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Abstract. Objectives: To characterize different modes of 
pressure- or volume-controlled mechanical ventilation 
with respect to their short-term effects on oxygen delivery 
(DOg). Furthermore to investigate whether such dif- 
ferences are caused by differences in pulmonary gas 
exchange or by airway-pressure-mediated effects on the 
central hemodynamics. Design: After "inducing severe 
respiratory distress in piglets by removing surfactant, 5 
ventilatory modes were randomly and sequentially ap- 
plied to each animal. Setting." Experimental laboratory of 
a university department of Anesthesiology and Intensive 
Care. Animals." 15 piglets after repeated bronchoalveolar 
lavage. Interventions." Volume-controlled intermittent 
positive-pressure ventilation (IPPV) with either 8 or 
15 cmH20 PEEP; pressure-controlled inverse ratio ven- 
tilation (IRV); pressure-controlled high-frequency posi- 
tive-pressure ventilation (HFPPV) and pressure-con- 
trolled high frequency ventilation with inspiratory pulses 
superimposed (combined high frequency ventilation, 
CHFV). The prefix (L) indicates that lavage has been per- 
formed. Measurements and results: Measurements of gas 
exchange, airway pressures, hemodynamics, functional 
residual capacity (using the SF 6 method), intrathoracic 
fluid volumes (using a double-indicator dilution tech- 
nique) and metabolism were performed during ven- 
tilatory and hemodynamic steady state. The peak in- 
spiratory pressures (PIP) were significantly higher in the 
volume-controlled low frequency modes (43 cmH20 for 
L-IPPV-8 and L-IPPV-15) than in the pressure-controlled 
modes (39 cmH20 for L-IRV, 35 cmH20 for L-HFPPV 
and 33 cmH20 for L-CHFV, with PIP in the high-fre- 
quency modes being significantly lower than in inverse 
ratio ventilation). The mean airway pressure (MPAW) 
after lavage was highest with bIRV (26 cmHzO). In the 
ventilatory modes with a PEEP > 8 cmH20 PaO2 did not 
differ significantly and beyond this "opening threshold" 
MPAW did not further improve PaO2. Central hemody- 
namics were depressed by increasing airway pressures. 

* Present address: Department of Anesthesiology, Bassett Hospital, 
One Atwell Road, Cooperstown, NY 13326, USA 

This is especially true for L-IRV in which we found the 
highest MPAW and at the same time the lowest stroke in- 
dex (74% of IPPV). Conclusions: In this model, as far as 
oxygenation is concerned, it does not matter in which 
specific way the airway pressures are produced. As far as 
oxygen transport is concerned, i.e. aiming at increasing 
DO2, we conclude that optimizing the circulatory status 
must take into account the circulatory influence of dif- 
ferent modes of positive pressure ventilation. 

Key words: Respiratory failure - Lung lavage - Pres- 
sure-controlled ventilation - Inverse ratio ventilation - 
High frequency ventilation - Functional residual capaci- 
ty - Extravascular lung water 

We have previously characterized a stable piglet lung 
lavage model with ARDS-Iike properties and compared 
in this model three different modes of ventilation [1]. 
This included pressure-controlled high-frequency posi- 
tive-pressure ventilation (HFPPV) [1-5] and pressure- 
controlled inverse ratio ventilation (IRV) [1, 2, 6-8].  We 
now studied 5 modes of ventilation in this model, adding 
one pressure-controlled high frequency ventilation mode 
with superimposed inspiratory pulses (combined high fre- 
quency ventilation, CHFV) [2, 9-16] and another vol- 
ume-controlled intermittent positive-pressure ventilation 
(IPPV) with 15 cm H20 PEEP to the three previous 
modes. IPPV with 15 cm H20 PEEP was added in order 
ot study differences in externally applied PEEP and in- 
trinsic PEEP which all, except the IPPV mode before 
lavage and the L-IPPV-8 mode after lavage, thus had a 
comparable PEEP level of about 15 cm H20. 

Much like drugs the most important effects and "side- 
effects" of new ventilatory modes should be investigated 
[17] and described in terms of gas exchange, airway pres- 
sures and resulting oxygen transport the latter being a 
central parameter to describe the immediate effects of a 
ventilatory mode. In the future this will help to tailor ven- 
tilatory modes to the specific requirements of individual 
patients. 
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F o r  t h e  t i m e  b e i n g  it  is t e c h n i c a l l y  i m p o s s i b l e  to  c o n -  
t i n u o u s l y  f o l l o w  up  l u n g  s t ruc tu ra l  changes  w i t h  d i rec t  
i m a g i n g  t e c h n i q u e s  [ 1 8 -  20]. T h e r m a l - d y e - d i l u t i o n  deter-  
m i n a t i o n  o f  i n t r a t h o r a c i c  b l o o d  v o l u m e  ( ITBV)  a n d  ex- 
t r a v a s c u l a r  l u n g  wa te r  ( E V L W )  p r o v i d e  a n  ind i rec t  p ic-  
t u re  o f  s t r uc tu r a l  d a m a g e s  a n d  o f  c h a n g e s  in  these  in-  
t r a t h o r a c a l  c o m p a r t e m e n t s  [ 2 1 - 2 6 ]  c a u s e d  by  d i f f e ren t  
v e n t i l a t o r y  m o d e s .  

T h e  f o l l o w i n g  s t u d y  a ims  at  i m p r o v i n g  o u r  u n d e r -  
s t a n d i n g  o f  t h e  f o l l o w i n g  q u e s t i o n s  c o n c e r n i n g  c o n d i -  
t i ons  o f  severe r e s p i r a t o r y  distress:  

1) A r e  the re  s i g n i f i c a n t  d i f f e rences  in  o x y g e n  t rans -  
p o r t  b e t w e e n  d i f f e r en t  m o d e s  o f  pos i t i ve  p ressu re  ven t i l a -  
t i on ,  t h e  m o d e s  b e i n g  a d j u s t e d  t o  e q u a l  v e n t i l a t i o n  in 
t e r m s  o f  a r t e r i a l  P C O  2 a n d  c o m p a r a b l e  P E E P  (e i ther  ex- 
t r ins i c  o r  in t r ins ic )?  

