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ABSTRA(T. Twcnty-six prcmaturc lambs wcrc trcatcd by 
trachcal insti!lation of / '4C1labclcd natural shccp surfactant 
bcforc thc onsct of brcathing or aftcr thc cstablishment of 
rcspiratory distrcss syndromc .10 min aftcr birth. Iialf of 
both groups wcrc subscquently vcntilatcd for .1 h with 
100°/', O 2 by convcntional mcchanical ventilation (CMV) 
and half by high frcquency oscillation supcrimposcd onto 
backup mcchanical vcntilation (HFOV). Mcan airway 
prcssurc, arterial hlood prcssurcs, and hcart ratc wcrc 
rccordcd continuously. Artcrial hlood gascs and pI! wcrc 
obtaincd cvcry 15 min. Aftcr sacrificc, thc distribution of 
radiolabcled surfactant was quantified and a lveolar cxpan­
sion was cvaluatcd by morphometrics. At comparable ox­
ygenation, mean airway pressures were significantly lowcr 
in thc lamhs treatcd with surfactant at birth (groups CM V­
B and IIFOV-B) than in lambs on C MV and trcated with 
surfactant during RDS (group CM V -R). Mean airway 
prcssures in both groups of lamhs on JlFOV (groups 
IIFOV-B and IIFOV-R) wcrc comparable at values lowcr 
than in group CMV-R and higher than in group C:VIV-B. 
The distribution of radiolahelcd surfactant was more ho­
mogencous in lambs trcatcd at birth and not diffcrcnt for 
both typcs of vcntilatory assistancc. Morphomctries dcm­
onstratcd significantly bcttcr cxpansion of thc alvcoli of 
lambs vcntilatcd with IIFOV than of thosc on C MV, 
irrcspcctiyc of thc timing of surfactant administration. 
Thcsc rcsults indicatc that proph ylactic surfactant admin­
istration at hirth leads to a bcttcr distribution of surfactant 
than rcscuc trcatmcnt with surfactant aftcr thc csta blish­
ment of rcspiratory distrcss syndromc and is not affccted 
hy a suhscqllcnt typc of ycntilatory assistancc. Rcscllc 
trcatment with surfactant and suhscqucnt HFOV Icads to 
hcttc r oxygcnation and alycolar cxpansion at comparable 
mcan airway prcssurcs than rcseuc trcatment followcd by 
CMV. (Pediatr Res 22: 725-729,1987) 

Abbrcviations 

CMV, convcntional mcchanical vcntilation 
HFOV, high frcqucncy oscillation vcntilation 
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J\;IAp, mcan airway pressurc 
PaO!, partial artcrial oxygcn prcssure 
PaeO!, partial artcrial carbon dioxide prCSSUfl' 
PEEP, positive cnd-cxpiratory prcssurl' 
RDS, respiratory distress syndromc 
VI, vcntilatory index 
VT, tidal volumc 

Trachca l instillat io n of cxoge nous surfac tant into prc m aturc 
anima ls and infants with RDS induces a rap id imp ron'l11l'nt of 
pulm onarv function, G iving surbcta nt at birth takes 
o f the lungs heing tilled with fluid , It a ll ows fill' the mixing of 
surfactant with lung fluid and leads to an even distribution o f 
surfactant as the lung fluid recedes ( I ), After birth . lung fluids 
dimini sh quick lv and the distri bu ti on o f exoge nous surt;lctant 
after air hreathing will he 111 0rc une\en ( I ), This is in linl' wi th 
the observati o n that inject ing surfac tant into th e fluid-fill cd 
a irways of animal s and bc filre th e initiation o f breathing 
leads to a cl in ical response of longer d ura ti o n than adm inist ratio n 
of a surfactant suspension afte r a peri od of air breathing (2 - 4), 

