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Abstract. Six chi ldren convent iona l ly  vent i la ted for  acute  
p u l m o n a r y  pa renchymai  fai lure deve loped  severe hypox-  
emia  (mean  PaO2 4 8 + 7  m m H g  at an  FiO2 o f  0 .95+0.08)  
pers is t ing for  more  t han  6 h despi te  a progressive increase 
in posi t ive  end expi ra tory  pressure (PEEP)  to 
14.7 + 1.5 cmH20.  C o m b i n e d  h igh-f requency je t  venti la-  
t ion  (HFJV, m e a n  rate  225 b / m i n  supe r imposed  on  smal l  
t ida l  vo lume convent iona l  vent i la t ion)  resulted in a sus- 
t a ined  increase  in PaO z to 93 +21 m m H g ,  p <  0.05 while 
peak  insp i ra to ry  pressure decreased f rom 4 7 + 8  to 
35 + 6 c m H 2 0  and  posi t ive end expi ra tory  pressure could  
be  reduced  to 5 . 8 + 4 . 5 c m H 2 0 ,  p < 0 . 0 5  and  FiO2 to 
0 .88+0.10.  This  improvemen t  occur red  wi thou t  new 
b a r o t r a u m a  no r  dele ter ious  effects on  h e m o d y n a m i c  
func t ion  or  diuresis.  Af t e r  a mean  o f  62 h o f  combined  
HFJV,  pers is tan t  improvemen t  in gas exchange al lowed 
us to  resume convent iona l  mechan ica l  vent i la t ion  at  low- 
er a i rway pressures in 4 chi ldren who con t inued  to im- 
prove and  survived.  The  2 o ther  chi ldren ma in t a ined  sat- 
i s fac to ry  gas exchange on  c o m b i n e d  HFJV,  bu t  u l t imate-  
ly died f rom mul t ip le  o rgan  failure. We conc lude  tha t  
c o m b i n e d  H F J V  might  prove he lpfu l  to relieve p r o f o u n d  
hypoxemia  and  poss ib ly  decrease the  r isk o f  b a r o t r a u m a  
in chi ldren with  ca ta s t roph ic  p u l m o n a r y  failure. 

Key words: H y p o x e m i a  - Chi ldren  - Adu l t  resp i ra tory  
distress synd rome  - C o m b i n e d  h igh-f requency venti la-  
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H y p o x e m i a  unrespons ive  to oxygen therapy,  a h a l l m a r k  
o f  adu l t  resp i ra tory  distress synd rome  (ARDS)  is usua l ly  
improved  dur ing  convent iona l  mechan ica l  vent i la t ion  by 
rais ing posi t ive end expi ra tory  pressure (PEEP)  [1] or  in- 
ver t ing the  in sp i r a t ion /exp i r a t ion  t ime ra t io  and  set t ing 
an  insp i ra to ry  " p l a t e a u "  [2]. These  measures  increase 
m e a n  a i rway pressure, p r o m o t e  a lveolar  recru i tment ,  re- 
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duce i n t r a p u l m o n a r y  shunt  and  improve  PaO 2. In  chil- 
dren with  severe A R D S ,  app l i ca t ion  o f  increasing levels 
o f  P E E P  has been  shown to improve  PaO2 eventual ly  [3] 
bu t  of ten causes adverse ca rd ioc i rcu la to ry  effects [4] 
while being assoc ia ted  with  a high incidence o f  ba ro -  
t r a u m a  [5] and  p o o r  outcome.  

Vent i la t ion over a wide range o f  higher  than  physio-  
logic frequencies has been  p r o p o s e d  as a va luable  a l te rna-  
tive to ma in t a in  gas exchanges in adul ts  [ 6 - 1 0 ] .  However, 
cl inical  da t a  [11] suppor t ing  this a p p r o a c h  in the  t reat-  
men t  o f  chi ldren present ing with  severe p u l m o n a r y  con-  
so l ida t ion  [12, 13] is lacking.  

