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Abstract Objective." To examine the 
hemodynamic effects of external 
positive end-expiratory pressure 
(PEEP) on right ventricular (RV) 
function in acute respiratory failure 
(ARF) patients. 
Design: Prospective, with retrospec- 
tive analysis on the basis of RV 
volume response to PEEP. 
Setting: General intensive care unit 
in a university teaching hospital. 
Patients: 20 mechanically ventilated 
ARF patients (mean lung injury 
score = 2.6+0.45 SD), 
Intervention: Incremental levels of 
PEEP ( 0 - 5 - 1 0 - 1 5  cmH20) were 
applied and RV hemodynamics 
were studied by means of  a Swan- 
Ganz catheter with a fast-response 
thermistor for right ventricular ejec- 
tion fraction (RVEF) measurement. 
According to their response to 
PEEP 15, two groups of  patients 
were defined: group A (9 patients) 
with unchanged or increased RV 
end-diastolic volume index (RVED- 
VI) and group B (11 patients) with 
decreased RVEDVI. 
Measurements and results: At zero 
PEEP (ZEEP) the hemodynamic 
parameters of the two groups did 
not differ. In group A, cardiac in- 
dex (CI) and stroke volume index 
(SI) decreased at all PEEP levels 
(5, 10, and 15 cmH20), while RVEF 
started to decrease only at a PEEP 
of 10 cmH20 (-10.8070, and 
RVES(systolic)VI increased only at 
PEEP 15 cmH20 (+21.5%). RVED- 
VI was not affected by PEEP. In 

group B, CI and SI decreased at all 
PEEP levels (5, 10, and 15 cmH20 ). 
Similarly, RVEDVI started to de- 
crease at PEEP 5 cmH20, while 
RVESVI decreased only at PEEP 
15 cmH20 (-21.4070). RVEF was 
not affected by PEEP in this group. 
In each patient the slope of  the 
relationship between RVEDVI and 
right ventricular stroke work index 
(RVSWI), expressing RV myocardial 
performance, was studied. This re- 
lationship was significant (no 
change in RV contractility) in 8 of 
11 patients in group B and in only 
2 patients in group A. In 4 patients 
in group A, PEEP shifted the 
RVSWI/RVEDVI ratio rightward in 
the plot, indicating a decrease in 
RV myocardial performance in 
these patients. 
Conclusions: PEEP affects RV 
function in ARF patients. The de- 
crease in cardiac output is more 
often associated with a preload 
decrease and no change in RV con- 
tractility. On the other hand, the 
finding of increased RV volumes 
with PEEP may be associated with 
a reduction in RV myocardial per- 
formance. Thus, these results sug- 
gest that assessment of RV function 
by PEEP and preload recruitable 
stroke work may disclose otherwise 
unpredictable alterations in RV 
function, 
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Introduction 

Posi t ive end-exp i ra to ry  pressure (PEEP) ,  usua l ly  used to 
improve p u l m o n a r y  oxygen exchange in acute  resp i ra tory  
fai lure (ARF) ,  causes a r educ t ion  in card iac  ou tpu t  (CO) 
[1]. This  has been ma in ly  re la ted to a reduc t ion  in venous  
re turn  [2, 3]. Fur the rmore ,  an  increased a lveolar  vo lume 
can exert a Star l ing resistor  effect on  the  p u l m o n a r y  circu- 
la t ion,  thus  increas ing p u l m o n a r y  pressure load  on r ight  
vent r icular  (RV) e jec t ion [4, 5]. 

The  reduc t ion  in CO, re la ted to an  increased RV 
af te r load ,  is of ten  assoc ia ted  with  an  increase in RV vol- 
umes  [ 6 - 9 ] .  Such RV d i la t ion  could  be due to: (a) the  
p re load  reserve u t i l i za t ion  according  to the  F r a n k - S t a r -  
l ing law; (b) a change  in vent r icular  geometry,  causing al- 
t e ra t ion  o f  the  e jec t ion pa t t e rn  [10]; (c) decreased con-  
t rac t i l i ty  [8, 9] due to a mi sma tch  between increased RV 
work  and  decreased RV per fus ion  [11]. In  pos topera t ive  
pat ients ,  R u  cont rac t i l i ty  has been  evaluated by  the sys- 
tol ic  p r e s s u r e - v o l u m e  re la t ionship  (s impl i f ied  ma x ima l  
e las tance or  Emax- t i )  [8], bu t  this  measuremen t  has been 
cons idered  weak for  evaluat ing RV cont rac t i l i ty  [12]. 
Moreover,  the  m a x i m a l  e las tance m o d e l  (Emax)  has of ten  
been cr i t ic ized because  o f  its low reproduc ib i l i ty  [13, 14]. 
Recently, i t  has  been  p r o p o s e d  tha t  the  re la t ionship  be- 
tween vent r icu lar  s t roke work  and  end dias to l ic  ventr icu-  
lar  vo lume at  d i f ferent  p re load  levels evaluates vent r icular  
p e r f o r m a n c e  [13]. This  re la t ionship,  i.e., p re load  recrui t-  
able s troke work  (PRSW),  has been  cons idered  easier  to 
p e r f o r m  and  more  easily reproduc ib le  t han  the E m a x  
m o d e l  [13 - 15] and  has also been  va l ida ted  for RV func-  
t ion [16]. 

