'In previous chapters the  effects of HFOV on cardiovascular\function.

p{iiiminary trials

ac1d-indu¢ed pulmonary

and'lunq mechanics have been characterized. 1In;

. (Chapter 9F) it was found that dogs with olei

£

-edema were dlfflcult tp ventilate w1th HFOV 'probably due to damage to
\—.
both lung parenchyma and the pulmonarx circulation as well as to fluid

accumulation -in the interstitium, alveoli and airways. . In order to

~

investigate.the-effects of HFOV\on VL and Cst, an attempt was made tob

develop a lung injury model in the dog that would more selectively

affect lunq meqhanics, inducing less hemodynamlc chanqes and 1ess fluld

P ‘

accumulation in the airways.v fhe surfactant depletlon model 1nduced by .

~

saline lavage has been descrlbed in ‘the gulnea pig and rabblt (see = »d

&
~

; Introduction), and seemed to be.avreasonahle choice. In the present L.
' ‘experiments, the'effects“of‘saline lavage of dogs‘luth:thCst,’gas‘

. ’ ' o o : ot
exchange.andvhasic'hemodynamic parameters are described. ;5 .

Ty -~ d

4

s

' MATERIAL AND METHODS.

Slx mongrel dogs (9. 2 t 1. 9 kg) were anesthetlzed~w1th
. A

pentobarbltal (30 mg/kg), 1ntubated wlth a 9 mm 1.d.;ETT and ventllated,f"h

A

. w1th a Harvard respl

57
s e

{

to’r.,,édef%g ) at 15 bpm and V of 15 ml/kg. _'Av’ "

catheter was 1nsert:d'1n'th§§femo I artery td obtaln samples for bloodib

¢ . . . Q} e e '!Mv o ,

o gas analy31s (Instrumentatwon Laboratorres analy2er model 813); a 7F

,_0

flow-dlrected catheter was inttoduced 1n the pulmonary artery (through
B 9' . i R
'nthe femoral ve1n) to obtaln PAP and PWP (§¢atham P23Db), a polyethelene];cﬁJ-

"fcatheter (PE9°) was placed la the left vehtrlcle (through the fenoral e

-%artery) to measure LVEDP left ventrlcular systollc pressure (LVSP), and

.v\.

fr_hleft ventrlcular dP/dt (Statham PSO transducer and Gould Pressure.‘”z'
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Processor mode 1l 13-4615-52). A differential pressure transducer

a

(Validyne model MP45) was used to monitor Paw at the proximal ETT level;

: i ‘ A
a similar transducer was dged to monitor Peso from a esophageal balloon

-

1length 5.0 cm, diameter 1.8 cm) situated in the lover—thlrd of the
esophagus. A solution of 3% dextroge inv0.3% saline was infused throuqh :
the proximal port of the flow-dlrected catheter at‘a rate of O. 5 i
ml/kq/h, anesth931a was malntalned through the same catheter, w1th

boluses of pentobarbltal, as required.

Calibration of the esophageal balloon: Before insertion,:the'esophaqeal“.. B
® e L

balloonvwas‘calibrated by bringing its inside pressure to =30 cm H,0 and

thea injecting known volumes of air while the pressure.was being

' monitored. The volumeithat broughtppressure to 0 cm H,0 was called

.'P/V curves were obtaineZ/as follows. ‘a 1arqe callbrated syrlnqe was L

‘.connectEd'to'the ETT ‘an

' gS--7 s to allow the lungs to reach FRC.{ Subsequentlyvthe'syrlnge wasf i

.

minimal inflating'volume and was usually'close~to 1.5 ml. (Fig.AIv-1),

e

1Once the balloon had beeén posltloned in the lower thlrd of the dog S

;s

‘esophaqus, and a warm-up perlod had elapséd (20--25 mln), the halloon

pressure was brought to -30 cm H,0,” an amount of air equal to the
LY
. ‘ s

'mlnlmal 1nflat1nq volume was lnjected and  the transducer connected to

- L4 . N e

the balloon catheter for the rest of the experimeéent.

Constructlnq P/V curves of the lungs' To assess €st of the lungs statlc

4

Paw ralsed rapldly to around 30 ‘cm HQO three o
‘»._\ ’

consecutlve tlmes. the alrway was then opened ‘to the atmosphere for

'5'reconnected and known volumes of a1r in 5--8 1ncrements (of 100 ml) were »trf -

b' . . s v

”1n]ected every 3-—4 s, the same volumes were then w1thdrawn at 51mllar s

..0

~

.speed. The P/V curves were constructed by plottlng the volume changes

v\

‘ on the Y ax1s “and transpulmonary pressure (PL = Paw - Peso, subtracted

Y
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~ . . -

. ¢ Nl
< . Y .
electronically) on the X axis. Resting lung volumes were not available‘

g to plot absolute volumes‘in_the'Y axis. Compliance was obtained from

the slope of.the linear regression equationffitting the 4 lower points

’  of the deflation limb of the P/V curve. - L

-Lun g lavage. To .lavage the lungs, the anlmals were first ventllated with

. 100% 0, and PEEP of 3 cm H20 for 20 m1n (for the last 5 min the '

resplratory rate was lncreased to 20 bpm), and then placed 1ﬁ the left
¥ S
. lateral decubltus posltlcn w1th +the operatlng table sllghtl§ tllted to

i _ ) ‘
“Q leave the head in a dependent pOsltJ.on. . The. E'I‘I‘ ‘was connected to a e

hyeﬂéy i_ 9051t10n;and 6 more lavages perforhed.: The total volume of lavage fluid

funnel kept at 30 cm above mld-chest level, and 40 ml/kg,of sallhe at L

370 were poured 1nto the lungs as qulckly as p0531b1e.f Thevchest'and; Co '{‘ ‘

1

, abdomen were shaken gently to fac111tate the replacement of lungfgas‘bvl
* saline. When the flow of sallne 1nto the lunqs had ceased thevETwaas;
disconnected from'the-funnel tubing, and its t1p posxtxdned beloﬁ‘thj.