In  this repor t ,  we descr ibe  our  experience using com-  
b ined  h igh-f requency je t  vent i la t ion  (i.e. h igh- f requency  
je t  vent i la t ion  supe r imposed  on  the to ta l  resp i ra tory  cycle 
o f  small  t ida l  vo lume convent iona l  vent i la t ion  and  low 
posi t ive end-exp i ra to ry  pressure) as a t e m p o r a r y  rescue 
m e t h o d  to reverse severe hypoxemia  tha t  pers is ted in 6 
chi ldren despi te  the use o f  high levels o f  P E E R  

Patients and methods 

Over an 18-month period (June 1987 to December 1988), 14 children 
with ARDS according to clinical and radiological criteria described by 
Pfenninger et al. [14], were treated at the pediatric intensive care unit 
of our institution. Supportive treatment consisted of nasotracheal in- 
tubation with a cuffed endotracheal tube and ventilation with a Siemens 
Servo 900C ventilator in the volume controlled mode. PEEP, fractional 
inspired oxygen concentration (FiO2) and inspiration to expiration time 
ratio (I:E) were adjusted to keep arterial oxygen saturation (SaO2) 
above 85~ with the lowest possible peak airway pressure and FiO 2. Pa- 
tients were routinely paralyzed with pancuronium bromide 0.1 mg/kg 
when peak inspiratory pressure exceeded 30 cmH20. Midazolam at 
0.1 mg/kg/h and morphine sulfate or nalbuphine at 0.1 to 0.2 mg/kg/h 
i.v. were used for sedation. 

Maintenance fluids were administered with a mild restriction at  
70 ml/kg/day. Broad antibiotic coverage was instituted early and adapt- 
ed to the results of bacterial cultures. 

Fresh frozen plasma or packed red cells were given to restore blood 
volume when required and to maintain hematocrit above 35o70. 
Hemodynamic variables were assessed through central venous and pe- 
ripheral arterial lines. Placement of a Swan-Ganz pulmonary artery 
catheter was felt to be justified for better control of cardiovascular state 
in 3 of the 14 children. 
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During the course of their disease, 8 of these 14 children maintained 
adequate gas exchange (lowest mean PaO z 74+_24mmHg at FiO 2 
0.82+0.2 and PEEP of 10+_3.2 cmH20 ) under conventional mechani- 
cal ventilation. 

The other 6 developed severe and persisting hypoxemia (mean PaO z 
48 +_7 mmHg at FiO 2 0.95, SaO z < 80%) despite a progressive increase 
in positive end expiratory pressure to 14.7+ 1,5 cmH20, an inverse in- 
spiration to expiration ratio of 2:1 and a respiratory frequency of 
35 _+ 15 breaths/min. At that time, all were clinically considered to be in 
the acute or subacute phase of their disease (range of time elapsed from 
acute respiratory failure, 24-192 h, median 38 h). 

As deterioration in arterial oxygen saturation was observed on pulse 
oximetry on short attempts to lower PEEP and as no improvement was 
obtained in PaO 2 on the latest increase in PEEP of 2 cmHaO, switching 
to combined HFJV was considered. The poor prognosis was explained 
to the parents along with the experimental nature of the proposed ven- 
tilatory mode. Their consent was obtained and combined high frequen- 
cy jet ventilation was started. 

Management of combined high-frequency ventilation 

A commercially available universal jet ventilator, Model AMS-1000 
(Acutronic Medical System, 8645, Jona-Rapperswil, Switzerland) was 
used. It consists in a high pressure gas source with a blender and a 
microprocessor-controlled pneumatic valve. Frequency and duty cycle 
can be selected stepwise, and tidal volume modified in a continuous 
manner by changing the driving pressure. The ventilator is coupled with 
a system (Model AMS-1020) providing continuous humidification and 
temperature control of the jet gas mixture. An adjustable roller pump 
dispenses 5 to 99 ml/h of distilled water into a heated chamber to pro- 
duce vapour which is mixed with the breathing gas. 

The tubing of the jet ventilator was connected to a 16 gauge venous 
catheter introduced in the endotracheal tube by a hole in a swivel con- 
nector and advanced to within 5 cm of the distal end of the endo- 
tracheal tube. 