The  a im of  this s tudy was to investigate RV myocard ia l  
p e r f o r m a n c e  in A R F  pat ients ,  evaluated  by the P R S W  

model ,  using different  P E E P  levels in o rder  to change  RV 
p re load  and  af te r load .  

Materials and methods 

Patients 

Twenty patients with ARF, admitted to the intensive care unit (ICU) 
of the University Hospital in Bari, were studied. The study protocol 
was approved by the local Ethics Committee and each patient or 
next of kin gave informed consent. The lung injury score (LIS) [17] 
was computed in all patients admitted to the ICU and a LIS _> 2 was 
required for inclusion in the study. Patients with pre-existing cardi- 
ac or pulmonary disease were not included in the study. All patients 
(11 males, 9 females; mean +_ SD age, 51 + 15 years) were intubated 
and mechanically ventilated (Servo Ventilator 900 C Siemens Elema 
AB, Berling, Germany) with a tidal volume level (10+2 ml/kg) in 
order to maintain normal partial pressure of carbon dioxide in arte- 
rial blood, with a respiratory rate of 18 breaths/min, and with an 
inspiration/expiration ratio of i : 2. The patients were ventilated for 
a mean(+SD) period of 12 (+ 14) days (ranging from 7 to 72 days). 
The etiologies of ARF are shown in Table 1. 

Experimental procedures 

The ventilatory setting was kept constant throughout the procedure, 
except for the level of PEER PEEP levels of 0, 5, 10, and 
15 cmH20 were applied in random order for 30minutes before 
measurements were made. A physician not involved in the experi- 
mental procedure was always present to provide patient care, and 
use of fluids and therapy was not changed during the study phase. 

A 20-gauge radial arterial catheter (Arrow International, Read- 
ing, Penna., USA, Model RA-04020-E) was inserted percutaneously 
to measure systemic arterial pressure. A pulmonary arterial Swan- 
Ganz catheter with a fast-response thermistor (Baxter-Edwards, Ir- 
vine, Calif., USA, Model 93A-43 IH 7.5 F) was inserted into the pul- 

Table 1 Patients (LIS lung in- 
jury score, S survived, D died) Patient Age Weight Sex Precipitating causes of ARF LIS Outcome 

no. (years) (kg) 

1 28 72 M Multiple trauma 2.7 S 
2 46 80 M Pancreatitis 3.3 S 
3 58 68 F Bronchopnenmonia in tetanus 2.0 S 
4 38 67 M Multiple trauma 2.3 D 
5 76 71 F Sepsis in peritonitis 2.0 D 
6 66 52 M Postoperative bronchopneumonia 2.0 S 
7 66 46 F Sepsis in perforation of gastric ulcer 2.3 D 
8 62 57 F Sepsis in colectomy 3.0 S 
9 47 91 M Pancreatitis 2.7 D 

10 40 58 F Sepsis in gut ischemia 2.7 S 
11 61 63 F Pancreatitis 3.3 D 
12 25 48 F Sepsis in leukemia 3.3 D 
13 69 65 M Sepsis in endocarditis 2.7 D 
14 60 68 M Multiple trauma 2.5 S 
15 32 84 M Multiple trauma and fat embolism 2.7 D 
16 46 59 F Sepsis in peritonitis 2.0 D 
17 28 63 M Multiple trauma 3.3 S 
18 47 74 M Sepsis in mediastinitis 3.0 D 
19 48 91 M Viral pneumonia 2.2 D 
20 69 67 F Sepsis in hysterectomy 2.7 D 
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monary artery to measure pulmonary arterial pressure (PAP), pul- 
monary arterial occlusion pressure (Ppao), and right atrial pressure. 
The positioning of the catheter tip in the pulmonary artery was 
guided by the wave morphology during the introduction. The posi- 
tioning in the segment of lung reflecting Zone 3 condition was ob- 
tained using the method described by Teboul et al. [18]. In order to 
measure correctly both CO and RV ejection fraction (RVEF), the 
position of the hole for injection was 2 cm above the tricuspid valve 
[191. 