“level of the operatlng table to allow the sallne to drain out of the
“ . «*
lungs . (an approprlate contalner gathered all the fluld) When most OF

"""~ S

the fluld had dralned, the chest and abdomen were squeezed gently to \ Afof;”‘”

. help remove re91dua1 f1u1d, when the flow of fluld had ceased, the

R \ ‘.-, i rl‘

o anlmal waq reconnected to the resplrator (the apnea perlod lasted around ‘

60 s).' To further remove 1avage fluld from the 1ungs, durxng the flrst f'?

8-—-10 mechamcal breaths, a large port s:.tuated at the endotube
D connector was suddenly opened to atmosphere at end 1nsp1ratlon 0“create :YTV:'

' a sudden hlgh explratory flow that would remove f1u1d from larqe :f'jf;?‘f'rf

Al

, "alrways. After three mlnutes th lavage was repeated, for a total of
R ' o . . . E . ; 2 f ; . B . ./ o Te R ) ,-v_,: .
‘" 6-times, the anlmal was . placed then on a rlght lateral decubltus {_"-'

. . oy ,
recovered from the lungs was subtracted from the volume of Sallne

.,‘ s
LIS

e . E

Lt .'-. . B e



the evolution of the damage and were not 1ncluded 1n the

V ‘ ,
’ ~1nst111ed, to obtain the amount of retained fluid.

Samples from the
lst, 6th and 12th lvages ‘were analyzed for total protein content (Folln

method) and albumln (electrophor351s).

’

Exper1menta1 protocol Durlng the preparatlon perlod, the anlmals were

ventllated w1th room air, and a. PEEP of 3 cm nzo to prevent anesthesla—
related atelectasis.

When the preparation was rflnlshed, the anlmals
were ventllated w1th IPPV 15 bpm and a V adjusted to induce a PaCO2 of
30 + 4 torr (assessed by arterlel hlood gas analysxs).

Flfteen minutes
AR : -
later an arter1a1 sample was w1thdrawn for baseklne blood_gase§)//

.

hemodynamlc parameters were: measured and ‘a P/V curve was obtalned.

-

The
anlmals were then ventllated for 20 min at 3 cm HZO of PEEP and 100% 02,
. and the lavage performed as descrlbed abovg. After the lavage, the L

anlmals were placed in a suplne position and ventllated w1th IPPV and

100% 0, for 60 min (1n prellmlnary tr;als it was found that thls IPPV
7

\
perlod was necessary to 1nduce a “stable

analy81s, P/V‘curve and hemodynamlc measurements were performed 30 and
‘ ‘ A ,‘:‘.
60 mln after the lavage perlod.

The anlmals were then ventllated at ’

e # ’, '4
3 cm Hzo of PEEP for 4 more hOurs, w1th blood qases, P/v curves and

,,,,,

hemodynamlc measurements obtalned at hourly 1ntervals.

s

: At the end of >,:j
the experlment the anlmal was sacrlfiCed and the chest opened to examlne
macrosCoplcally the lung surface.

.P(Aea)oz was obE’ined w1th the
standard alveolar a1r equiﬁlon as

-

Statistlcal analy515° The overall effect of tlme after lavage on

dlfferent parameters was tested w1th 8. 2-way analys;s of varlanee

(ANOVA) and differences between tlme perlods w1th a Duncan 's. new
R e IR e
multlple-range test.

S p

Post lavage IPPV values were used only to monltor '

° . .

. e -
lun% damage), blood gas

358
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statlst}cal analv513. Values -are expressed as mean % SD, and the

. T R
‘Slgnlflcance level was set at p<0 05. o L
el v.' .f S AP PINIRP AR
' . I RESULTS
) . v

S . T ~

The volume retained in the lungs afger the lavaqe averagsp 27 8 t
v 9, 8 ml/kg (range 17 9 to 46 7) th.ch was. an average 5 8 i: 2 1& (raﬂge

3.7 £ 9. 7)of the total lavage fluld used. If a1l this fluld had been -

Y L)

'absorbed, the total amount of fluld received by the dogs over the entire;e;mf

< v N

“‘experlment (estlmated from lavage f101d retalned, plus i.vu solution'”

v‘ N

L

plus catheter flush1ng) averaged 4s 7 ml/kg/h.' The averaQe protei j_"b'u“vn

Vi

3

contents of lavage fluld from samples #1, 6 and kﬁ) were respectlvely'dglﬂfir

“ 25 3 % 15 8. mg/100 nl; 8 5 £ 3.8 mg/100 ml and 6. 2 f 2 5 mg/fﬁb ml, the 1

, albumln contents were- 6 .8 t 5 9 m9/100 ml 1 8 + 0 7 mg/TOO ml and'O B‘ff:
;5_1 0.4 mg/100 ml.,?ih;j b"7g.m'[;f~lqnif‘45ff?'ffv
o - R R Sl e : R