HFJV was started at a rate of 250/min applied during the whole ven- 
tilatory cycle of conventional ventilation, with a duty cycle of 30-40%, 
corresponding to an I : E ratio of 30/70 or 40/60 of HFJV. Driving pres- 
sure was raised to about 1.0 bar in a stepwise manner over a time period 
of 5 -15  min while PEEP and conventional tidal volume were simulta- 
neously reduced to avoid excessive peak airway pressures. PEEP was de- 
creased as long as increasing the driving pressure resulted in a higher 
PaO 2. Ventilation by the Siemens 900C was decreased to the point 
where CO 2 retention started to occur. This corresponded to about 50% 
of the initial tidal volume and minute ventilation given by conventional 
mechanical ventilation (CMV). Changes in oxygenation were monitored 
continuously with a pulse oximeter while changes in pH and PaCO 2 
were controlled by frequent arterial blood gas analysis. 

Nursing care of the endotracheal tube required discontinuing com- 
bined HFJV and was attempted only when clinically indicated because 
hand ventilation of these very unstable patients usually resulted in rapid 
decrease in SaO 2 on the pulse oximeter. 

Comparisons 

The following periods of 6h of observation each were analyzed: 
For all 6 children: (1) On CMV soon after intubation, period labeled 

"initial" to doeument ventilatory requirements on admission, (2) On 
CMV with high PEEP levels, just prior to transition to combined HFJV, 
period labeled "high PEEP", (3) Soon after institution of combined 
HFJV, period Iabeled "eariy". 

For four children who survived: (4) On combined HFJV before 
switching back to CMV, period labeled "late", (5) On CMV soon after 
stopping combined HFJV, period labeled "resumed". 

Periods 2 - 5  were used to assess the respective effects of combined 
HFJV and CMV, each patient serving as its own control. 

For each period, 3 determinations, approximatively 2h apart, were 
averaged to yield a representative value for ventilation, hemodynamics 
and pulmonary gas exchange. Mean values of each period are reported 
in tables while the 3 distinct observations are detailed in figures. 
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Measurements 

Central venous and systemic arterial pressures were monitored with 
Hewlett-Packard pressure modules (model 78353B, Hewlett-Packard 
Company, Andover, MA). Blood gas analysis, corrected for tempera- 
ture, and calculation of hemoglobin saturation was performed on an 
ABL 300 (Radiometer, Copenhagen). 

Ventilatory volumes, peak, mean and positive end-expiratory pres- 
sures were measured using the on line system of the Servo 900C ventila- 
tor. 

In order to assess roughly changes in lung volumes between conven- 
tional ventilation and combined HFJV, total lung area (including the 
shadow of the heart) was measured planimetrically from antero-posteri- 
or chest X-rays taken before and after combined HFJV was started. 

The border inside the rib cage and diaphragm were outlined and 
transferred on to transparent paper and the surface measured using 
millimetric paper. The difference in area between two corresponding 
chest X-rays, was then expressed as a percentage of the total lung area 
during conventional ventilation. 

Statistical analysis 

Averaged values for each 6-h period of observations were compared 
through two-way analysis of variance and Neumann-Keuls multiple 
comparisons procedure [15]. A Friedman non-parametric test was per- 
formed when variables were not normally distributed. Differences be- 
tween groups were assessed by unpaired t-test. 

R e s u l t s  (see a l so  Tab le  2) 

D a t a  i n d i c a t e d  i n  t a b l e s  a n d  f i gu re s  a re  m e a n  + SD. 

T h e  e p i d e m i o l o g i c a l  c h a r a c t e r i s t i c s  a n d  a s s o c i a t e d  c o n d i -  
t i o n s  o f  t h e  6 c h i l d r e n  a r e  l i s t ed  in  Tab le  1. O n  a d m i s s i o n ,  
s o o n  a f t e r  i n t u b a t i o n ,  m e a n  P a O 2  fo r  t h e  6 p a t i e n t s  was  
1 0 7 _ + 3 3 m m H g  w i t h  F i O  2 o f  0.83, P E E P  o f  
7 . 9 _ + 4 . 8 c m H 2 0  a n d  m e a n  a i r w a y  p r e s s u r e  o f  

1 6 . 4 +  6.6 c m H 2 0 .  
O r g a n  f a i l u r e  sco re  was  c a l c u l a t e d  a c c o r d i n g  t o  t h e  

c r i t e r i a  o f  W i l k i n s o n  e t  al.  [16] a n d  v a r i e d  b e t w e e n  1 a n d  
4 i n  i n d i v i d u a l  p a t i e n t s .  