Measurements 

The patients were sedated (diazepam 0.2mg/kg and fentanyl 
1 - 1.5 ~g/kg per h) and paralyzed (vecuronium bromide 0.1 mg/kg 
per h) and 30 rain were allowed in order to achieve hemodynamic 
stabilization. The arterial and pulmonary arterial catheters were 
connected to pressure quartz transducers (Hewlett-Packard P1290A 
Cupertineo, Calif., USA). The midaxillary line was taken as zero 
reference level for pressure measurements, with the patient supine 
and horizontal, and all pressures were read at end-expiration. All 
signals were recorded with an eight-channel strip chart recorder 
(Hewlett-Packard 7719A). CO was measured by the thermodilution 
technique (Edwards-Baxter REF-I Ejection Fraction/Cardiac Out- 
put Computer) using injections of 5 ml cold (< 5 ~ 5070 dextrose 
solution. Seven serial determinations were made, regardless of the 
respiratory cycle phases [20]. If any CO determination during each 
step of PEEP varied more than 10%, or arrhythmias occurred dur- 
ing the recording, the measurement was rejected. RVEF was calcu- 
lated from the analysis of the thermal curve both by validated soft- 
ware [21] of the CO computer (Edwards-Baxter REF-I) and by cal- 
culation of the difference among several consecutive plateaux of the 
thermal decay curve [19]. The RVEF measurement was rejected if 
the difference between automatic and manual calculation was great- 
er than 2.5% or if an abnormal curve profile was detected. During 
PEEP, none of the patients had tricuspid regurgitation, as shown 
both by the analysis of right atrial pressure wave morphology and 
by physical examination. None of the 5 patients (3 with PEEP- 
induced RVEDVI increase) who underwent a B-mode echocar- 
diographic evaluation showed a regurgitation higher than 13 % [22]. 

Cardiac index (CI) was computed as the ratio between CO and 
body surface area. Stroke volume index (SI) was calculated by divid- 
ing CI by heart rate (HR). Right ventricular stroke work index 
(RVSWI) (g.min/beat-m 2) was calculated as the pressure gradient 
between mean pulmonary arterial pressure (mPAP) and right atrial 
pressure (RAP), multiplied by SI: 

RVSWI = (mPAP- RAP) x SI 

Right ventricular end-diastolic volume index (RVEDVI) and right 
ventricular end-systolic volume index (RVESVI) were calculated by 
the following formulae: 

RVEDVI = SI/RVEF 

RVESVI = RVEDVI- SI 

Right ventricular intrinsic myocardial performance was considered 
in each patient as the slope of the RVSWI versus RVEDVI relation- 
ship [13-16] obtained by fitting data at four PEEP levels by the 
least-squares linear regression analysis. 

In order to distinguish the preload effect by other PEEP effects, 
the total sample was divided in two groups on the basis of the 
RVEDVI response to PEEP 15 cmH20: patients with an increased, 
unchanged, or decreased RVEDVI less than 10% of zero PEEP 
(ZEEP) value (group A), and patients with an RVEDVI decreased 
more than 10% of ZEEP value (group B). 

Data analysis 

All data are reported for descriptive statistics as mean-+ SD. Regres- 
sion analyses were performed with the least-squares method. A one- 
way analysis of variance (ANOVA) was used to compare values ob- 
tained at different levels of PEER When significant, the values ob- 
tained at different levels of PEEP were compared with those at 
ZEEP, using the paired t-test as modified by Dunnet [23]. At ZEEP, 
hemodynamic data for groups A and B were compared by the un- 
paired t-test. A value of p < 0.05 was considered to be significant. 

Results 

Table l shows each pa t ien t ' s  age, weight, sex, precipitat- 
ing cause of  ARF, LIS, and  outcome. The effects of 
P E E P  on the hemodynamics  of  the whole group of pa- 
tients are shown in Table 2. At P E E P  5 cmHzO, there was 
a signif icant  decrease in CI (-7,6070) and  SI (-5.7070). 
These two parameters were further  reduced at P E E P  10 
and  15 cmH20.  No change in HR, RVEF, RVEDVI, and  
RVESVI was observed. P E E P  increased the mean  oxygen 
arterial saturat ion.  