However. the di strihuti on of cxogenous surf;lctant may nut 
on ly depend on th e ti ming o f its instill a t io n. but al so o n the type 
of ventilatory assistan ce used then:alier. Da ta on the influence 
of different m odes of assisted venti latio n on the ultimate distri­
bution of exogenous surbetant in with respira to r\' d ist ress 
syndrome are lacking. Several studies in adul t rahbit s with sur­
factant defici ent lun gs (6 -S ) indicate that H FOY may be sUIKrior 
to C M V due to the abse nce o f swings in end-tidal lung Hl lu me, 
We compared the ctTects of H FOY and CM Von the d istributi o n 
o f exogenous in premature lambs treated wi th radio­
lahc led surfactan t be forc the o nset of breathing o r afte r a period 
ofCMY because of RDS , 

METHODS 

:\-fcc/wnim/ \'(,lIli/alioll, H FOY was de li vc red at a frequency 
of 15 Hz and a t idal voluIll e of:2 ml / kg using a HFOV-CMY 
system (8. 9), HFOY was generated by an e lectric pi ston pump 
with a vol ume adju stahle betwee n I and 50 ml and frequ encics 
betwee n I and 30 H z. The piston was connec ted wit h the upper 
part of the endotracheal tuhe by means of a noncompliant tube, 
Il osci llated the gas fl owing through th e ven tila tor c ircuit without 
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adding new gas. The oscillations were added on the CMV wave­
forms. CMV was administered with a constant-flow, time-cycled, 
pressure-limited ventilator (Amsterdam Infant Ventilator, MK 
2, Hoek and Loos, Amsterdam, The Netherlands) delivering 
humidified and warmed oxygen. Ventilator settings were as 
follows: an initial peak inspiratory pressure of 25 cm H20, a 
PEEP of 3 cm H20, a rate of 40 breaths/min, an inspiratory time 
of 0.75 s, and a Fi02 of 1.0. Subsequently, only peak inspiratory 
pressures were changed in an attempt to normalize PaC02 . 

Sur/actanl. Natural surfactant was recovered by a series of 
centrifugation steps from the lung lavage of healthy adult sheep. 
The isolation procedure, phospholipid composition, protein con­
tent, and clinical activity of this surfactant have been reported 
(10). Uniformly labeled [I -14C]palmitate dipalmitoylphosphati­
dylcholine (117 mCi/ mmo\) was purchased from Amersham 
International (Buckinghamshire, England). The 14C solution was 
dried under N2, suspended in distilled water by sonication (11) 
and added to the natural surfactant to a final concentration of 1 
/-LCi of [I- 14C]palmitate dipalmitoylphosphatidylcholine and 180 
mg of natural sheep surfactant lipid in 10 mI of natural surfac­
tant. Each lamb received 60 mg of natural sheep surfactant lipid 
and 0.33 /-LCi of [1-14C]palmitate dipalmitoylphosphatidylcholine 
per kg body weight. 

Lambs. All premature lambs were delivered at 126-132 days 
of gestation by cesarean section under general anesthesia of date­
mated Texel breed ewes carrying twins or triplets. The head and 
neck of each lamb was mobilized, and the midanterior neck 
exposed through a uterine incision. An uncuffed endotracheal 
tube (internal di ameter 4 mm) was inserted and tied into the 
trachea. A 10-ml sample of fetal lung fluid was aspirated for 
phospholipid analysis. The endotracheal tube was occluded to 
prevent entrance of air to the lungs. A 5 Fr. polyethylene catheter 
was placed in a carotid artery and a 3.5 Fr. polyeth ylene catheter 
was placed into ajugular vein. An umbilical arterial blood sample 
was obtained for pH and blood gas analysis, the lamb was 
delivered, weighed, and mechanical ventilation was started. The 
lambs were paralyzed with 0.1 mg/ kg of pancuronium bromide 
and received 10 mg/kg of phenobarbital sodium intravenously. 
The lambs were dried and placed on a heating mattress under 
an infant radiant heater and supplemental heat lamps. Rectal 
temperature was monitored and body temperature was main­
tained at 38-39° C. Arterial blood gases and pH were sampled 
every 15 min and measured with an A VL-940 blood gas instru­
ment. MAP was measured through a saline-filled polyethylene 
catheter with an internal diameter of 1 mm, which was not 
connected to the endotracheal tube. It extended 2 cm beyond 
the distal tip of the endotracheal tube and had , in addition to 
the central lumen, two intramural lumens close to its tip. The 
airway catheter was connected to a pressure transducer (Gould 
Inc., Oxnard, CA). The signal was amplified and displayed 
continuously on an eight-channel Schwarzer polygraph cali­
brated to the high range using a mercury manometer and zeroed 
to atmospheric pressure. Heart rate and arterial blood pressures 
were recorded continously on the polygraph. Each lamb received 
10% dextrose through the venous catheter at a rate of 100 ml/ 
kg/24 h. 