Effects of instituting combined HFJV 

Oxygenation (Fig.  1). F r o m  a m e a n  o f  4 8 + 7  m m H g  d u r -  
i ng  " h i g h  P E E P "  w i t h  C M V ,  P a O  2 r a p i d l y  i n c r e a s e d  t o  
93 + 2 1  m m H g ,  p < 0.05 w i t h  c o m b i n e d  H F J V  w h i l e  F iO2 
c o u l d  b e  p r o g r e s s i v e l y  r e d u c e d  to  0 . 8 8 + 0 . 1 0  a n d  P E E P  
t o  5 . 8 + 4 . 5  c m H 2 0 ,  p < 0 . 0 5 .  

C h a n g e s  in  P a O  z n o r m a l i z e d  fo r  F i O  z ( P a O z / F i O 2 )  
[17] d u r i n g  t h e  5 s t u d y  p e r i o d s  a re  i l l u s t r a t e d  in  Fig.  1. A s  

p u l m o n a r y  gas  e x c h a n g e  d e t e r i o r a t e d ,  P a O z / F i O 2  de -  
c r e a s e d  f r o m  1 2 8 + 4 0  to  51+_9, p < 0 . 0 5  d u r i n g  c o n v e n -  
t i o n a l  v e n t i l a t i o n  a n d  i n c r e a s e d  to  106 + 30, p < 0.05 w i t h  

c o m b i n e d  H F J V .  
I n  4 s u r v i v o r s ,  w h e n  C M V  was  r e s u m e d ,  P a O 2  s l igh t -  

ly  d e c r e a s e d  f r o m  86_+28 t o  7 4 + 2 5  m m H g ,  p > 0 . 0 5  as  
d i d  P a O z / F i O 2  r a t i o  ( 1 1 0 - + 3 0 v s  91_+40, p > 0 . 0 5  b u t  
b o t h  P a O  z a n d  P a O z / F i O  z r e m a i n e d  s i g n i f i c a n t l y  h i g h e r  
t h a n  b e f o r e  c o m b i n e d  H F J V  was  s t a r t e d  ( r e spec t i ve ly  
7 4 - + 2 5 v s  4 8 _ + 7 m m H g ,  p < 0 . 0 5  a n d  9 1 _ + 4 0 v s  5 1 + 9 ,  

p < 0.05).  

Ventilation and carbon dioxide elimination. H i g h  fre-  
q u e n c y  j e t  r a t e s  r a n g e d  f r o m  2 0 0 - 3 0 0 ,  m e a n  225 
b r e a t h s / m i n ,  w i t h  a d u t y  cycle o f  r e spec t i ve ly  30 a n d  40~ 
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T a b l e  1. Epidemiological data for the 6 children treated with combined HFJV for severe ARDS 
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Weight  Age ET tube Underlying condition Triggering event Combined MOF Outcome 
kg years size HFJV (h) score 

R .R .  18 6 4/12 6.0 ALL,  remission phase Varicella Pneumonia  74 3 Survived 
C .A.  20 7 3/12 5.5 BMT,  GVH pneumonia  276 3 Died 
B .Z .  8 6/12 4.5 Subarachnoid hemorrhage Aspirat ion pneumonia  45 1 Survived 
M . R .  12 21 / t 2  5.0 Heal thy T rauma  94 2 Survived 
L .L .  30 10 9/12 5.0 Healthy Trauma  34 3 Survived 
M . M .  14 3 1/12 5.0 Repair of  Fallot Gram-neg.  sepsis 89 4 Died 

ALL,  Acute lymphocytic leukemia; BMT, Bone marrow transplant;  GVH, Graft  vs host  disease; MOF,  Multiple organ failure [16] 

Table 2. Ventilatory and gas exchange variables during the 5 periods o f  observation in children treated with combined HFJV 

Conventional  ventilation Combined HFJV 

Initial High PEEP Early Late 

All patients (n = 6) Survivors (n = 4) 