In  group A, 9 pat ients  (5 with increased RVEDVI and  
4 with unchanged  RVEDVI at P E E P  15) were included.  
In  g roupB,  11 pat ients  (more than  10070 decrease in 
RVEDVI) were included.  At  ZEEP, there was no signifi- 
cant  difference in CI, HR, SI, RVEF, RVEDVI, and  
RVESVI between groups A and  B. 

Table 3 shows the mean  hemodynamic  and  gas ex- 
change data  for group A. Mean  hemoglob in  value was 
9.7 + 0.4 g/dl,  and  it was cons tant  at all P E E P  levels. The 

Table2  Effects of PEEP on 
hemodynamics in all patients 
(n = 20). Values are 
mean_+ SD (HR heart rate, 
CI  cardiac index, SI  stroke 
volume index, R VEF right 
ventricular ejection fraction, 
R V E D V I  right ventricular 
end-diastolic volume index, 
R V E S V I  right ventricular end- 
systolic volume index 

PEEP 0 PEEP 5 PEEP 10 PEEP 15 ANOVA 

HR (beats/rain) 102.2 + 17.1 100.1 _+ 16.6 100.1 + 16.2 100.6_-2 17.8 NS 
C[ (1/m 2) 4.62+1.2 4.27+1.1"*** 4.09_+0.9**** 3.74_+0.8**** ### 
S[ (ml/m 2) 46.1+11.9 43.5_+11.1"*** 41.9_+11.3"** 38.5+_11.2"*** ### 
RVEF (%) 43.5_+6.4 42.4_+6.7 41.2_+6.3 40.6+6.9 NS 
RVEDVI (ml/m 2) 107.3 _+ 29.8 104.4 + 28.7 104.1 -+ 32.7 97.6_+ 33.9 NS 
RVESVI (ml/m 2) 61.2 _ 21.6 61.9 _+ 21.0 62.2 _+ 23.9 59.2 -+ 25.4 NS 

#p<0.01, ##p<0.001, ###p<0,0001 ANOVA 
*p<0.05, **p<0.025, ***p<0.01, ****p<0.005 t-test as modified by Dunnet [23] 
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Table 3 Effects of PEEP on hemodynamics: group A (n = 9). 
Values are mean_+ SD (HR heart rate, CI cardiac index, SI  stroke 
volume index, R VEF right ventricular ejection fraction, R V E D V I  
right ventricular end-diastolic volume index, R V E S V I  right ven- 
tricular end-systolic volume index, R A P  right atrial pressure, 

m P A S  mean systemic blood pressures, sPAP,  dPAP,  m P A P  
systolic, diastolic, and mean pulmonary arterial pressure, Paop 
pulmonary artery occlusion pressure, R V S W I  right ventricular 
stroke work index, SvO 2 mixed venous oxygen saturation) 

PEEP 0 PEEP 5 PEEP 10 PEEP 15 ANOVA 

HR (beats/min) 99.8 +21.1 96.3 + 18.9 96.1 _+ 19.7 94.2+2.2 NS 
CI (1/m 2) 4.43 + 1.1 4.04 _+ 1.1 * 4.0 + 1.0 *** 3.76 + 1.0 **** # # # 
SI (ml/m 2) 46.26 + 14.4 43.40 + 13.7 * 43.21 _+ 13.8 ** 41.74 + 13.4 ** # # 
RVEF (%) 44.5 + 4.8 41.6 _+ 4.6 39.7 + 4.1 **** 37.97 _+ 4.5 **** # # 
RVEDVI (ml/m 2) 103.69 _+ 32.6 104.13 _+ 29.7 109.96 + 38.5 111.31 + 40.1 NS 
RVESVI (ml/m 2) 57.36 _+ 19.7 60.75 + 17.1 66.80 _+ 25.9 69.68 + 28.1 *** # 
RAP (mmHg) 7.77_+4.5 9.61 +4.7** 9.61 _+4.4*** 11.05+4.1 *** ###  
mPAS (mmHg) 90.42 _+ 17.7 90.87 + 20.1 91.96 _+ I7.0 89.59 + 19.9 NS 
sPAP (mmHg) 31.66 _+ 7.7 32.20 -+ 6.9 32.66 _+ 6.4 33.88 -+ 6.9 NS 
dPAP (mmHg) 16.66_+ 4.3 18 _+ 4.1 18.88 + 3.8 20.61 _+ 3 .4 '*  # # 
mPAP (mmHg) 21.55 _+ 4.8 22.61 + 4.4 24.20 _+ 4.5 25.70 _+ 4.6 * # # 
Ppao (mmHg) 10.84 -+ 4.7 12.72 _+ 4.8 * 12.27 _+ 4.3 14 _+ 4.2"** # # # 
RVSWI (g min/beat  m z) 8.86 _+ 3.1 7.85 _+ 3.2 8.68 _+ 2.8 8.30 + 2.7 NS 
pH 7.47 _+ 0.07 7.47 + 0.07 7.46 + 0.07 7.47 _+ 0.07 NS 
P a Q  (mmHg) 90 -+ 16 102 _+ 25 112 _+ 36" 115 -+ 33 * # # 
PaCO 2 (mmHg) 37 + 8 36 _+ 7 38 _+ 8 38 -+ 7 NS 
SvO 2 (%) 72+4  71 -+4 72+4 72_+4 NS 