The averagevvalues of xndlvidual parametrrs obtalned at dlfferent

“ . Y, s q.f
) Tl

Lr experlmental perlods 1s shown 1n Table AIV-1;LF values of the ANOVA as

well as slgnlfcance levels of the Duncan s tests are 1ncludda. The IPPV

' o

E the*centrol aﬁk PEEP values. they were not compared stat1 tlcally to-

: control or PEEP measurements, an e’



”prellmlnaryutrlals. From these, _the follow1ng conclusions were dr%gn' a -

360

s
e
I

sharply after lavage and contlnued to rise sllghtly thereafter (Fig.AIV~

[ ]
6). The cqntrol Pa02 values were obtained whlle the\animals Were

vent;lated w1th room ‘air and subsequent measurements were made whlle on

-

e
consequehtly the ANQVA included only PEEP data.v After lavage,

100%.02.

‘mean Pa02 was near 100 torr (Fig.AIV-7) desplte ventllatlon with 100%

0y, because of a large 1ncrease in P(A-a)Oz (Flg.AIV—B). both param%ters o

remalned stable throughout the PEEP perlod. The large SD's obtalned are
mostly due to data from dog 3, whlch maintained a low P(A-a)o2

throughout the experlment. PaCO2 1ncreased 31gn1f1cantly after lavage,-
X
and remalned stable durlng the PEEP perlods (Flg AIV—9).' "PAP 1ncreas§d

sllghtly with time (Fig. AIV-10) but the overall dlfferences were not

/ v

51gn1f1cant (ANOVA s F: p>0.05) and only the 5th h val&e was hlgher than

l
control (Duncan s p<0 05)., a small andvnon-significant‘decrease‘in PWP

(Fig.AIV—_”) and LVFDP (Fmg AIV—12) was observed, the gradlents PWP-'.

(B

LVEDP remalnlng qulte stable tFlg AIV-13). Mlnor and non-31gn1f1cant
? . L

changes were observed in LVSP (Flg.AI 14) and dP/dt.‘

Postmortem examlnatlon of the pleural surface of the - lungs showed.

+

consolldated areas of purple coloratlon in dependent reglons, areas of f_

Ared coloratlon in- the mlddge reglons and normal looklng uppermost lung'

reglons. The extent of damage 1n ach of these reglons varled between"

20 and 50% of the pleural surface.

’.‘ . ‘ ) ‘ ] - v : ) e
DISUCUSSIDN Y : S T

The detalls of thls protocal were developed after several . ..bb .o

,/\r e

‘ 5
. . ‘ N

large amount of fluld (80. ml/kg) lavaged into a suplne dog 1nduces

severe hypox1a and hypoten51on. lavaglng 1n a lateral decubltus 9051t10n



ventilatior with PEEP immediately after the lavage,

progress1vely improves the lunq lesion (Cst and Pap2 1ncrease with

the)‘ ventllatlon wlthout PEE?“immedlately after the lavage has the

opposxte effect, ventllatlon w1ﬂﬁ¥3 cm HZO of PEEP after 1 h on IPPV

&

+ induces a lunq 1e51on stable for several hours {as assessed by Cst and

In the present experlments,

care was taken to reduce the’amount of
sallng retalned by~the lungs that, 1f absorbed, could cause fluld
: S~
overload‘

o .

The technlque\emgloyed (with maneuvers llke table’ tlltlng,

chest and abdomen compression andwend-inspiratory airway opening) was

" : ‘ ’
effective in removing most of‘the~sa11nelfrom the lungs

- the amount of
fluid recowered was always above 90% of the total.

The retained saline
was probably absorbed rapidly into the blood stream and could have

‘overloaded the left ventrlcle, at least momentarl;xp,howe’”r no hlqh
levels of PWP or. LVFDP were. detected.

2

\

Tﬁb total amount ‘of fluld . .
recelved by the doqs was not exce351ve,,1t averaged less than 5 ml/kg/h

o '

i

The fluld recovered from the,lungs;in the flrst few lavages was
mi 1Xy and contalned many tlny bubbles, probably due to the presence of

surface-active‘materlal. Tater washlngs produced clearer fluld w1th v

fewer.and larger bubbles, probably because less surface—actlve materlal
. ‘Was present; no measurements of~surfactant-re1ated compounds were
madeah '

~

The decrea51ng concentratlon of\total prote;n and albumln
1nd1catedhthat less>alrway and/oralveolar-lrnlndbfluld was‘beinc‘
flushed out,'and that a.majoéﬂdisruntion of the'alveolo—caplllary
barrier’was.notbinducedhduringflavaoe.

However several animals had pink
frothy airway secretions in late stages of the experiments; which could

B}

reduces the hypoxia; prev1ous~ventilatfon_with 100% 0, also reduces the
. . . -~ ( . s
+hypoxia; J

i



have been related to a1Veolo-capillary membrane‘damagel The lack of
. v . ,
surfactan;\bould have fac111tated wldespread alveolar collapse with hlgh

o crltlcal openlng pressure whlch could have 1nduced overdlsten51on of "the

open alveoll and damage to the1r walls.‘ The lncreased surfapéjten31on :

- . \

' i
’ could also have. altered the alveolar fluld balance and 1nduced
1nterst1t1al fIULd to ‘move 1nto the air spaces. Aﬁl thls 1nd1cates that
the sallne lavage model creates not only a stiff 1ung, hut also some

: pulmonary edema. Thxs flu1d accumulatlon could have contrlbuted, .