Conventional  
ventilation 
Resumed 

FiO 2 0.83+_0.10 0 .95+0 .08"  0.88+-0.10 0 .73+0 .22**  0.83_+0.18"* 
PaO 2 (mmHg) 107 _+33 48 _+7* 93 +-21"* 86 _+28** 74 _+25** 
PEEP  (cmH20) 7.9 _+4.8 14.7 _+1.5" 5.8 _+4.5** 5.6 _+4.4** 9.0 + 3 . 4 * * * * *  
Mean  A W P  (cmH20) 16.4 _+6.6 25.3 +3 .5*  14.8 _+3.2** 12.4 +_4.1"* 16.9 _+2.4** 
Peak A W P  (cmH20) 41.7 _+9.7 46.7 _+8.0 35.1 _+5.6** 28.8 +1 .7"*  37.1 +-4 .1 '**** 
Conventional  tidal volume (ml/kg) 12.4 _+3.2 10.9 _+1.8 4.4 _+2.7"* 4.0 _+0.4** 9 + 1 " * *  
Estimated HFJV tidal volume (ml/kg) 1.8 _+ 0.7 1.7 _+ 0.5 
Total  minu teven t i l a t ion  (l/rain) 6.8 +_1.9 6.8 _+2.2 10.1 +2 .6**  8.3 _+2.3** 6.7 _+2.1"** 

Values are average of  three determinations during a 6 h period (mean _+ SD). A W P  = airway pressure. * = p < 0.05 vs "initial" conventional ventila- 
tion. �9 * = p < 0.05 vs "high P E E P "  conventional ventiiation. *** = p < 0.05 vs "late" combined HFJV 
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Fig. 1. Mean___SD of  PaO 2 normalized for 
FiO 2 and PaCO z are illustrated by the 3 
separate measurements  made  during each 
of  the 5 successive 6-h periods of  observa- 
tion. Statistically significant differences are 
indicated in the result section. CMV, Con- 
ventional mechanical ventilation 
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for each half of  the children. Driving pressure ranged 
from 0.5 to 1.5 bar corresponding to mean jet pulses of  
1.8 ml/kg. 

The frequency of  the conventional ventilator was 
31 _+ 10 and 35 + 14 breaths/rain during CMV and 40 + 18 
and 41 + 15 breaths/min, during the 2 periods of  com- 
bined HFJV. During CMV, PaCO 2 increased from 
34 + 11 on admission to 57 + 14 mmHg, p < 0.05 at "high- 
P E E P "  (Fig. 1) while conventional tidal volume 
(12.4_+ 3.2 vs 10.9 + 1.8 ml/kg, p > 0.05) and respiratory 
rate (32 + 11 vs 35 + 15 breaths/rain, p > 0.05) were un- 
changed. 

With combined HFJV, PaCO2 decreased to 
44 + 6 mmHg, p < 0.05 while conventional tidal volume 
was reduced from 10.9-+1.8 to 4 .4+2.7ml /kg ,  p <0 .0 5  
and an estimated mean pulse of  1.8 ml/kg was delivered 
by HFJV. This corresponded to an increase in minute 
ventilation from 6.8 + 2.2 to 10.1 + 2.6 I/min, p < 0.05. 

When CMV was resumed in the 4 survivors, PaCO2 
slightly decreased from 60+23 to 56+18 m m H g ,  
p >  0.05, while conventional tidal volume was increased 
from 4.0+0.4 to 9+ 1 ml/kg, p<0 .05 ,  conventional ven- 
tilatory rate was unchanged and minute ventilation de- 
creased from 8.3+_2.3 to 6.7+2.1 l/rain, p>0 .05 .  

Airway pressures. Mean airway pressure increased as pul- 
monary  gas exchange deteriorated on CMV from 
16.4+6.6 on admission to 25.3-+3.5cmH20, p <0 .0 5  
while PEEP was increased from 7.9+4.8 to 
14.7 +_ 1.5 cmH20, p < 0.05 and peak inspiratory pressure 
passed from 41.7+9.7 to 46.7+_8 cmH20, p>0 .05 .  