Thirteen lambs received radiolabeled surfactant by tracheal 
instillation at birth. Six lambs (group CMV-B) were subsequently 
ventilated with CMV and seven (group HFOV-B) with HFOV. 
Thirteen lambs were supported on CMV and did not receive 
radiolabeled surfactant until 30 min after birth. At treatment 
these lambs were all in respiratory failure as defined by elevated 
PaC02 levels and low pH values on at least two blood gas 
samples. Seven of these lambs (group CMV-R) were continued 
on CMV and six (group HFOV-R) were switched over to the 
HFOV after instillation of surfactant. This led to the formation 
of four study groups. HFOV and CMV were alternately assigned 
to the first , second, or third born lamb of each twin or triplet. 
Three h after the tracheal instillation of radiolabeled surfactant, 
all lambs were sacrificed by a lethal pentobarbital overdose and 

subsequent exsanguination. A few minutes before sacrifice in­
advertent PEEP was determined in the lambs on HFOV by 
clamping the endotracheal tube at end-expiration for 5 s. This 
clamping procedure was repeated three times and the values were 
averaged to estimate inadvertent PEEP. 

Processing 0/ lungs. After sacrifice, the lungs were removed 
intact and weighed while still attached to the endotracheal tube 
at IS cm H20 distending pressure. The lungs were divided into 
65 pieces with a weight of about 200 mg. Sixty biopsies, i.e. five 
superficial and five central biopsies from each of the upper, 
middle, and lower lobes, were used for estimation of the amount 
of radiolabeled surfactant. The superior and inferior right middle 
lobes were counted as one lobe. Five horizontal sections of each 
of the upper and lower lobes and of one of the right middle lobes 
were used for morphometrics. The tissue samples for surfactant 
quantitation were weighed, catalogued as to location, mixed with 
0.5 N quaternary ammonium hydroxide in toluene, and placed 
in a shaking bath at 37° C for 36-48 h to obtain complete 
solubilization. After addition of Biofluor (DuPont, Boston, MA), 
the amount of radioactive surfactant was quantified. The biopsies 
for morphometrics (12) were immediately fixed in a 15: 1:4 v /v 
mixture of alcohol 100%, glacial acetic acid , and formaldehyde 
40%, stored overnight at room temperature, routinely paraffine 
embedded, cut in 4-/-Lm sections, mounted on slides, and stained 
with hematoxylin and eosin. Each microscopic section was sub­
sequently magnified 250 times under a Zeiss microscope and 
displayed with a Hitachi FP-IO videocamera on a monitor con­
nected to a digitizer tablet. Using a manually operated cursor 
and retaining appropriate identification, the outline of each 
alveolus in a standard surface, encompassing at least 75 alveoli, 
was entered into a MOP Videoplan computer. Surface calcula­
tions (in /-Lm 2) for the digitized alveoli were made using methods 
similar to those of Cook et al. (13). 

Data analysis and presentation. The number of radioactive 
counts, corrected for quenching, per piece of lung for each lamb 
was obtained and corrected for weight (dpm/g wet tissue). The 
values were then divided by the mean value for the lungs of that 
lamb to normalize the numbers. These ratios were turned into 
histograms with interval widths of 10% about the mean value of 
1.0. All pieces having a normalized value <0. 15 or> 1.85 times 
the mean were grouped at the extremes of the distribution 
intervals (I). 

All values are expressed as mean ± SD unless otherwise 
indicated. Comparisons between groups were analyzed with Stu­
dent's two-tai led t test or x2 test. 