2) I f  t he re  are  such  d i f fe rences ,  are  t hey  c a u s e d  by  dif-  
f e rences  in  p u l m o n a r y  gas  e x c h a n g e  o r  by  a i rway-pres -  
s u r e - m e d i a t e d  e f fec ts  o n  t h e  cen t r a l  h e m o d y n a m i c s ?  

Materials and methods  

Two papers describing the methods in detail have been published previ- 
ously [1, 2]. The main differences compared to the previous experimen- 
tal protocol were the following: 
1) The use of ketamine instead of clomethiazole as a major anesthetic. 
This diminished vasodilation and improved cardiovascular stability. 
2) Following collapse of the lung during controlled ventilation (without 
PEEP), the subsequent therapeutic mode was introduced by instant ap- 
plication of a peak inspiratory pressure of 55 cm HzO for 5 to 10 min- 
utes. Adjustment to PaCO2 of 4 kPa was then performed through 
down-regulation of ventilatory pressure or volume (as applicable). This 
helped avoid exposing the animal to varying times of hypoxic episodes 
while titrating volumes or pressures upward until the (often precipitous) 
opening of the collapsed lung. 

Animals 

Healthy piglets (15) of Swedish country breed were examined. Mean 
weight was 24.3 kg (0.8 SEM). 

The experiments were performed at the experimental laboratory of 
the Department of Anesthesiology and Intensive Care in Uppsala. The 
local ethics comittee for animal experimentation reviewed and consent- 
ed to the protocol. 

Experimental procedure 

Following anesthesia and preparation the animal was placed in the 
prone position. Baseline values were obtained after stabilization, i.e. 
PaCO 2 of 4 kPa and hemodynamic steady state were established. La- 
page was performed by the method of Lachmann [27] and five ven- 
tilatory modes were randomly and sequentially applied to each animal. 
Each mode was applied for at least half an hour and all measurements 
were done under conditions of ventilatory and hemodynamic steady 
state. Between the experimental ventilatory modes a control mode of 
ventilation (IPPV without PEEP) was interposed, in order to reproduce 
alveolar collapse. Except from the preparation period an inspired oxy- 
gen fraction of 1.0 was used. 

Anesthesia and fluid management 

Premedication: Pentobarbital 15 mg/kg+0.5 mg atropine intra- 
peritoneally 15 rain pre-induction. Induction and anesthesia: 500 mg 
ketamine and 0.5 mg atropine i.v., followed by a ketamine infusion at 
10 mg/kg.h. In addition to this, i.v. morphine was given up to 20 mg 
during initial preparation of tracheostomy and catheter introductions. 
Relaxant: pancuronium bromide 0.26mg/kg-h. The animals were 

tracheostomized and ventilated through a 8 mm diameter double lumen 
(1:10 lumen ratio) Hi Lo jet endotracheal tube (Mallinckrodt Inc., 
Glens Falls, NY, USA). 

A Siemens Servo ventilator 900C (Siemens Elema, Solna, Sweden) 
was used. A pediatric humidifier and heated circuit with a compression 
volume of 590 m1 and an internal static compliance of 0.7 mt/cm H20 
was employed (Fisher and Paykel, New Zealand [1, 2]). With the tidal 
volumes (Vt) of this equipment, the compression volume (Vc) to tidal 
volume ratio (Vc/Vt) was improved compared to a previous study [2] in 
normal piglets. Due to this reduction in Vc/V t ratio there is a relatively 
rapid build-up of the force of insufflation, whereby inspiratory flow 
reaches its maximum value rather instantaneously thus making the ven- 
tilator system more efficient [1-5]. The production of a breathing pat- 
tern with superimposed inspiratory pulses was performed by an addi- 
tional device (Servo HFV 970). 

Fluid replacement was titrated according to intrathoracic blood vol- 
ume (ITBV). An ITBV of 20 ml/kg was aimed for before lavage, assum- 
ing normovolemia at this point. To this end 0.9070 NaC1 with 2.5~ glu- 
cose (Rehydrex, Pharmacia Infusion AB, Uppsala, Sweden) was infused 
up to 40 ml/kg" h. If required a 100 ml bolus of dextran (Macrodex 70, 
Pharmacia Infusion AB, Uppsala, Sweden) was given to achieve the re- 
quired ITBV. 

A thermostatically controlled heating pad and an infrared heating 
lamp were used to keep the animal's body at normal. 

Monitoring 

Intravascular catheters were placed surgically for the measurement of 
central venous, pulmonary artery (via internal jugular vein) and aortic 
pressures (via carotid artery). A thermo-dye COLD Computer (Pulsion 
Medizintechnik KG, Mt~nchen, West Germany) was used. The fiberoptic 
catheter was introduced via the femoral artery and advanced to the de- 
scending aorta. The recordings of the hemodynamic pressures were 
made on a 4 channel rectilinear heat pen recorder (MX 412, Devices In- 
struments Ltd, Welwyn Garden City, UK). Continuous monitoring of 
ECG was performed and intermittent analysis of arterial and mixed ve- 
nous blood gases at 37 ~ was made (ABL2 Radiometer, Copenhagen, 
Denmark). 

Oxygen saturation was calculated using the PO z value obtained in 
the ABL 2 at 37 ~ according to [38], taking into account the P 50 value 
for the pigs blood. The calculated oxygen saturation (suffix "-calc" in 
Table 1) had to be used as the saturation measurement in the hemox- 
imeter available (Radiometer OSM2, one wavelength only) is influenced 
by the cardiogreen. 

Venfilatory volumes were obtained using the readings form the Servo 
ventilator as we in previous experiments had demonstrated a good cor- 
relation to the values measured when using a spirometer. Carbon diox- 
ide production was recorded by a metabolic monitor (Datex Deltatrac, 
Datex Instrumentation Corp., Helsinki, Finland). 