#p<0 .01 ,  ##p<0 .001 ,  ###p<0 .0001  ANOVA 
*p<0.05 ,  **p<0.025,  ***p<0.01,  ****p<0.005 t-test as modified by Dunnet [23] 

m e a n  va lue  o f  R V E D V I  d id  n o t  c h a n g e  s i gn i f i c an t l y  w i t h  

P E E R  CI  ( - 8 . 8 % )  a n d  SI ( - 6 . 7 % )  d e c r e a s e d  at  P E E P  

5 c m H 2 0  a n d  were  f u r t h e r  r e d u c e d  at  P E E P  10 a n d  

15 c m H z O ,  c o n f i r m i n g  t h e  d a t a  fo r  in  t h e  w h o l e  g roup .  

R V E F  s t a r t ed  to  d e c r e a s e  a t  P E E P  10 c m H 2 0  ( -  10 .8%) ,  

a n d  R V E S V I  i n c r e a s e d  o n l y  at  P E E P  1 5 c m H 2 0  

( + 2 1 . 5 % ) .  R A P ,  P p a o ,  a n d  m P A P  all i n c r e a s e d  w i t h  

P E E R  

M e a n  h e m o d y n a m i c  a n d  gas  e x c h a n g e  d a t a  fo r  

g r o u p  B are  p r e s e n t e d  in Table 4. M e a n  h e m o g l o b i n  va lue  

was  10.1 _+ 1.2 g /d l ,  a n d  it was  c o n s t a n t  a t  all  P E E P  levels. 

M e a n  R V E D V I  d e c r e a s e d  at  P E E P  5 c m H 2 0  ( - 5 . 2 % ) ,  

a n d  f u r t h e r  d e c r e a s e d  w i t h  h i g h e r  P E E P  levels. CI  

( - 6 . 5 % ) ,  SI ( - 6 . 2 % )  a n d  R V S W I  ( - 1 2 . 2 % )  were  re- 

d u c e d  by  5 c m H 2 0  o f  P E E P  a n d  f u r t h e r  d e c r e a s e d  at  

P E E P  10 a n d  15 c m H 2 0 .  R V E F  d id  n o t  ch ange ,  a n d  

Table 4 Effects of PEEP on hemodynamics. Group B (n = 11). Values are mean_+ SD (Definitions as in Table 3) 