RESULTS 

The lambs weighed 3.0 ± 0.8 kg and were delivered at a 
gestational age of 130.5 ± 1.3 days. Arterial umbilical blood 
gases for the 26 lambs were pH, 7.29 ± 0.05 ; Pa02, 27 ± 8 mm 
Hg; and PaC02, 48 ± 8 mm Hg. Mean wet weight of the lungs 
was 103 ± 22 g. The lambs in the four groups were similar in 
terms of weight, gestational age, number of first-, second-, and 
third-born lambs, arterial umbilical blood gas and pH values, 
and wet weight of the lungs. 

Figure I shows the Pa02, PaC02, pH, and MAP values of the 
lambs treated with radiolabeled surfactant at bilth (groups CMV­
Band HFOV-B). Figure 2 presents these data for the lambs 
treated with surfactant after the establishment of RDS at 30 min 
of age (groups CMV-R and HFOV-R). The mean VI (VI = 
Pa02/MAP X Fi02) of group CMV-B was consistently higher 
during the experimental period than that of group CMV-R. At 
the end of the experiment, 3 h after the administration of 
radiolabeled surfactant, the mean VI was four times higher in 
the CMV-B group than in the CMV-R group (29.4 ± 21.2 versus 
7.5 ± 3.3 mm Hg/cm H20 , p < 0.05), indicating lower MAPs at 
comparable Pa02 in the lambs on CMV which were treated at 
birth. Lambs from group HFOV-B had a higher mean VI than 
lambs from group CMV-R (14.5 ± 7.9 versus 7.5 ± 3.3 mm Hg/ 
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Fig. I. Mean (±SD) values of the Pao,. PaCO , . pH. and MAP of the 
lamhs treated with radiolahcl cd at hirth (groups CMV-B and 
HI-OV-S). 

cm IH. I) < 0.(5). Although the Illean VI of th e CMV-B group 
was twicc as high as in the HFOV-R group at 2 and :I h after 
hirth, thc difTere nce was not statisticall y significant. Groups 
HFOV-R and IlFOV-R had about equal Vis through o ut th e 
experimcnta l period (14. 5 ± X.O versus 14.9 ± 10. 1 IllIll Hg/ CIll 
H20 :I h after surfactant admini stration). Thi s indicates that 
MAPs necessary to obtain comparable oxygenation during 
HFOV were lowcr than those used for the CMV-R group but 
equal to or higher than those for the CMV-B group. Minimal 
MAPs were lower in the HFO-R gro up than in the HFO-R group 
(5.92 ± 1.74 vers us X.:I:I ± 0.72 eIll H 20. JI < 0.02) and lower in 
the CMV-B group than in the CMV-R group (6.27 ± 1.39 ve rsu s 
X.79 ± 0.70 eIll Ill). I) < OJ) I). The difTcrences bctween the 
HFO-R and CMV-R and between the HFO-R and CMV-R 
groups wcre not s tati sti cally signilicant. 

Figure :I shows thc di stribution of radi oactive labeled surfac­
tant in the four gro ups. T he pieces of lung for th e lambs treated 
after a period of ve ntilation were distributed in such a waY that 
only 23. X'Yc! of the pieces in the HFOV-R group and 28'j;' 
pi eces in the CMV-R group received am o unts of surfactant per 
g tissue wi thin ± 25% o f the mean. Distribution of surfilctant in 
lam bs treated at birth was Illore homogeneous with 45 .9'in of 
pieces in the IIFOV-B group and 41.J'.i!, in the CMV-S group 
within ± 25 % o f the mean. The diOcren ces between the ('MV ­
Band CMV-R groups = 12. 769. 1) < 0.0(1) and between th e 
I-IFOV-B and HFOV-R groups (XC = :l4. :l XI.I) < (1.001) were 
stati sti call y sign ilicant. In co ntrast. the diffe rences betwee n the 
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Fig. 2. Mean (±SD) \'a lues of the l'aO,. PaCO, . pi!. and MAl' or thc 
lambs treated \\'ith radi o lahcled surLictant after :10 min or mcchani ca l 
ventilation for RDS (groups CMV-R and HFOV-R ) 