Thermo-dye-dilution 

The indicator bolus, i.e. indocyanine green (dye) mixed in ice-cold glu- 
cose 5~ (thermal indicator), was injected manually within 1 sec into the 
vena cava superior or right atrium [21-26]. The dilution curves for dye 
and temperature were recorded simultaneously in the descending aorta 
with the thermistor-tipped fiberoptic catheter. The dye and the thermal 
curve recorded in the femoral artery were used for the calculation of 
CO, intrathoracic blood volume (ITBV) and extravascular lung water 
(EVLW, measured as extrathermal volume ETV). The dye stays in- 
travascularly during one passage through the cardiopulmonary system, 
whereas cold both diffuses and is convected into the extravascular space 
depending on time, vascular surface, heat conductivity and capacity. 
Thus an intravascular volume IVVMT T and a thermal distribution 
volume TVMT T can be calculated: 

IVVMTT = QD" MTTD (1) 

where Q9 is the dye dilution flow and MTT D is the mean transit time 
of the dye indicator, and 

TVMTT = QT" MTTT (2) 
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Table 1. Results obtained in 15 piglets under general anesthesia ventilated with 100~ oxygen under  steady state conditions as specified in the text 

Parameter  Mode of  ventilation 

[1] [2] [3] [41 [5] [6] 
IPPV-8 L-IPPV-8 L-IPPV-15 L-IRV L-HFFPV L-CHFV 

1. Ventilation 
M P A W  11 17 22 26 19 18 
[cmHzO] 0.16 0.5 0.43 1,5 1.01 0.91 

* ' 1  * ' 1  * ' 1  * ' 1  * ' 1  
**2 **2 

**3 **3 **3 
**4 **4 

PIP  22 43 43 39 35 33 
[cmHzO] 0.46 1.9 1.7 2.61 2.68 2.64 

**1 
**2 
**3 

* ' 1  **1 * ' 1  

PEEP 8 8 
[cmH20] 0. t 5 

MV 6507 12 667 
[ml] 197 779 

* ' 1  
**2 

* ' 1  **1 
**2 

TV 13.5 26.5 
[ml/kg] 0.3 1.7 

* ' 1  

Compliance 39.4 24,3 
[ml /cmH20]  1.2 1.4 

* ' 1  

4O 
6 

* ' i  

2. Gas exchange 
PaO 2 70 
[kpa] 2 

PaCO 2 5.0 4.03 
[kpa] 0.47 0,21 

* ' 1  

97.8 
0.9 

116 
4.9 

7 
0.6 

* ' 1  

SaO2cal c 99.9 
[~ 0.01 

3. Hemodynamics  
M A P  106 
[mmHg] 4.7 

CVP 5 
[mmHg] 0.4 

P C W P  10 13 
[mmHg] 0.8 0.9 

"1 

P A P  21 33 
[mmHg] 0.8 1.5 

* ' 1  

SVO2cal c 84.8 73.9 
[~ 1.6 2 

**1 

* ' 1  
**2 

* ' 1  

* ' 1  
**2 
**3 
**4 

* ' 1  
*2 

37 37 35 37 
2.t  2.2 2 2 

* '1  **1 * ' 1  * ' 1  
*2 *2 *2 

57 58 52 52 
6 4 5 6 

* ' 1  **1 **1 * ' 1  
**2 **2 **2 **2 

4.51 3.91 4.0 4.35 
0.28 0.21 0.18 0.22 

"1 * ' 1  **1 **1 
*2 **3 *3 *4 

99.1 99.6 99.1 98.6 
0.6 0.2 0.5 1.1 

* ' 1  
**2 

114 113 120 124 
5 3.7 5.2 5.2 

*1 * ' 1  
9 10 9 9 
0.6 0.8 0.7 0.6 

**1 **t  * ' 1  
**2 *2 *2 

*3 *3 
14 16 14 14 
1 1.5 1.1 1.3 

* ' 1  * ' i  * ' 1  
**2 

81.2 76.5 76.6 76.8 
2.6 2.4 2.2 2.9 

"1 "1 "1 

16 16 17 17 
0.35 0.69 0.99 0.69 

* ' 1  * ' 1  * ' 1  
**2 **2 **2 

9473 9780 15527 14727 
568 552 998 1037 

* ' 1  * ' 1  * ' 1  
**2 **2 

**3 **3 
**4 **4 

19 20.2 10.7 14 
i 1.2 0.8 0.8 

* ' 1  * ' 1  * ' 1  
**2 **2 

**3 **3 
**4 **4 

21.2 22.9 20.2 20.8 
1.2 1.6 2.5 1.7 

* ' 1  * ' 1  **1 
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Table 1 (continued) 

Parameter  Mode of  ventilation 

[11 [21 [3] [41 [51 [61 
IPPV-8 L-IPPV-8 L-IPPV- 15 L-IRV L-HFFPV L-CHFV 

Qs/Qtcalc 10 20 15 13 16.5 
[%] 1.2 2 3 1.8 1.4 

* ' 1  *1 *1 " I  
**2 **2 **2 

SVI 50 44 40 37 43 
[ml/beat .  m 2] 2.4 2.1 2.2 2.7 2.7 

*1 **1 * ' 1  * ' 1  
**2 *3 

CI 6.6 6.2 5.8 5.5 6.1 
[1 /min .m 2] 0.3 0.2 0.3 0.3 0.3 

"1 **1 
*2 *4 

SVRI 1249 1437 1485 1564 1506 
[dyn" s" c m -  5. m-Z]  72 89 66 90 102 

*1 **1 **1 

"1 
**2 

**I  

' 1  

**1 

4. Intrathoracic volumes 
ITBV 22 20 18 18 19 
[ml/kg] 0.8 1.1 0.8 0.9 0.8 

*1 **1 **1 **1 **1 
EVLW (ETV) 9 21 23 21 21 
[ml/kg] 0.7 2.6 2.6 1.9 2.7 

* ' 1  * ' 1  **I **1 * ' 1  

15.9 
2.9 

40 
2.9 

5.8 
0.3 

1620 
85 

18 
1 

21 
2.5 

5. Metabolism 
DO2Icalc 2 800 721 723 669 750 732 
[ml /min .  m 1 29.6 25 30.4 39 37 35 
VO2Icalc 2 194 205 179 197 212 201 
[ml /min .  m ] 6.7 15.5 12.3 13 14 10 
VCO 2 217 241 218 228 217 226 
[ml/min] 6 10 9 7 7 8 

* ' 1  **2 **2 *2 

Mean and SEM n = 15. Mult i -comparison significance level for one factor in the analysis o f  variance (ANOVA) the difference to ventilatory mode 
1, 2, 3, 4 or 5 being: * = significant at 9507o, ** = significant at 99070 

where QT is the thermodilut ion flow and M T T  T is the mean  transit 
t ime of  the thermal  indicator. IVVMT T corresponds to the intrathoracic 
blood volume ITBV, TVMT T corresponds to the sum of  the in- 
travascular blood volume IVVMT T and the extravascular heat  accessible 
volume. Thus  the extravascular thermal  volume ETVMTT, defined as 

ETVMT T = TVMT T -- IVVMT T (3) 

can be calculated. With  the calculation of  ETV the measurement  of  ex- 
travascular lung water (EVLW) as physical property for quantification 
of  lung damage is possible. The temperature of  the injectate was cor- 
rected for catheter dead space, taking into consideration the different 
portions of the catheter that  lay intravascularly and outside the animals 
body. 