PEEP 0 PEEP 5 PEEP 10 PEEP 15 ANOVA 

HR (beats/min) 104 + 13.6 103 + 14.6 103.3 + 12.5 105.8 + 11.9 NS 
CI (1/m 2) 4.77 _ 1.2 4.46 _+ 1.1 * 4.17 _+ 0.9 * 3.73 + 0.7 **** # # # 
SI (ml/m 2) 45.94 _+ 10.1 43.54 _+ 9.1 * 40.84 _+ 9.3 35.91 + 8.8 **** # # # 
RVEF (%) 42.6 _+ 7.6 42.9 _+ 8.2 42.4 _+ 7.7 42.7 _+ 8.0 NS 
RVEDVI (ml/m 2) 110.2 _+ 28.5 104.5 + 29.2 ** 99.3 _+ 28.2 86.4 + 24.3 ** ** # # # 
RVESVI (ml/m 2) 64.3 _+ 23.4 61.0 _+ 24.5 58.4 + 22.6 50.5 + 20.3 **** # 
RAP (mmHg) 8.76 _+ 2.1 9.97 + 3.3 11.31 _+ 2.1 *** 12.86 + 2.4"*** # # # 
mPAS (mmHg) 94.4 + 15.7 95.9 _+ 19.4 95.3 + 20.3 95.6 + 20.1 NS 
sPAP (mmHg) 35.3 _+ 7.0 34.2 + 7.4 36.3 _+ 6.4 38.4 _+ 6.1 * # 
dPAP (mmHg) 20.0 _+ 3.7 20.8 _+ 4.1 22.0 + 4.4 24.5 _+ 3.6 **** # # # 
mPAP (mmHg) 25.3 + 4.2 25.2_+ 4.9 26.9 + 4.5 29.3 _+ 3.6"*** # # # 
Ppao (mmHg) 12.9 _+ 4.4 13.0 _+ 4.9 14.4 _+ 4.1 16.9 + 3.9 **** # # # 
RVSWI (g min/beat  m 2) i0.79 + 3.2 9.47 + 3.3 ** 9.15 + 3.1 8.49 _+ 2.9 ** # 
pH 7.50 + 0.08 7.50 + 0.09 7.50 + 0.08 7.50 _+ 0.07 NS 
PaO 2 (mmHg) 87 _+ 49 104 _+ 44 * 122 _+ 61 148 _+ 76 * # # 
PaCO 2 (mmHg) 38 + 8 36 _+ 8 35 _+ 8 36 _+ 7 NS 
SvO 2 (%) 73 _+ 5 74 + 6 74 + 5 73 _+ 4 NS 

#p<0 .01 ,  ##p<0 .001 ,  ###p<0 .0001  ANOVA 
*p<0.05 ,  **p<0.025,  ***p<0.01,  ****p<0.005 t-test as modified by Dunnet [23] 
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RVESVI decreased only at PEEP t5 cmHzO (-21.4%). 
RAP, Ppao, and mPAP all increased with PEER 

In each patient a linear regression analysis between CI 
and RVEDVI was performed. Taking into account all four 
levels of PEEP, no relationship was found in the 9 pa- 
tients in group A (Fig. 1, top), while a significant relation- 
ship between CI and RVEDVI was found in 10 of the 
11 patients in group B (Fig. 1, bottom). 

Linear regression analyses between RVESVI and 
mPAP were also performed. Five patients in group A (pa- 
tients 1 -  5) showed a significant direct relationship be- 
tween RVESVI and mPAP (r = 0.95, 0.87, 0.89, 0.90, and 
0.99 for patients 1, 2, 3, 4, and 5, respectively), while this 
relationship was not significant in any patient in group B. 

Linear regression analyses performed between RVSWI 
and RVEDVI were significant in only 2 of 9 patients in 
group A (patients 5 and 6) (Fig. 2, top) and in 8 of 11 pa- 
tients in group B (Fig. 2, bottom). More specifically, ex- 
amining the behaviour of each patient in group A, a scat- 
tered distribution of the RVSWI/RVEDVI plot was ob- 
served in 3 patients, while a rightward shift of the 
RVSWI/RVEDVI plot was observed in 4 patients (1, 3, 4, 
9). 

Discussion 

In the present study, PEEP caused a decrease in CO. This 
reduction can be ascribed to two different mechanisms. 

On the one hand, the reduction in CO is due to a preload 
decrease (group B), as evidenced by the reduction in right 
ventricular end-diastolic volume and by the significant re- 
lationship between CI and RVEDVI. In these patients, the 
preload reduction was associated with unchanged RV 
contractility, as shown by the presence of a significant 
relationship between RVSWI and RVEDVI, On the other 
hand, PEEP can reduce CO by a predominant afterload 
effect (group A), as evidenced by the increase in right ven- 
tricular end-systolic volume and by the decrease in RVEF. 
The afterload effect during PEEP may cause a reduction 
in RV contractility, as evidenced by the rightward shift of 
RVSWI/RVEDVI plot in 4 patients. 