HFOV-R and CMV-R and bctwccn thc HFOV-B and CMV-B 
groups werc only min o r. In the CMV-R group mo re radiolabelcd 
surfactant was found in pieces from thc Icft than from the right 
lung and m ore in th e upper lobcs of cach lun g than in the 
lobes (Table I). Left to right lung and uppcr to lower lobe 
distribution was comparable for thc other three groups of lambs 
except that the left upper lobes ofthc l:lInbs in the I-II:O-B group 
recei vcd more radi o labelcd than the left lower lobes 
(p < 0 .0(5) 

M orphom etrics (Table 2) demon strated significantlv bl'lter 
expansion of the alveoli of lambs ventilated with HFOV' than of 
those on CMV. Thi s difTere ncc was irrespeetivc of the timing of 

administra tion. Hyaline membrancs. al veo lar elk7na. 
and di stension of the lymphatic vesse ls were more onen seen in 
the CMV-R gro up than in any of thc o ther three groups. Inad­
vertent PEEP changes were minima l «O.S cm H,O) in all lambs 
on HFOV. 

DISCUSSIO\l 

Although mechani ca l \'Cntilation has marked lv improved out­
com e in premature infi.lI1ts w ith RDS. thc usc of hi gh a ilwav 
pressures and high oxygen co ncentrations has also to 
appearance of acute a nd chro nic lung di sease (14. IS). II igh­
frequen c y ve ntilation has bee n tried in animal s and as a rescuc 
mode for infants in whom lung barotrauma devcloped or in 
whom CMV heca use it can provide ad equate gas c\change 
at lower airway pressures than CMV (9. 16. 17). HowC\'er. it 
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Fig. 3. Distribution of radioactive labeled surfactant in the four groups of lambs. 

Table I. Relative distribution of surfactant by lobes (mean ± SD) 

CMV-B HFO-B CMV-R HFO-R 

Left upper lobe 0.86 ± 0.51 1.20 ± 0.53* 1.44 ± 1.01* 0.99 ± 1.14 
0.61 ± 0.44 
1.13 ± 1.26 
0.92 ± 0.96 
1.12±0.80 
1.0 I ± 0.66 
1.00 ± 1.1 3 
1.02 ± 0.81 

Left middle lobe 0.93 ± 0.79 1.16 ± 0.49 1.03 ± 0.60 
Left lower lobe 1.03 ± 0.77 0.94 ± 0.49 1.12±0.61 
Right upper lobe 1.19 ± 1.16 0.95 ± 0.62 0.95 ± 0.60* 
Right middle lobe 0.98 ± 0.69 1.02 ± 0.69 0.79 ± 0.47 
Right lower lobe 0.92 ± 0.58 0.90 ± 0.43 0.72 ± 0.64 
Total left lung 0.95 ± 0.65 1.08 ± 0.53 1.24 ± 0.82t 
Total right lung 1.03 ± 0.85 0.96 ± 0.59 0.79 ± 0.53 

* Upper lobes > lower lobes (p < 0.05). 
t Total left lung > total right lung (p < 0.00 I). 

Table 2. Alveolar surfaces (in f1,m2) obtained by morphometries 
(mean ± SEM) 

Groups Alveolar surface p 

CMV-B 1401 ± 25 
<0.00 1 

HFOV-B 3215 ± 46 
CMV-R 1985 ± 35 

<0.001 
HFOV-R 3443 ± 56 
CMV-B and CMV-R combined 1643±21 

<0.001 
HFOV-B and HFOV-R combined 3318±42 

remains to be seen whether there is any clinical advantage to this 
form of mechanical ventilation. In this study, HFOV was deliv­
ered with a piston system at a frequency of 15 Hz and a VT of 
2 ml/kg. These settings have been shown to be effective in both 
clinical trials (9, 16, 17) and animal experiments (l8, 19). HFOV 
was superimposed on CMV in order to prevent atelectasis (9). 
As we had no data on the amount of background ventilation 
needed, a starting rate of 40/ min at the described settings was 
chosen. The rate could be reduced to a 5-10 breaths/min after 
confirmation of hyperoxia and normocapnia without detrimen­
tal effects. 