Airway pressures 

The airway pressures were obtained from the Servo 900 C ventilator dig- 
ital display. In earlier experiments [1, 2] in order to measure distal 
tracheal pressure variations, a tip transducer (Camino mod  420, 
Camino  Laboratories, San Diego, CA, USA) was introduced through 
the insuffiat ion channel  of  the double lumen endotracheal tube (mea- 
surement  level approximately 2 cm above carina). The peak pressures 
obtained from the tip transducer were compared with the peak pressures 
obtained from the Servo 900C ventilator. The values from the tip 
transducer measurements  were only slightly lower, but  with much  more 
variation, than  the readings from the Servo ventilator. This can proba- 
bly be explained by secretion and  interference from the tracheal wall. 
Due  to the homogenei ty  of  the peak pressure readings from the ventila- 
tor these were used. The mean  airway pressures obtained from the tip 

transducer signals, were identical with the pressure readings from the 
Servo ventilator. 

The static chest-lung compliance was calculated according to the 
formula: Tidal volume/(endinspiratory pressure - endexpiratory pres- 
sure). When  the end inspiratory and end expiratory pressures were mea- 
sured the hold functions of the Servo 900C ventilator were used (i.e. no 
flow, pressure equilibrium in the lungs, airways and ventilator circuit 
was established). 

FRC 

For the measurement  of  FRC the method  described by Larsson et al. 
was used [28-30] .  The measurement  system (Siemens Elema, Solna, 
Sweden), connected to and synchronized with the signals from the Servo 
900C ventilator, includes a SF 6 dispensing unit, a heated Fleisch 
pneumotachograph  with a differential pressure transducer, and infrared 
SF 6 analyzer with the transducer placed over a cuvette in the airway, 
and  a computer. During wash in the microprocessor-controlled dispens- 
ing device delivered SF 6 into the airway in proportion to instantaneous 
inspiratory flow so that  the inspiratory concentration was held constant  
at 0.5% regardless of  inspiratory flow pattern. SF 6 was washed in for 
3 - 8 rain until the expiratory concentration curve had  the shape of  an 
horizontal plateau, the height of  which was stable from breath to 
breath. Washout  was started by stopping tracer gas infusion between 
two inspirations and was considered complete when the mean  expired 
SF 6 concentration of  the last five breath was <0.001070. During wash- 
out, instantaneous expiratory SF 6 flow was calculated by the computer  
f rom the expiratory flow and the SF 6 signals. Inspired and expired tidal 
volumes as well as tidal and total volumes were obtained by integration. 



343 

FRC was calculated as the total volume of  SF 6 washed out divided by 
the alveolar concentration at the end of  wash in. 

The FRC measurement was only studied in 4 modes of ventilation 
( -  the superimposed inspiratory pulses in L-CHFV bypassing the 
SF6-containing gas delivered "conventionally" by the Servo 900C - )  
and in 7 animals. We therefore did not perform statistical analysis on 
these data and in the resuks section they are only given as mean of  7 
observations in 7 experiments. 

Lavage 

The lavage was performed in the way already described [1, 27]. Surfac- 
tant was removed by a series of  10-12  instillations of  37 ~ normal sa- 
line, each of  1 - 1.51 volume. In order to improve surfactant depletion 
and reduce the periods of  hypoxemia during the lavage procedure we 
modified the ventilation modality compared to the previous study. Thus 
we used IPPV with 5 cm HzO PEEP in the intervals between the single 
lavage procedures and increased the tidal volumes as soon as the arterial 
oxygen tension did not  come up following a lavage instillation. 

[1]. The lungs were considered "open" when arterial oxygen tension ap- 
proached baseline measurements. From this "opening point" the ven- 
tilation was adjusted down to a PaCO 2 of  _> 4 kPa. 

Calculations and statistics 

Calculations were made according to standard formulae, some of  which 
have been described in detail in our previous articles [1, 2]. Values are 
given as mean and standard error of  the mean (SEM). One-way analysis 
of  variance (ANOVA) for repeated measures was used for all pair-wise 
comparisons within each variable. Statistical significance was consid- 
ered to be achieved only if Fisher's and Scheff6's criteria both were sig- 
nificant at the 95% levelp_0.05 or at the 99% levelp _< 0.01. Regres- 
sion analysis was applied where appropriate, and a p < 0.05 was consid- 
ered statistically significant. For the statistical analysis we used the 
STAT VIEW T M  software. 

Results 

Ventilatory modes 

Baseline measurements and the study of  the various ventilatory modes 
were performed with the animals in the prone position and with 
FiO 2 1.0. As previously described [1, 2] each mode was used for at least 
30 rain, achieving a steady state defined as stable end-tidal carbon diox- 
ide and hemodynamic values for at least 5 n-fin. Following each experi- 
mental ventilatory mode the lungs were permitted to collapse under 
IPPV without PEEP ("control mode") in order to confirm the tendency 
to alveolar collapse and provide a similar starting point for each experi- 
mental mode. The following ventilatory modes were examined: 

IPPV (before lavage): Volume-controlled intermittent positive-pressure 
ventilation with a frequency of  20 breaths per min (bpm), inspiratory 
time 25%, inspiratory pause 10% and expiratory time 65% which re- 
sults in an inspiration: expiration (I : E) ratio of 1 : 2. An external PEEP 
set at 8 cm H20 was used to avoid atelectases as consequences of  anes- 
thesia and/or  artificial ventilation. 

IPPV-controk A control mode ventilation with ventilator settings as 
IPPV mentioned above, but without PEEP ("collapse mode"). In the la- 
vage lung model the absence of  PEEP permitted alveolar collapse. Even 
with a FiO 2 1.0, the PaO 2 and the arterial saturation dropped dramati- 
cally. This mode was used before and after each experimental ven- 
tilatory mode, but in order to minimize the risk of  inadvertent hypoxic 
damage the control periods were kept as brief as possible. 