Critique of the methods 

In the present study, RV preload was estimated as right 
ventricular end-diastolic volume, rather than transmural 
filling pressure. Positive end-expiratory ventilation either 
decreases [24] or does not change [10] transmural filling 
pressures. These conflicting results seem strictly depen- 
dent on the position of the thoracic probe (used to mea- 
sure the intrathoracic and/or pericardial pressures) and 
on the type and material of transducers. In decompen- 
sated and ventilated patients with chronic obstructive pul- 
monary disease [25], Dambrosio et al. observed that the 
decrease in RVEDVI caused by PEEP was significantly 
related to end-expiratory lung volume variations, rather 
than to transmural pressure changes. Thus, ventricular 

Fig. 1 For each patient in groups A and B, 
the relationships between right ventricular 
end-diastolic index R V E D V I  and cardiac in- 
dex CI are shown. Each point refers to a 
single PEEP level. The arrows point to 
PEEP 15. Significant relationships are indi- 
cated by dotted lines 
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Fig. 2 For each pat ient  in groups A and B, 
the relat ionships between right ventricular 
stroke work index RVSWI and right ventric- 
ular end-diastolic volume RVEDVI are 
shown. Each point  refers to a single P E E P  
level. The arrows point  to P E E P  15. Signifi- 
cant  relat ionships are indicated by dot ted 
lines 
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volumes are a more reliable index of right ventricular 
preload than transmural filling pressures [21, 26]. 

In the clinical setting, thermodilution is an easy, repro- 
ducible, and reliable technique to measure right ven- 
tricular volumes [21, 26]. However, RV valve regurgitation 
may invalidate the measurement of RV volumes by this 
technique [22], since it causes an overestimation of both 
CO and RV volumes. Moreover, regurgitation may in- 
crease with PEEP [12] and is more likely to occur in dilat- 
ed ventricles. In the present study, analysis of the RAP 
wave morphology and physical examination excluded the 
presence of clinically significant regurgitation. Echocar- 
diographic evaluation, performed in 5 patients (3 patients 
in group A), did not show a regurgitation more than 13070 
at all PEEP levels [22]. Furthermore, if PEEP had en- 
hanced valve regurgitation, with the consequent CO over- 
estimation, CO should not have decreased with PEEP. 
Moreover, if the ventricular dilation induced by PEEP 
had caused more regurgitation, it would have been highly 
unlikely to find a similar reduction in cardiac output in 
the two groups. In group A, only RV volumes increased 
with PEEP, while a weakness of the thermodilution tech- 
nique induced by valve regurgitation should have shown 
variations of CO and ventricular volume in the same di- 
rection. The relationship between mPAP and RVESVI 
found in most patients in group A, indicating a PEEP 
afterload effect on RV, supports the hypothesis that the 
increase in RV volumes is related to PEEP. Thus, it is 
most likely that the results of the present study are related 
to a real PEEP effect, rather than to a weakness of the 
thermodilution method. 

The finding of RV dilation during PEEP has led 
several authors to evaluate RV performance [8-10]. In 
order to investigate RV contractility with PEEP, the end- 
systolic pressure-volume relationship (Emax) has been 
simplified as the ratio between pulmonary artery systolic 
pressure and RV end-systolic volume [8, 9]. However, the 
application of this simplified Emax model to the right 
ventricle has been criticized because of the known lack of 
correspondence between end-systole and end-ejection in 
the right ventricle [12]. Moreover, recently it has been re- 
ported that Emax is not always linear [14]. In order better 
to evaluate ventricular performance, Glower et al. [13] 
have proposed the relationship between stroke work and 
end-diastolic volume, ie., the PRSW. This relationship has 
been proposed as a measure of intrinsic myocardial per- 
formance independent of loading, geometry, and HR 
[13]. The advantages of the PRSW are that this index is 
as reliable as Emax, easier to measure than Emax, is al- 
ways linear, and is unaffected by pressure transmission 
[15]. The PRSW has been recently validated in both ex- 
perimental [14] and clinical [15] settings, since the behav- 
ior of this index is similar to Emax. Karunanithi et al. [16] 
have proposed the relationship between RVSWI and 
RVEDVI specifically for the right ventricle, based on the 
experimental finding that PRSW is more accurate and re- 
producible, and less afterload-dependent than Emax. 
Clinical application of this index to the right ventricle has 
recently been reported [7, 27]. In order to obtain an accu- 
rate PRSW, a pure preload variation is necessary. As a 
matter of fact, PEEP reduces preload [2, 3]. Thus, if 
PEEP reduces RVEDVI without modifying RV contractil- 



778 

ity and afterload, then a linear relationship between 
RVSWI and RVEDVI should be found, expressing a con- 
stant PRSW and, hence, constant contractility. 