With combined HFJV, PEEP was reduced from 
14.7-+1.5 to 5.8-+4.5cmHzO, p<0 .05 .  Proximal mean 
airway pressure decreased from 25.3-+ 3.5 to 
14.8 _+ 3.2 cmH20, p < 0.05 and peak inspiratory pressure 
from 46.7+8 to 35.1-+5.6 cmH20, p<0 .05 .  

One patient (L.L.) intubated with a 6.0 Hi-Lo jet 
(Mallincrodt) endotracheal tube had airway pressures 
measured simultaneously proximally (Siemens 900 C) and 
distally (through the Hi I ~  jet line). During the whole 
course of  combined HFJV, mean proximal airway pres- 
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sure readings were always 2 - 3  cmH20 higher than were 
distal readings. 

In the 4 survivors, CMV could be resumed at lower 
PEEP (9_+3.4 vs 14.7+ 1.5, p<0.05) ,  mean (16.9+2.4 cm 
H20 vs 25.9_+4, p<0 .05)  and peak airway pressure 
(37.1 vs 46.5+9.7 cmH20, p<0 .05)  compared to values 
before combined HFJV was started, but at higher peak 
and PEEP compared to the late combined HFJV. 

Hemodynamics (Fig. 2). From admission to "high 
PEEP",  central venous pressure increased slightly from 
6_+4 to 10_+6 mmHg, p<0 .05 ,  whereas heart rate, mean 
arterial pressure and diuresis did not change significantly. 

With combined HFJV heart rate decreased from 
164_+14 to 150+14 beats/min, p<0 .05  while CVP 
(10_+6vs 11-+SmmHg, p>0.05) ,  MAP (68+_12vs 
64+ 11 mmHg, p > 0.05) and diuresis (2.8-+ 1.5 vs 
1.7_+ 1.6 ml/kg/min,  p > 0.05) showed no significant dif- 
ference. During the same periods, one patient (R,R.) 
monitored with a thermodilution Swan-Ganz catheter 
had a cardiac index of 2.75 and 2.85 1/min/m 2 associated 
with a small decrease in pulmonary (5 .1-  4.2 mmHg/1 /  
min /m 2) and systemic vascular resistance 
(18.9-15.4 mmHg/1/min/m2). 

When CMV was resumed in 4 survivors, mean arterial 
pressure (74-+ 7 vs 79 + 6 mmHg, p > 0.05) and heart rate 
(155_+22 vs 153+23 beats/min) did not change, Central 
venous pressure decreased from 12-+ 1 to 8_+ I mmHg, 
p < 0 . 0 5  and diuresis increased from 1.9_+0.8 to 
3.8 _+ 1.75 ml /kg/h ,  p < 0.05. 

Planimetric measurements of thoracic X-rays. Mean total 
cardiopulmonary area determined on comparative chest 
X-rays obtained at end-inspiration increased 1% (range 
- 6  to +6%)  from conventional to combined HFJV. This 
was not statistically significant. 

Discussion 

This report suggests a place for combined HFJV and low 
PEEP levels to ventilate children with ARDS and severe 
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hypoxemia as an alternative to the use of very high levels 
of PEEP and conventional ventilation. It is in agreement 
with the results reported recently by Borg [10] in adults. 

In 6 children with marked hypoxemia persisting at a 
mean PEEP level of 15 cmH20, combined HFJV result- 
ed in a rapid increase in PaO2. This immediate effect was 
followed by a more sustained improvement in pulmonary 
function as documented by the lower airway pressure and 
FiO 2 required to resume conventional ventilation in 4 
survivors a mean of 3 days later. 

In ARDS, PaO2 largely depends on alveolar recruit- 
ment and lung volume which can probably be restored 
similarly by combined high-frequency jet, oscillatory or 
conventional ventilation [18, 19]. Thus, oxygenation 
might have been improved by setting a much higher 
PEEP level. However, using PEEP above 15 cmH20, has 
been associated, in children, with a questionable increase 
in oxygen delivery [4], a high incidence of barotrauma [5] 
and often persisting poor outcome [11] motivating the 
search for alternative therapies. 