After lavage, 5 ventilatory modes were applied in random sequence 
to each animal following the above control mode. The prefix (L) indi- 
cates that lavage has been performed. 

L-IPPV-8." Identical to IPPV described above, but after lavage 

L-IPPV-15: As above but with 15 cm H20 PEEP 

L-IRV: Pressure-controlled inverse ratio ventilation with 20 bpm, in- 
spiratory time 67%, expiratory time 33% ( I :E  2:1), external PEEP 
valve at 8 cm HzO , no inspiratory pause 

The results are condensed in Tables 1 -  3 and Fig. 1 -  3. 

1. Ventilation 

Following lavage airway pressures and extravascular lung 
water increased and compliance and oxygenation param- 
eters fell. 

The highest peak inspiratory pressures (PIP) of 
43 cm H20 were found in the volume-controlled low fre- 
quency modes DIPPV-8 and L-IPPV-15, while in the 
pressure-controlled high frequency modes PIP was lower 
(lowest in L-CHFV with 33 cm H20 ). 

Mean airway pressure (MPAW) was highest in the in- 
verse ratio mode L-IRV (26 cm H20 ) while in the high 
frequency modes L-HFPPV (19 cm H20 ) and L-CHFV 
(18 cm H2 O) MPAW was lower than in L-IRV. A MPAW 
of 17 cm H20 in ~IPPV-8 was insufficient to maintain 
patency of the airways (cf., oxygenation parameters). 

In the pressure-controlled modes an "intrinsic" PEEP 
of 8 cm H20 (L-IRV) and 9 cm H20 (L-HFPPV and L- 
CHFV) was generated by the relative short expiration 
periods. 

Following lavage the minute ventilation and tidal vol- 
umes (TV) required for a PaCO2 of 4 kPa differed mark- 
edly between the different modes of ventilation. Com- 
pared to baseline the volume requirement after lavage us- 
ing conventional IPPV with 8 cm HzO PEEP doubled 
(MV 12.71/min, TV 26.5 ml/kg). The high frequency 
modes tripled minute volume (MV15.51/min and 
14.71/min, TV 10.7 and 14 ml/kg with and without in- 
spiratory pulses, respectively). The inverse ratio ventila- 
tion required the lowest minute volume (9.81/min, 
TV20.2ml/kg) which produced the lowest PaCO2 

L-HFPPV." Pressure-controlled high-frequency positive-pressure ventila- 
tion, 60 bpm, inspiratory time 50%, expiratory time 50% ( I :E  ratio 
1 : 1), external PEEP at 8 cm HzO, no inspiratory pause 

Table 2. Correlation factors R for the relationship between cardiac fill- 
ing pressures and volume indicators for 15 piglets each ventilated with 
five different ventilatory modes (* =p-<0.05;  ** =p_<0.01) 

L-CHFV: A L-HFPPV (above) but with superimposed inspiratory puls- 
es of  10 Hz during the inspiratory cycle. The pulses had themselves a du- 
ty cycle of  20%. This resulted in a 75% "conventional" volume and a CVP 
25% "pulsed" volume. PCWP 

As described above the introduction of  each experimental mode was CI 
made at a peak inspiratory pressure (PIP) of  55 cm HzO. This opened SVI 
collapsed alveolar units rapidly and thus minimized the hypoxic epi- ITBV 
sodes during the experimental procedure, compared to our earlier prac- DOzI 
rice of  upward titration of pressure or volume until opening occurred 

CI SVI ITBV DO2I 

-0 .136  -0 .238**  -0 .263*  -0 .186  
-0 .284**  - 0 . 4 1 4 ' *  -0 .289**  -0 .43**  

0.763 ** 0.508 ** 0.803 ** 
0.763 ** 0.675 ** 0.556"* 
0.508 ** 0.675 ** 0.449"* 
0.803 ** 0.556** 0.449** 
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Table 3. Key parameters for functional conditions of the lung after surfactant depletion in the present study compared to previous study [1] 
(Mean _+ SEM) 

Parameter Mode of ventilation 

IPPV L-IPPV-8 L-IRV L-HFFPV 

MPAW [cmH20 ] present study 11 _+ 0.16 17 _+ 0.50 26 _+ 1.50 19 _+ 1.01 
study ref  [1] 10.5 +_ 0.1 15.8 _ 0.5 26.2 + 1.2 17.9-+ 0.8 

PIP [cmH20] present study 22 _+ 0.46 43 + 1.90 39 -+ 2.61 35 _ 2.68 
study ref [1] 19.6+0.4 39.8 + t .6 39.2+ 1.9 34.3 + 1.8 

Compliance [ml/cmHzO ] present study 39.4 + 1,2 24.3 -2_ 1,4 22.9 +_ 1.6 20.2 _+ 2.5 
study ref [t] 42 +_ 3 22 _+ 2 23 -2-_ 1 18 +_ 1 

PaO 2 [kpa] present study 70 _+ 2 40 _+ 6 58 _+ 4 52 _+ 5 
study ref [1] 73.7 + 1.4 35.6 + 4.8 67.6 + 4.2 50.9 + 5. I 

EVLW [ml/kg] present study 9-+ 0.7 21 _+ 2.6 21 + 1.9 21 -+ 2.7 
study ref [1] 7.5-+ 1.06 t8,0_+2.69 22.1 + 1.91 18.7-+2.32 

(3.9 kPa) of all modes after lavage. The relative hyperven- 
tilation was a result of our efforts to avoid alveolar col- 
lapse which occured at lower volumes [1, 7] as discussed 
in the materials and methods section. 

Compared to the pre-lavage baseline level of 70 kPa, 
arterial oxygen tension was significantly lower in all ven- 
tilatory modes, lowest in bIPPV 8 with 8 cmH20 
PEEP. 