.;\ @

gether w1th the alveolar collapse,_to the h1gh P(A—a)02 observed.

The macroscoplc appearance of the lungs, corresponded to a- local;zed and'_

N

ohably grav1ty-related hemorrhaglc pulmonary edema, whlch 1nd1Catesp;

-

that the lung damage was severe enough to allow passage of red cells

v
-

into the air‘ spaces.
.- The drop 1n Cst shows that the sallne lavage was. successful 1n'

inducing a. Stlff lung whlch remalned qulte stable durlng the perlodl

z_studled.y-However, PL jhowed a sllght tendency to 1ncrease w1th tlme*rj'-.
(and Peso to decrease), whlch probably 1nd1cates that the lungs were‘i

! ! . . N . Y

st belnq ventliited on progre531vely more dlsadvantageous parts of the P/V
‘curve, but W1thout alterlng ltS overall slope.(Cst)-»'FRC values were

't A

not obtalned in the present experlments for technlcal reasons, however,

' data from Chapter 5 suggest that FRC remalned stable after the IPPV

r;od post lavage.' The calculated PL was obtalned durlng dynamlc

[

Y:
- f\cgnd\tlons, -and other factors besxdes the lung elastlc re0011 (11ke
alrway‘r551stance and a1rway closure) were probably 1nfluenc1ng the-

- results. The‘SESQ\values were also an 1nd1rect 1ndex of Ppl and the

i relatlvely hlgh 1evels\ohserved could be a reflectlon of compreSSLOn of
. . ~ . . S ; v
the esophagus by medlastlnal structures ln a suplne animal.'
) (, . .



e

The stablllty of the hemodynamic parameters 1ndlcates that*the

. sallne 1avage model probably produces llttle cardlovascular

[ : %
impalrment.‘ -Only PAP showed a Sllqht but 31gn1f1cant~1nfrease (Duncan s

test) at the 5 h period, whlch could have been related to an. 1ncrease 1n
;ilPVR 1nduhed by: w1despread alveolar (and caplllary) collapse.

In conclu51on, the present terhnxque of sallne lavage in the dog 1‘1~
\.'_1&\' . )

‘lnduces lung damage w1th decreased compllance and very 11ttle
hemodynamlc 1mpa1rment. These observatlons also suggest that thlS-

‘ﬂprocedure lnduces some degree of non—cardlogenlc pulmonary edema.,

\\

Vo
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’ ‘AIV-Z Presaure/volume curve: of one dog before and at 4. hourly lntervals
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transpulmonary pressure (bettom) changes before and after sallne lavage of

the lungs B

Symbols as m FJ.g AIV-3.
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' IN VITRO STUDY/OF THE EFFECT. OF THERMISTOR VIBRATION

" 'ON_ FLOW MEASUREMENT ;BY. THERMODILUTION - :

-
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e
- INTRODUCTION /
When the firSt results of hémodynamic function during HFOV were
'obtained,yit‘was surprisinéﬁﬁo find a siénificant decrease in é
-(Chapter 1) in d{scdrdance with qther'ﬁutho;'s findings (see
Introductioﬁ)l It was speculated that-the.mechanical vibration of HFOV
could -have some effect'on th; thermodilution meésuring system and induce -
an err§r in the readings. To test this possibility, a siméie bench
Astudy was designed, which'cqnsisﬁea of measuriﬁé the fluctuations in
resi;ténce acgoss Ehe thermodilutiqﬁ'catheter's electrical circuit,
during vibrat;on at hiéﬁ freQuencY;' On a second test, thé efféct of ‘ -

L

catheter vibration on measu;ements-ofia flow of warm water was dssessed.

METHODS: ¥ ' 5

Effect of catheter vibration on electrical resistance: The'tﬂ%fmistor

. circuit of a gtandard thermodilution catheter (Edwards Laboratories

, L . ' . -l

. » g L : . ‘ .
model 93A-301-7F) was included on a balanced Wheatstone bridge, with the

output amplified and fed into a physiological regorder. The pen '

. . ) ¢ . {I.‘. . .
deflection was.caL}brated.by immerSing the thermistor invwarm»water at
’known,temperature. A trac1ng of re51§tance across the thermlstor'

' '
c1rcu1t was dbta1ned durlng v1brat10n of dlfferent portlons of the v

~

.catheter at 20 Hz (Vortex mlxer, model 12- 812, ﬁ!ther Sc1ent1f1c CO. )ue.
o

;‘Effect of v1brat10n on flow-measurement by thermodllutlon To test the
. _!

eﬁfgct'of vibratioﬁ on'flqw_measugement by thermddilution, the»systém,
'deéicted in Fig.AV—j waé used. .Iticonsisted of a large reéer&oir (15
Liters)“fili?d wi£h Qatef'a£.37oc.(measufed yitﬂ an electroﬁic

- thermometer) whicpiwésAcircﬁlated rough a'tubing;by an adjustable-

i

speed roller pump. The distal end of'thé tubing was occluded and had
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L]
"several side holes to enhance mixing; this terminal portion was
introduced in a 300-ml plastic bag which acted as a mixing chamber.
"A side port in the tubing was used to introduce a thermodilution