At comparable Pa02s, MAPs during CMV were significantly 
lower in the lambs that received surfactant at birth than in those 
treated after the establishment of respiratory failure. This indi­
cates that prophylaxis with surfactant leads to lower MAPs than 
rescue with surfactant followed by CMV. There was no clear 
difference in mean MAPs between the two HFOV groups, indi-

eating that during HFOV the timing of surfactant instillation 
was not relevant. Calculation of the VI showed that MAPs during 
HFOV were significantly lower than in the CMV group rescued 
after birth with surfactant and equal to or higher than the CMV 
group treated with surfactant at birth. This positive aspect of 
HFOV has also been seen in studies in rabbits (8) and premature 
infants (9, 17). 

The distribution of radiolabeled surfactant was independent 
of the type of ventilation used and clearly related to the timing 
of its administration. Instillation into the fluid-filled airways 
before the initiation of breathing at birth appeared to be the 
optimal time of surfactant administration. This confirms the 
findings from experiments in premature lambs (2) and rabbits 
(20). Except in the CMV-R group, we found no difference in left 
to right lung distribution of radiolabeled surfactant. There was a 
preference for distribution of exogenous surfactant to the upper 
lobes of both lungs in the CMV-R group and for the left lung in 
lambs of the HFO-B group. Preferred distribution of exogenous 
surfactant to the left lung and to the upper instead of the lower 
lobes was found by lobe et at. (I) in premature lambs treated 
with surfactant after a period of mechanical ventilation, but not 
in lambs treated at birth. The absence of regional maldistribution 
of surfactant in the HFO-R group is in line with the morpho­
metric findings in both HFOV groups. 

The alveoli of both groups of lambs ventilated with HFOV 
were relatively better expanded than those of the CMV groups. 
This finding is inconsistent with the physiologic data. If alveolar 
size were larger one might argue that the "real" VI should also 
be higher insofar as size reflects volume, whereas we found that 
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at comparable pressures, a lveo lar vo lume was greater. T his was 
not, however, reflected in improved oxygenation as meas ured by 
th e VI, If the increased alveo la r size is a beneficial efTecL why is 
it not reflected in imp roved oxyge nation') Theoreti ca ll y, th e 
greater alveolar volume m ay be ascribed to gas trapping (21), 
T he ahse nee of inad ve l1 ent PEE P suggests that th e efTect we 
ohserved wi th H FOV m ay not be ai rtrapping bu t ra th er m o re 
unifo rm aerati o n and mod ifica ti o n o f t he " natu ral " co urse of 
RDS by preve nti o n o f a irwa y injury, edema, and re lease of 
che mical mediato rs, We expected a n indepe nde nt effect o f sur­
fa ctant ad m ini stra ti o n o n alveola r vo lume as see n in prema tu re 
ra bbits trea ted with surfacta nt a t bi rth and ventila ted by HFOV 
(22), Thi s feature did prohah ly no t em erge in our stud y du e to 
surfactant treatment o f a ll la m bs, e ither at bilih or afte r estab­
li shment of RDS, 

We found surfactant t rea tm ent at birth to be the m ost e tli cien t 
method of surfactant de li very a nd H FOV superimposed o n eM V 
to lead to more unifo rm aera tion. Si nce there were clea r d iffe r­
ences hetween the venti la tion stra tegy we chose an d th at reponed 
hy o thers (us ing HFOV a lo ne), thi s ma y acco unt fo r t he abse nce 
of more striking intergroup ven tila to r-associa ted difTe rences. As 
HFOV combined wi th surfactan t admini stra tio n leads to m o re 
unifo rm aera ti o n a nd less a irwa y inj ury o f the premature lung. 
thi s co mbin ati o n may be adva ntageo us in treatm en t o f se vere 
RDS ove r e ithe r m oda lit y a lo ne. 
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