2. Hemodynarnics 

The central hemodynamics were significantly depressed 
during all experimental modes as reflected by the stroke 

volume index (SVI). The most striking depression of SVI 
and cardiac index (CI) was seen during inverse ratio ven- 
tilation (IRV) (CI from 6.61/min.m 2 pre-lavage to 5.5 1/ 
min. m 2 in bIRV, SVI from 50 ml" beat/m 2 pre-lavage to 
37 ml/beat/m 2 in L-IRV). Significant increases in sys- 
temic vascular resistance indices were generally seen dur- 
ing the experimental modes. The pulmonary shunting 
Qs/Qt was increased from baseline (12%o), most 
pronounced during L-IPPV-8 (to 24%). Elevations of 
CVP and PCWP were significant compared to baseline- 
maximal values in L-IRV (CVP !0mmHg and 
PCWP 16 mmHg). 
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Fig. 1. Schematics of the ventilatory pattern used, L denotes ventilation 
after lavage, i.e. under conditions of severe respiratory distress. 

L - I P P V  - 15  
PAW(cmH20) 

50 

40 

30 

20 

10 

0 
3 sec 0 1 2 3 sec 

L - C H F V  
PAW(cmH20) 

50 

4O 

~piratory 
30 Ises 

20 

[0 

0 
2 3 sec 0 t 2 3 sec 

(PIP = Peak inspiratory pressure; MPAW= Mean airway pressure; 
extPEEP = PEEP adjusted at the external valve of the respirator) 
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Fig. 2. PaO2, CI and DO2I in 15 piglets before (IPPV-8, white column, 
left) and after lavage ventilated with 5 different modes of ventilation. 
Difference to IPPV-8: *: p_<0.05; **: p<0.01 .  Difference to L-IPPV-8: 
~ p_<0.05; oo: p_<0.01 

Using regression analysis (Table 2) no correlation be- 
tween the cardiac filling pressures (CVP and PCWP) and 
parameters usually taken as volume status indicators 
(stroke index and cardiac index) could be found, whilst 
the correlation factor R for the relationship between in- 
trathoracic blood volume (ITBV) and stroke volume in- 
dex (SVI) was 0.675 (p_0.01). 

3. Intrathoracic fluid volumes 

The extravascular lung water (EVLW) was at a mean of 
9 ml/kg before lavage. It elevated to at least 21 ml/kg fol- 
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Fig. 3, Mean airway pressure (MPAW) and functional residual capacity 
(FRC) in 7 pigs ventilated with 4 different modes of ventilation 

lowing lavage and remained high independent of the ven- 
tilatory mode used. Intrathoracic blood volume, indicat- 
ing normovolemia pre-lavage (22 ml/kg), after lavage fell 
slightly but significantly. This reduction of ITBV was in- 
dependent of ventilatory mode. 

4. Oxygen transport 

The calculated oxygen transport was 800 ml/min, m 2 be- 
fore lavage and did not display any significant differ- 
ences. 

5. FRC 

In the 7 animals in which FRC measurement was avail- 
able, FRC (measuring 937 ml pre-lavage) increased with 
MPAW exceeding even pre-lavage level in L-IPPV-15 
(1023 ml) and L-IRV (1018 ml) (see Fig. 3). 

Discussion 

Reproducibility of  the lavage model 

In a previous study [1] we could demonstrate that the la- 
vage model is reasonably stable with time. Using this 
same model under different conditions we now found 
that the model moreover is reasonably reproducible by 
function. This can be seen when comparing the key pa- 
rameters for functional conditions of the lung after sur- 
factant depletion [1]. The values for airway pressures, 
compliance, arterial oxygen tension and extravascular 
lung water reflecting the lung after lavage (see Table 3) are 
very similar in the present study to the values obtained in 
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the previous study despite a different type of anesthesia 
was used (ketamine instead of clomethiazole), and 
volemia and alveolar ventilation differed. 

Airway pressures 

Comparing different modes of ventilation, ideally this 
should be done at the same alveolar ventilation, mean 
airway pressure and sufficient steady state conditions. At 
the time when the present study was designed it was not 
known to us the relative ability of IPPV, IRV, HFPPV 
and CHFV to open the lungs. For that reason, apart from 
L-IPPV-8, we aimed at the level of 15 cm H20 of PEEP. 
The additional increase in MPAW necessary to open the 
collapsed lung was then achieved by increasing alveolar 
ventilation. This resulted in different MPAW and slightly 
differing PaCO2 for the ventilatory modes under study. 

Peak inspiratory pressure (PIP) was low in the high 
frequency pressure-controlled models. This confirmed 
the known benefit of pressure-controlled ventilatory set- 
tings in respect to PIP [7]. However, to obtain a PaCO 2 
of 4 kPa higher minute volumes were necessary in the 
high frequency modes L-HFPPV and L-CHFV compared 
to bIRV [1]. The peak inspiratory pressures produced by 
a ventilatory mode could be of clinical interest. Clinical 
[31-33] and experimental studies [34, 35] indicate, that 
high peak inspiratory pressures damage lung structure 
and by itself result in ARDS-like histological alterations 
when applied to healthy lungs over a period of time. In 
addition, as indicated by the results in Fig. 3, in all modes 
of ventilation but L-IPPV-8 the FRC was established to 
the level of pre-lavage conditions. Thus ventilatory modes 
with low peak inspiratory pressures and the ability to re- 
establish FRC could avoid further aggravating the patho- 
logic mechanisms induced by acute lung injury [33, 35]. 

PaO 2 was significantly lower in L-IPPV-8, whilst the 
ventilatory modes in which PEEP was at least 
15 cm H20 or higher did not differ in the resulting PaO z 
(irrespective of "external" or "intrinsic" PEEP). Once 
opening was achieved and expiratory reclosure prevented 
by higher airway pressures - which was the case in all 
ventilatory modes with a PEEP exceeding 8 cm H20 - 
PaO 2 could not be further augmented by increasing 
MPAW. Thus beyond this "opening threshold" MPAW 
did not further improve PaO 2. 

In the ventilatory modes with a PEEP > 8 cm H20, 
PaO 2 did not differ significantly. Thus we conclude that 
as far as oxygenation in this model is concerned it does 
not matter in which specific way the airway pressures are 
produced. In other words: Whether PEEP was applied by 
the external valve or intrinsically created by the I : E ratio 
and by the ventilatory frequency did not significantly in- 
fluence PaO 2. 