-

catheter (Edwards Laboratories model 93A-301-7F) so that the proximal
port (P in Fig.AV-1) was upstream from the chamber, and the thermistor
(T) was located at the chamber's outlet. -The mixing chamber was -

: : ’ . . : . [ .

connected with an eccentric cam to the motor shaft of the HFOV pump, to
s ' L o
induce a 30-Hz vibration of the catheter and chamber. To measure flow

through the system 3-ml boluses of ice-cold 5% dextrose solution were

injected through the proximal‘port of the oatheter and flow ﬁas

calculated with a cardiac output computer (Instrumentatlon Laboratory

14

//i:j///podél 9520; Q in Flg.AV—1). The speed of ‘the roller pump, w s adjusted'
t

e o) prqguce different flows of water througH~the system, and 50 pairs of-

measurements (with and without chamber vibration) were performed when a

steady state (of flows and temperature) had been reaohed. Correlgtiontof
. ‘ . . ‘ . N . « ‘. :

values obtained with and without vibration was tésted by a linear .

regression analysis.

' 5 U RESULTS

Electrical resistance measurmehts: Vibration of the thermodiiutiou'
catheter induced a significant fluctuation ih resiétance;.}n»phqse with

ﬂthe_vibration'(Fig.AV-Z). In some cases‘the’amplitude;of.the‘

fluctuati was-equivalent'to a températu:e'chahge'of uear O.S?C.'
Larger fluctualhgs were cbtained when the catheter was_ vibrated and’ the .
thermistor wés,held motionlesé'than‘when the.opposite'was.done;

Flow measurements: Fig.AV-3 shows the flow‘measurements'obtaihed;duriuq o

chamber vibration, plotted against values obtained‘withoutmvibfétionit'~; e

i



the line of identity and the linear regressiqnxequation are also

shown. Therxe was a strong correlatlon between both sets of measurements

'

,(p<2x10 7),.wm.ch were 51tuated very close to the 1dent1tg’!&ne.

DISCUSSION

Vi
e

" The vibfation of the catheter induced a change in electrical

resistance probably related to physicel contact of the conducting wires

1n81de the catheter, ‘which presumably were not’ suff1c1ently 1nsulated

Several catheters were tested an

o

amplitude of the fluctuation wa t inflyenced by keeping the

eleetrical connection from‘movin , thus ruling;out;ah attifact at this.
glevel; Alse the feeults suggest that‘the thetmieto; itself wae not the
.majot factor reSéonsible for the'ﬁ etuatiohs:iu.tesistance.

'The thermedilution tetheters are. calibratéd to @eAsure flowsfof‘

o
-

bleqd,jwhich'hae a different specific heat than water. Thus the

-

‘measurements. obtained in this study were not an accurate reflection of

the flows of water,. However this error can be expected ‘to ‘have the same

'-magnitude.duringuthe vibration and non-vibration flow measurements, and

“ would not affect the correlation between pairs of results.

‘After these experiments hed’been'eontluded, the most likely

iexplanation fdr thebleck of effect'of'vibration during‘flou meesufemeﬁts

/

-_(desplte the large artlfact ‘induced in the ;solated cathetet) was found
. accordlng to the menufacturer, the Q computer haé a tullt—ln 2. 5 Hz low-
-pess fllter (wh;ch.fllters-out the hlghffrequency changes'ln
:esieteuee), ?vrv o L i ‘] t 1 ﬂ'-: .:-i o i“
eTﬁgrefepe?"the finding of e'decfeased é during hFOV was coueidered
an eceu:ateefinaing,endCEOt an'artifeétithduced u;'HEOV.‘\ h

5

Vo ‘

A

same phenomenon was‘qbserVed. The
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R Flgure AV-3 Flow measurements obtalned wlth and w1thout v1bratlon of the

o .fthermodllutlon catheter Insert, llnear regreSSLOn equatlon, correlation
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.,vAppendlx IV) ;t was necessary to malntaln a constant low flpw of O2 (equal to ’
‘ﬂf"voz of the dogs) for several mlnutes.v There are)commerc1ally-ava11able~ ?,f.
N LS . : B A ‘ﬁ -.. i . ", [ |

h.fh{expen51Ve, and eachbf?bw range requlres a dlfferent rotameter.h‘In thls ';
--chapter, a slmple, accurate and inexpen31vevflowneter for the des1red range of .
.’measurements is. descrlbed: lt was constructed from materlals readlly avallable ;
}[irn the research laboratory;»:i.irlﬁgifrlgﬁl”h | o 5 | o
S DESCR?PTION OF THE FLOWMET;ER
' The flowmeter cons1sts of 3 maln parts. re51st1veAelem£hts, aéégurihé?"ii
‘7s§stems and safety featureslh It functlonsﬂas follows. thewgas ;é forced |

d through the re51st1Ve‘elenents creatlngha pressure.gradlent pronortlonal to

hovflow, whlch lS assessed by the measurlng systems.A The safety features prevent

;f»splllage of water Lnto the re31st1ve elements and allow rapld release of

o A . . - o

“exce551ve pressure 1n the system. :r'
The re31st1ve element conslsted of three hypodermlc needles (38 1 mm "

9.