In our patients, combined HFJV allowed to decrease 
"external" PEEP and conventional tidal volume to about 
half their value during CMV. However, assessment of al- 
veolar pressure to determine the degree of "intrinsic" 
PEEP possibly created by HFJV was not feasible because 
of the location of the jet ca, nula inside the conventional 
endotracheal tube [20]. ThuSs'i we can only speculate that, 
in this acute stage, better oxygenation was obtained at 
similar or lower airway pressures. We cannot exclude that 
higher alveolar pressures were responsible for this im- 
provement; this seems less likely considering first the de- 
crease in proximal airway pressure, second the absence of 
change in CVP and third, the similarity of planimetric es- 
timations of lung volume on chest X-ray. 

Decreased airway pressures during HFJV have been 
reported from several animal models mainly for peak air- 
way pressure [21, 22] and during combined HFJV in 
adults for mean airway pressure [10]. Starting combined 
HFJV did not induce clinically relevant cardiovascular 
depression as judged by the absence of changes in central 
venous and mean arterial pressures nor decrease in urine 
output compared to conventional ventilation. 

However, after lung function had improved, switching 
back from combined HFJV to conventional ventilation in 
4 survivors resulted in a decrease in central venous pres- 
sure and an increase in urine output. Thus, the effects of 
combined HFJV on cardiovascular function probably de- 
pend on the actual severity of lung consolidation and 
compliance. 

In adults, HFJV is proposed to treat bronchopleural 
fistula [23, 24]. In our group, 3 children developed air 
leaks during conventional ventilation before the transi- 
tion to combined HFJV while no barotrauma was ob- 
served to progress or develop during combined HFJV. 

Combined HFJV allowed to control CO 2 elimina- 
tion. The individual contribution of conventional and jet 
tidal volumes to CO 2 elimination is difficult to assess. 
Carbon dioxide elimination during HFJV alone is direct- 
ly related to the tidal volume over a wide range of fre- 
quencies [251 and is limited by the increasing level of in- 
trinsic PEEP produced by HFJV which, in turn, depends 
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on the time left for passive expiration to be complete [26]. 
Intrinsic PEEP on the other hand is probably one of the 
essential mechanisms by which HFJV improves oxygen- 
ation [18, 19, 27]. In our study, the additional small con- 
ventional breaths probably facilitated CO2 elimination. 
CO2 retention consistently occurred when conventional 
ventilation was reduced below one third of the total 
minute ventilation. 

In addition to the beneficial effect of periodic lung in- 
flation to prevent alveolar collapse [28], there are practi- 
cal reasons to favour combined HFJV over HFJV alone 
in children. With the combined mode, HFJV can be in- 
troduced gradually on CMV while decreasing PEEP si- 
multaneously to avoid excessive peak airway pressures. 
This brings up a smooth and progressive transition phase, 
easily monitored by using a pulse oximeter. Switching 
back to the prior settings of CMV is realized without dif- 
ficulty. Also, combined HFJV allows the use of the alarm 
and security system of the conventional ventilator for 
both volumes and pressures. To minimize the risk of 
tracheal injury [29], humidification can be ensured partly 
by the conventional ventilator system. The danger of di- 
rect mucosal injury by the jet stream can be decreased 
possibly by placing the jet above the end of the en- 
dotracheal tube. We did not observe tracheal lesions in 
the 4 of the 6 children where this was examined: 2 chil- 
dren who had tracheoscopy after resolution of their dis- 
ease, and, at autopsy, in the 2 children who died after 4 
and 12 days respectively of combined HFJV. 

We used this combined mode of ventilation as a tem- 
porary rescue measure. A trial back to conventional venti- 
lation was attempted as soon as a sustained improvement 
in gas exchange was observed together with an important 
reduction in ventilatory pressures. The 2 children who 
eventually died maintained acceptable gas exchange for 4 
and 12 days on combined HFJV but developed multiple 
organ system failure. 

In conclusion, the results presented here suggest that 
combined HFJV is a valuable "rescue" mode of ventila- 
tion which can improve pulmonary gas exchange in 
children with catastrophic pulmonary failure. This ven- 
tilatory mode could be an interesting alternative to the 
use of high PEEP levels in children with severe hypox- 
emia and might decrease the risk of complications such 
as cardiovascular compromise and barotrauma. 
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