Volume status and hemodynamics 

The cardiac filling pressures CVP and PCWP, which are 
useful indicators of circulating blood volume in sponta- 
neously breathing individuals, may mislead volume status 
interpretation in mechanically ventilated individuals [36]: 
The increase of intrathoracic pressure caused by mechani- 
cal ventilation with positive airway pressure compresses 

the low pressure capacitance system. Right ventricular 
filling thus is decreased because of reduced venous re- 
turn, though an improvement of cardiac filling by the ele- 
vated CVP thus induced would seem to imply the oppo- 
site. Keeping this in mind clinicians often try to get an im- 
pression of circulatory filling with CVP and/or PCWP 
measurements by removing PEEP. It is of real interest to 
verify the changes of the cardiac preload related to the 
changes of positive airway pressure. In fact only the in- 
trathoracic part of the total blood volume contributes to 
gas exchange. Hence the intrathoracic blood volume is a 
major determinant of oxygen transport. This relationship 
we could also confirm: The cardiac index CI and the 
stroke index SVI correlated to the intrathoracic blood vol- 
ume ITBV, R being 0.508 for ITBV/CI and 0.675 for 
ITBV/SVI. CI and SVI did not correlate to the cardiac 
filling pressures CVP and PCWP. 

Clomethiazole anesthesia was used in our previous 
study [11. Together with a more restrictive fluid replace- 
ment this produced hypovolemic and vasodilated animals 
(intrathoracic blood volume 15 ml/kg). In the present 
study we used ketamine anesthesia and replaced fluid vig- 
orously. This resulted in normovolemic animals (ITBV 
21.7 ml/kg). Thus the airway pressures influenced ITBV 
(and hence DO2I) less profoundly (R = 0.347 for the cor- 
relation between ITBV and DO21 compared to R --= 0.734 
in the hypovolemic animals). Viewed in this light (see 
Fig. 2) the impressive elevation of PaO 2 that could be ob- 
tained by high PEEP in a conventional volume-controlled 
ventilatory pattern, or by reversing the I :E  ratio, proba- 
bly were of little use to the animal's tissues, whereas a 
more moderate increase in PaO 2 combined with less 
depression of the central hemodynamics (as with the high 
frequency modes) may have been more beneficial in terms 
of oxygen delivery to the tissues [37]. 

If extrapolated to the clinical setting and in line with 
the clinical findings by Fusciardi et al. [39, 40] it may 
then be assumed that application of optimal modes of 
ventilation might be of greater importance in patients 
with compromized cardiocirculatory status which can not 
be always corrected in an easy way. Once normovolemia 
is achieved, the increased airway pressures depress central 
hemodynamics and hence oxygen transport less pro- 
foundly. In this favourable situation the ventilatory 
modes may then be chosen and adapted to reestablish 
FRC and by minimizing peak inspiratory pressures re- 
duce the risk of barotrauma. 

Conclusion 

Optimizing the circulatory status, i.e. aiming at increasing 
DOzI , must take into account the circulatory influence 
of different modes of positive pressure ventilation. 

Acknowledgements. This study was supported by the Swedish Medical 
Research Council (project 4252), Stockholm, Sweden. The authors wish 
to thank Anders Nordgren for most helpful technical assistance. 

References 

1. Nielsen JB, Sj6strand UH, Edgren EL, Lichtwarck-Aschoff M, 
Svensson BA (1991) An experimental study of different ventilatory 



347 

modes in piglets in severe respiratory distress induced by surfactant 
depletion. Intensive Care Med I7:225-233 

2. Nielsen JB, Sj6strand UH, Henneberg SW (1991) An experimental 
randomized study of six different ventilatory modes in a piglet 
model with normal lungs. Intensive Care Med 17:169-174 

3. SjOstrand UH (1977) A review of the physiological rationale for and 
developement of high-frequency positive-pressure ventilation- 
HFPPV. Acta Anaesth Scand [Suppl] 64:7-27 

4. SjOstrand UH (1989) In what respect does high frequency positive 
pressure ventilation differ from conventional ventilation? Acta 
Anaesth Scand 33 [Suppl] 90:5-12 

5. Sj6strand UH (1989) High frequency positive pressure ventilation. 
Problems Respir Care 2:1 

6. Reynolds EOR (1971) Effect of alterations in mechanical ventilator 
setting on pulmonary gas exchange in hyaline membrane disease. 
Arch Dis Child 46:152-159 

7. Lachmann B, Danzmann E, Haendly B, Jonson B (1982): Ven- 
tilatory settings and gas exchange in respiratory distress syndrome. 
In: Prakash O (ed) Applied physiology in clinical respiratory care. 
Nijhoff, The Hague Boston London, p 141 

8. Baum M, Benzer H, Mutz M, Pauser G, Tonczar L (1980) Inverse 
ratio ventilation (IRV): Die Rolle des Atemzeitverh~tltnisses in der 
Beatmung beim ARDS. Anaesthesist 29:592-596 

9. E1-Baz N, Faber LP, Doolas A (1983) Combined high-frequency 
ventilation for management of terminal respiratory failure: a new 
technique. Anaesth Analg 62:39-49 

10. Borg UR, Belzberg H, Blevins S (1989) Combined high frequency 
ventilation (CHFV). Acta Anaesth Stand 33 [Suppl] 90:155-157 

11. Froese AB, Bryan AC (1987) High frequency ventilation. Am Rev 
Respir Dis 135:1363-1374 

12. Carlon GC, Kahn RC, Howland WS, Ray C Jr, Turnbull AD (1981) 
Clinical experience with high frequency jet ventilation. Crit Care 
Med 9:1-6  

13. Lachmann B, Schalrer W, Hafner M, Armbruster S, Jonson B 
(1989) Volume-controlled ventilation with superimposed high fre- 
quency ventilation during expiration in healthy and surfactant-de- 
pleted pig lungs. Acta Anaesth Scand 33 [Suppl] 90:117-119 

14. Boynton BR, Mannino FL, Davis RF, Kopotic RJ, Friedrichsen G 
(1984) Combined high frequency oscillatory ventilation and inter- 
mittent mandatory ventilation in critically ill neonates. J Pediatr 
105:297- 302 

15. Surer PM, Laverri~re MC, Pittet JF (1987) Combined high-frequen- 
cy and conventional mechanical ventilation. In: Bergmann H, 
Steinbereithner K (eds) Beitr~tge zur An~sthesiologie und Inten- 
sivmedizin, vol. 21. Springer, Berlin Heidelberg New York, 
pp 254-258 