7..jlong) of dlfferent s;zes (1n thls case,‘two 19-gauge and one 21—gauge needles -

7»~were used) attached to three 3-way stopcocks (3w in- Flg AVI 1) whlch were

e

'L;hconnected to the flowmeter s inlet. The tlps of the needles were 1nserted

,1nto the outlet'%ubxng of the flowmeter, the 901nts of contact were sealed
R ‘

,_;aw1th 911Lcone glue (SG). By turnlnq the stopcocks, the gas could be forced

| ””thtough‘one,,two or all three needles. ef.ffff“
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Two measuring systemaxwere incorporateﬁ 1nto the flowmeter. The first
L “con315ted of two‘glass tubes (G 1n F1g AVI 1) connected by a plece -of. Silastic o
‘ . S : ,

,.4jftubing'451). They were partially fllled wlth dlstilled Water which was»f

n

A S :
‘\colored wrth a red dYe.v A milimerric scale in one of the glass tubes (SC)

v

__fpermitted assessment of the water/level. A S-ml syrlnge (S4) was used to
fvlnject more water 1nto the systez to adjust the zero level. -The,seCOndJ

“measurlng system allowed for mor: accurate flow measurements (but 1s also very*nku
' expensive) It consisted of a

Y

effereptial—pressure transducer (Statham PMS) EER
T _

v\:_5wh1ch meggpred the difference in pressure between the 1nlet and outlet tubings;’

0 -

-,5‘“'g(PM5).‘ The ampllfied output of the transducer was dlsplayed on a digltal

nff;pfvoltmeter (Hewlett Packard mode 343OA) to allow fast and precise readings.‘hf'i,7

g ,:-*«-Two safety features were 1‘corporated into the flowmeter The first was T

Lo

ZI,f-a large—bore plece of tubyng (ﬁ,‘Fig.AVI 1) whlch connected the flowmeter s

:l-inlet and %htlet._ During flow measurements this tubing was occluded by a

v'dkquuick-release clamp (CL).' In' ase of excesslve pressure bulldup 1n the system‘fff
'"-'-?»(assessed by the water level) Lhe clamp was released and the a1r §5caped

»‘:fthrough the bypass tubing, aVOJdlng the re51st1ve elements.“ Thef econd saﬁetyf'lf

S

;l:feature con31sted of a reserVOir, made out of the barrel of a«25-ml syringe Qﬁv(°

'tiR), 1t was located at the tip of the glass tube 1n Whlch the water 1evel

HroSe. In case of an accidental high pressure 1n the system, the overflow
f::.:.water was collected in. the r.es =rw01r, and d1d not reach the transducervor
r?bfresistrwenelements.fvThe sise bf - the reserv01r was calculated to be.able»to'::f
‘,;H:contaln all'thevwater’of the measurlng-system.lﬂfkc"' . e b :

| When an unknown flow of gas hadrto be measured, the bypags tubing»was -
'»."_-'-‘opened and all the needles connected in parallel The bypass was then slowly_.f'bi'-‘f:.:f
.ji:fclamped, watchlng the level of the water in the measuring system. If thé\ -
'lff{;pwater went off scale before the.bypass was completely,occluded,'the flow wasiff

SR
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T.too hlgh to be measured unless 1arger-bore needles were used. ’If.the:pressure

change was low, w1th the’ bypass occluded, the 3-way stopcocks were turned to

Aforce gas to flow through only two or one needles, and create a satlsfactory

e

fpressure change. If the pressure change was st111 too 1ow, the flow had to: be,v

10 dollars.

"measured w1th narrower needles.

The cost of the flowmeter (excluding the pressure transducer) was under

e
8

L CALIBRATION
o ; . (: G

The flowmeter was calibrated wlth known flows of alr from a hlgh-pressureg

‘;source and-measured (at the flpwmeter s outlet) w1th a 9 L bell splrometer‘

¥

;:(Colllns model 6001) and ‘a- stopwatch.' A flow ranqe of 11 to 796 ml/mln was' fb
“f tGSted for different cbmblnatlons of flowmeter needles.s Actual fld%s (V) werei-

thompared to the pressure drop (Ap) measured by the PMS transducer (1n:?"

L2

"?mlllvolts). Correlatlon betwen pressure and flow was tested by the least

'“squares method and found to flt a logarltmlc correlation equatlon (Flg AVI-T'

AL e

o 2) The dlfferent needle comblnatlons corresponded to the follow1nq

e;_equations.v22 gauge, AP = 2 195 x V0 958 (r-O 993), 19 gauge,:A?ﬁt75'

’ff(r=—0 999). The range of flows tested was- 22 gauge, 11 to 81 ml/mln,,19

“gauge 36 to 360 ml/mln, 19 G + 19 G + 22G, 192 to 796 mu/mln.

;,P- 0% 10035 v1 224 (r=0 999), 19 G + 19 G+ 22 G, AP -.o 0385 XV

©
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Th1s flowmeter was, desmgned to measure a spec1f1c range of alr flows, but

(the same prlnclple could be used for a much larger range of flows by adding

“v:lmore and/or w1der reSLStlve elements (hlgh flows) or u51ng tthner and longer

°“; }needles (lower flows).r By turning the st09¢ocks, a’ new range of flows can be

)

“,“measured, w1thout the need to dlsconnect any elements.“ The range of ilows

A L
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‘“studied probably created some turbulence inside the resistive elements (and

‘ perhaps also the stopcocks), which ex lains the alinearlty of the relatxonship

P

AP/V. But 1t was found that the logaritmic transformation adequately

corrected thls alinearity g1v1ng a. good correlation between AP and V._ Thetif;fﬁ

'system was - oalibrated with alr, and gases of different densities and

vf—_.

viscositles would require other calibration equatiOns.. During the Hellum-3_?p"*
‘ dilution expenments, oxygen was used but the flowmeter was utilized only

-{qualitatlvely, to obtaln a steady flow.