16. Zeravik J, Eckart J, Zimmermann G, Bltimel G, Pfeiffer UJ, 
Wellh6fer H (1989) Indications for combined high frequency venti- 
lation in clinical use. Acta Anaesth Scand 33 [Snppl] 90:149-152 

17. Mathay MA (1989) New modes of mechanical ventilation for 
ARDS. How should they be evaluated? Chest 95:1175 

18. Hedenstierna G, Strandberg A, Brismar B, Lundquist H, Svensson 
L, Tokics L (1985) Functional residual capacity, thoracoabdominal 
dimensions and central blood volume during general anesthesia 
with muscle paralysis and mechanical ventilation. Anesthesiology 
62:247-254 

19. Gattinoni L, Pesenti A, Torresin A, Baglioni S, Rivolta M, Vesconi 
S, Fumagalli R, Rossli GP, Mascheroni D (1986) Morphological 
and functional response to PEEP in acute respiratory failure. In: 
Vincent JL (ed) Update in intensive care and emergency medicine. 
Springer, Berlin Heidelberg New York Tokyo, pp 108-111 

20. Gattinoni L, Mascheroni D, Torresin A, Marcolin R, Fumagalli R, 
Vesconi S, Rossi GP, Rossi F, Baglioni S, Bassi F, Nastri G, Pesenti 
A (1986) Morphological response to positive endexpiratory pressure 
in acute respiratory failure. Computerized tomography study. Inten- 
sive Care Med 12:137-142 

21. Pfeiffer U J, Birk M, Aschenbrenner G, Bltimel G (1982) The system 
for quantification of thermal-dye extravascular lung water. In: 
Prakash O (ed) Computers in critical care and pulmonary medicine, 
vol 2. Plenum, London, pp 123-125 

22. Pfeiffer UJ, Zimmermann G (1984) FehlermOglichkeiten und 
Grenzen der Lungenwasserbestimmung mit der Thermo- 
Dye-Technik. Beitr Anaesthesiol Intensivmed 6:81 - 104 

23. Pfeiffer U, Birk M, Aschenbrenner G, Petrowicz O, Bliimel G 
(1980) Validity of the thermal-dye-technique for measurements of 
extravascular lung water. Eur Surg Res 12 [Suppl]:106-107 

24. Lewis FR, Elings VB (1978) Microprocessor determination of lung 
water using thermal-green dye double indicator dilution. Surg 
Forum 29:182-184 

25. Newmann EV, Merell MM, Genecin A, Monge C, Milnor WR, 
McKeever WP (1951) The dye dilution method for describing the 
central circulation. An analysis of factors shaping the time-concen- 
tration curves. Circulation 6:735-746 

26. Wickerts C J, Jacobsson J, Frostell C, Hedenstierna G (1990) Mea- 
surement of extravascular lung water by thermal-dye dilution tech- 
nique: mechanisms of cardiac output dependence. Intensive Care 
Med 16:115-120 

27. Lachmann B, Robertson B, Vogel J (1980) In vivo lung lavage as an 
experimental model of the respiratory distress syndrome Acta 
Anaesth Scand 24:231-236 

28. Jonmarker C, Castor R, Drefeldt B, Werner O (1985) An analyzer 
for in-line measurement of expiratory sulfur hexafluoride concen- 
tration. Anesthesiology 63:84-88 

29. Larsson A, Linnarsson D, Jonmarker C, Jonson B, Larsson H, 
Werner O (1987) Measurement of lung volume by sulfur hex- 
afiuoride washout during spontaneous and controlled ventilation. 
Further development of a method. Anesthesiology 67:543-550 

30. Larsson A, Jonmarker C, Werner O (1988) Ventilation inhomoge- 
neity during controlled ventilation. Which index should be used? J 
Appl Physiol 65:2030-2039 

31. Gattinoni L, Pesenti A, Mascheroni D, Marcolin R, Fnmagali R, 
Rossi F, Iapichino G, Romagnoli B, Uziel L, Agostoni A, Kolobow 
T, Damia G (1986) Low frequency positive pressure ventilation with 
extracorporeal CO 2 removal in severe acute respiratory failure. 
JAMA 256:881 - 886 

32. Snyder JV, Froese AB (1987) The open lung approach: concept and 
application. In: Oxygen transport in the critically ill patient. Year 
Book Medical Publishers, Chicago London, pp 374-395 

33. Hickling KG, Henderson S, Jackson R (1990) Low mortality associ- 
ated with low volume pressure limited ventilation with permissive 
hypercapnia in severe adult respiratory distress syndrome. Intensive 
Care Med 16:372-377 

34. Coalson J J, deLemos RA (1989) Pathologic features of various ven- 
tilatory strategies. Acta Anaesth Stand 33 [Suppl] 90:108-116 

35. Hickling KG (1990) Ventilatory management of ARDS: can it af- 
fect outcome? Intensive Care Med 16:219-226 

36. Pfeiffer U J, Perker M, Zeravik J, Zimmermann G (1990) Sensitivity 
of central venous pressure, pulmonary capillary wedge pressure, 
and intrathoracic blood volume as indicators for acute and chronic 
bypovolemia. In: Lewis FR, Pfeiffer UJ (eds) Practical applications 
of fiberoptics in critical care monitoring. Springer, Berlin 
Heidelberg New York, pp 25-31 

37. Shoemaker WC, Kram HB, Appel PL (1990) Therapy of shock bas- 
ed on pathophysiology, monitoring and outcome prediction. Crit 
Care Med 18:S 19-$25 

38. Siggard-Andersen O (1980) Determination and presentation of 
acid-base data. Contr Nephrol 21/20:128-136 

39. Fusciardi J, Rouby J J, Benhamou D, Viars P (1984) Hemodynamic 
consequences of increasing mean airway pressures during high fie- 
quency jet ventilation. Chest 86:30- 34 

40. Fusciardi J, Rouby JJ, Barakat T, Mal H, Godet G, Viars P (1986) 
Hemodynamic effects of high-frequency jet ventilation in patients 
with and without circulatory shock. Anesthesiology 65:485-491 

U.H. Sj6strand, MD, PhD 
Department of Anesthesiology 
and Intensive Care 
University Hospital 
S-75185 Uppsala, Sweden 