R
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”eaffFlgure AVI 1--D1agram of the flowmeter. B,‘by—pass tublng, CL, clamp, G,a,;pf
. o v

”'t ﬁglass tublng, R, safety reserv01r, SG, silastic glue, SI, silastic tubinq,fﬂf1y‘“'”;

* ”fejAVI 2; Change in the flowmeter s pressure (measured in mxllvolts) w1th fif_

jSY, syrlnqe. 3W, three-way stopcocks 19G&21G re31s¢ance needles. Flgure"fi‘

-:dlfferent needle comb1nat10ns, and vary;ng a1r flows.







GLOBAL DISCUSSION AND SUMMARY

e

This thesis has been arranged 1n independent chapters, each w1th lts
b‘ﬂ»‘OWn dlsn‘:ussa.on.'i The purpose of thls epxloque 1s to prov1de an overv1ew of

f,the research 1nvolved comparing the findings with relevant\ﬁata from the

N N 2 X X . .
e HFV llterature. ;_1 o R AT S R

L3

The HFOV pump used for experlmental work reported nx;fls the51s lﬂ”'
‘fg'an airtlght metal bellows that dellvers 1ts stroke volume 1nto the ETT \;[2

: o?‘wlth only minor losses due to compresslon (Appendlx I) However, even 3

’jﬂthough entralnment lnduced by the respxnstowy circuit 18 minlmal, a small ?f¢§'

ifhfractlon of the VT (around 13 7% at 20 *Hz ) .ils lost throu@h the proxlmal
'ffETT opening.. Most reports ln the HFV literature do not 1nclude data on ii:?_fi
.[‘the dynamlc performance of the ventllators used,_whlch makes 1t very

~., R PR
P

'Z‘dlfficult to reproduce the findlngs or compare the results from dlfferent jidgﬁ

=lgroups. The 1oss of a portlon of the V w1th the present c1rCUlt could BRI

Cos B - -,\ .

”f@ﬁhave been obv1ated by u81ng a closed system llke the one descrlbed by

',f-'Ngeow and leJLner (Ref. Introd. # 441) ora hlgh"lmpedance cucult as R

G

*Jdescrlbed bY SlUtskY et al. (Ref. Introd. # 479).~However, these systems
:are qu:.te soph:.stlcated, and usually mclude electromc servo-néchanlsms N

LR
D

s

‘3 to maintaln Paw.

.r.v,

When thls thesls was started such systems had not been

"o‘-

: '*ldeveloped. ‘Later, when they appeared, 1t was dec1ded not to modlfy the hdifﬂf‘

ﬁb331° HFOV SYStem used, ln order to malntaln consxstency throughout the SR

o /4 :
':ﬁ research that_would allow comparison between different expes;ments.nForbgl';
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types of HFOV pumps).‘ However, 1t is surprising that the bellows f T
'_'ventilator could not perform adequately at low Pd, wherea{ a piston '3ffif,ﬁi'?

]
e L

:;ﬁ?:ventilator (which can be expected to perform very much %1ke the diaphragmsp&ffh

S

Vppump used for the experiments described ‘in: Chapter 8) can achleve

: hw-‘jfsatisfactory gas exchange at very low Paw,(Ref. Introd. # 323).,‘The i;ig'QEél'];h

‘:e"reason for thls fs not clear, and perhaps is velated to a more efficient"'

‘e:gbellows-pump circuit which loses only around 13 7% of the VT' whereas a

vfttfconventional piston-pump circuit can 1ose up to 66% (Ref. Introd..

.,;?338).‘ It could be speculated that the bellows pump induced a’ much larger

v(,.'

'jildrop in Pd durlng the expiratory part of the réspiratory cycle,.,z}”k"';”i‘

'lfcollap31ng‘lmall airways and decreasing V/Q ratios unless high V

h»fﬂfmaintained by 1ncreased Pd., This is su%ported by the fact that whene”erf*g

'?3the bellows pump was tr1ed at low Paw, there was a substantial drop in
DL SRy ERCI

‘3fﬁpa02, when the animals were switched back to IPPV, Pao2 remained below
”flipre-HFOV levels unless several sigh maneuvers were performéd (Appendix

:-__I)} ThlS suggests“that HFOV at low Paw induced atelectaSLS of some lung;:ﬁif"

:hf;Chapter 1). As mentioned 1n the Introduction;

there are several.repo:ts
9 o
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PEEP when P4 (and not'VLJ was matchéd (Chapter 3). Moreover, if the
increase in VL.had been responsible for the hemodynamic impairment

(through an increase in PVR), a decrease in LV preload (PWP and LVEDP)

~would be expected, butpthls was not observed. However, the larqe 1ncrease

A

in PVR induced by HFO¥‘(Chapters'1 and 3) suggest that distortion of the

pulmonary vasculature 1nduced by hlgh lung volumes was present during

these experlments- The data presented in Chapter aC suggest that PG

release did not mediate the effects of HFOV on the pulmonary c1rculatlon.

-

There are no reports in the 1;terature on the role of PG's on the
hemodynamic response to HFV;‘ p' | | d
.The chanqes in Pd durlng HFOV induced, a linear increase in
VL (at least in the range of 6 to 16 cm H O) and 1;trapulmonary vascular
pressures, malnly CVP, PAP gyP and LVEDP (Chapter 4), The increase in
o \
lunq VOlume observed during HTOV was complete w1th1n 1 mln, and was stable

¥

' for at least 16 min; hlgher frequencies induced a 1arger increase ‘in V

'_but there was a tendency-for VL to level off at 25-30 Hz (Chapter 2). .

There are no reports in the HFV 1iterature of plethysmographic. FRC

measurements or the time course of the VL changes.

-

In the initial experiments in which Paw’ and VL were compared, it was

observed that HFOV tended to 1nduce a hlghw}lan what ‘wa's expected

s

from Paw and the static P/V curves of ‘the lungs (dhapter 15).; Other

. reports in the llterature also sugqested at equlvalent Paw, VL is higher

durlng HFOV (Refs Introd. # 402 460).4 This could be explalned by a,

gradlent ln airway pressure generated durlng HFOV, whlch produced

o
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»

a Pd substantlally hlgher than prox1mal Paw (Chapter 9A). Several report5'>

in the HFV llterature have conflrmed these flndlngs (Ref. Introd. #

r. »

‘3301348;441,460,488). In spite of the increase in small-alrway pressures,



-

HFOV was found to increase Rcoll when compared to static distensjon of the

lungs at the same volume (Chapter 6).

38&

-\

The effects of HFOV on mucociliary function were studied by measuring
.

jthe rates of tracheél transport of radioacti?e markers, It was found tha#
the influence of HFV and IPPV-on.TMTR was'similar (Chapter .7); these
fiddiﬁgs agree with £he data avéiléble ié‘the 1it§rature (Refr fntrod. #
151,429). | o

To study the effects of HFOV on dogs wjtg stiff lungs, fulmonaf?
injury was induced by saline lévage.(Appendix IV). The findingsvgf these
‘experiménts (Chapter.S)‘agree with data:available in the literéture (Ref;
Iqtrbd, # 335,371,402) in that-HFOV indﬂces'highef V# and,Paoz'théﬁ PEEP
‘at éimilar Paw. This‘saiine-lavége model was usedﬂi;stead of the claéiqai
6ieic-acid:modél‘fChapﬁer‘9F) because i£ induces.a mofejselective‘lung“
' aamage with less hemodynamid impairment. .

-

For the statistical analysis of the results, a two-tailed paired t-

test was usually‘employed because each animal was normally used as its bwn-

‘ o : , , \ ‘
control and no obvious trends were expected. - However, when a non-normal
; - v bt = :

distribution of the data was suspected{ non-parametric tests were used
. (Chapter 7). Also, when too many comparisons had to be made between :

- groups, an ahalysis of variance (ANOVA) was used to avoid "overiésting"

the data. One exdgption was Appendix III in which 3 similar methods had

mask%gq the differences with' the 4th one.._The‘differencés between
.groups in the ‘ANOVA ‘analysis were tested with a Duncan's new multiple;

range test which is a more cdnservatiVe_apprqach_thén the least

’éignifiéant‘differenée test. = The correlation»énalysis) either iinear or

to, be compared with a 4th one. 1In this case the use of several t-tests

was justified to prevent the similarities between the fi:st‘3 methods from
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curvilinear, was performed bylthe'least-squares method. The significance
level was set at p<0.05 unless a statistical'analysis'was involved in the

.daloulation of the data, in which case the significance level was

L

dec¢reased to p<0.025 (Chapter 1). This was done because the potential
‘errors involved in the first statistical ‘calculation oonld become added to
the7seo6nd.test errors, and to avoid its influence rhe'significance level

had to be dropped.‘ Data are\presented asﬁmean %+ ‘8D,

..

‘As the present HFOV pump requlred hlqh Palv and VL to achleve

\ -

satlsfactory gas exchange, and the deleterlous effects on the

cardiovaséular functionﬂwere probably-related to_these parameters, it is

i likely\that'other HFOV systems”not requiring high Palv and-VL do not

1nduce such hemodynamlc defmanment.

3 Y

~

' In summary, in this thesis a nétal bellows" hlgh frequency 0501llator
. has been developed, characterized-~in vitro, and proven to be able to
"maintain adequate’gasyexcgénge\in'doqs with normal and stiff lungs. Also,

“the agute,effects'of HFOV‘using thisasytem'on.dogs have heen described in

the follow1nq aspects of the cardlopulmonary functlon pUlmonary and

. .
systemlc c1rculatlon, gas exchange, oxygen transport, lung mechanlcs and

-

"tracheal-transpbrt of particles.» S o - (

”. |
&

S As a continuation to this research‘on;HFV,’a model. for whole-body j20)Y

was developed in colaboratlon w1th Dr. H.E. Ward (H, E. WARD J. AMENGOL,_

o

AND Je L. JONES . Ventllatlon by external hlgh frequency osc1llatLon 1n~_

cats. J. Appl. Phy51ol. 1984 in. press), and for partlal—body EOV in
ocolaboratlon w1th Drs. F. G. Eyal and Z. Hayek (F G. EYAL <'HAYEK- j;‘;]

ARMENGOL, AND R, L. JONES.- ngh frequeney negatlve p%essure venrllatlon
v‘h on the surfactant-def1c1ent cat. and rabblt model. Conference on hlgh— :T'” -

AfrequeneyAventilation of.infants. Salt Lake_City, 1984):