Effects of  PEEP on RV function 

In 11 patients, the CO reduction induced by PEEP was 
associated with a preload reduction (group B), as evi- 
denced by the decrease in RVEDVI. This effect is further 
confirmed by the individual relationships between CO 
and RVEDVI (Fig. 1, bottom). The presence of  a signifi- 
cant relationship between RVSWI and RVEDVI expresses 
a constant function and suggests an unchanged contrac- 
tility in these patients. This is an expected behavior in the 
presence of a predominant preload effect. 

In 9 patients, the CO reduction with PEEP was associ- 
ated with no decrease in RVEDVI. However, RVESVI in- 
creased and RVEF showed a reduction, suggesting a pre- 
dominant afterload effect. This afterload effect of PEEP 
has already been reported along with a RV dilation [6 -  9], 
and the cause of  the increase in RV volumes might be re- 
lated either to a compensatory mechanism according to 
the Frank-Star l ing  law (preload reserve utilization with 
constant contractility), or to an alteration of  ventricular 
geometry and ejection (altered function) [10, 28], or to a 
decreased contractility [8, 9] due to a mismatch between 
increased RV work and reduced RV perfusion [11]. 

In normal dogs. Oikawa et al. [29], after producing a 
fourfold increase in RV afterload, observed a constant RV 
contractility evaluated by Emax and an increase in 
RVEDVI, suggesting the utilization of the preload reserve 
by the RV. In closed-chest dogs with experimental acute 
respiratory distress syndrome and pulmonary hyperten- 
sion, Zwissler et al. [30] evaluated myocardial perfusion 
by a microsphere radiolabeled technique. They found 
that, during the use of 20 cmH20 of  PEEP, a significant 
increase of  RV blood flow both in the free wall and in the 
right side of the interventricular septum occurred. These 
data [30] suggest that the increase in RV oxygen demand 
(caused by the PEEP-induced increase in afterload) can 
be matched by increased myocardial perfusion of the RV. 
Shulman et al. [11], in closed-chest dogs, found a de- 
crease in CO and an increase in RVESV using 20 cmH20 
of PEER However, a significant RVESV increase was 
found only when the right coronary artery was occluded 
during PEEP. Therefore, a decrease in RV function might 
occur if RV dilation (causing an increase in oxygen de- 
mand and a decrease of subendocardial perfusion) is as- 
sociated with a reduction in coronary perfusion. Thus, 
during PEEP, the finding of  RV dilation is not per se sug- 
gestive of RV failure, and evaluation of  RV contractility 
may be useful. 

As discussed above, the PRSWI has been recently pro- 
posed for evaluating RV function and contractility. If  a 
significant relationship between RVSW and RVEDVI is 

found (see group B), a constant function with unchanged 
contractility can be suggested. In group A, only 2 patients 
(5 and 6) showed a relationship between RVSWI/RVED- 
VI. In these 2 patients, RV dilation is likely related to the 
preload reserve utilization, with no alteration in contrac- 
tility. 

In 7 of  9 patients in group A, no significant relation- 
ship between RVSWI and RVEDVI was found (Fig. 2, 
top). Since the PRSW model is based on a pure preload 
variation, the lack of relationship suggests that contractil- 
ity variations may occur during PEER An upward and/or  
leftward displacement on the x - y  plot should indicate an 
increase in myocardial performance, while a downward 
and/or  rightward shift is suggestive of  a decrease in per- 
formance. More specifically, 3 patients (2, 7, and 8) show 
a scattered distribution on the RVSWI/RVEDVI plot, 
likely due to a combined effect of preload, afterload, and 
contractility changes on RV performance. In 4 patients 
(1, 3, 4, 9), at PEEP 15 cmH20, RVSWI/RVEDVI data 
points are consistently shifted rightward from the ZEEP 
value. This rightward shift indicates that with PEEP the 
same extent of work is developed at the expense of higher 
RVEDV and, hence, of  higher oxygen demand. Thus, 
PEEP may decrease RV performance. 

Preliminary findings of a new study may help to clari- 
fy the results of group A. This ongoing study is based on 
the analysis of  RV pressure/volume loop by biplane 
cineangiography [31]. In ARF patients, a caval balloon 
was inflated in order to obtain a rapid preload reduction 
allowing an accurate computation of  Emax. The behavior 
of one representative patient is shown in Fig. 3. In this 
patient, PEEP 10 cmH20 caused a decrease in CI and SI 
associated with an increase in RV volumes, a situation 
similar to group A in the present study. Emax was shifted 
to the right (i.e., higher RV volumes), but its slope did not 
change (i.e., same contractility). The unchanged contrac- 
tility with the increase in RV volumes suggests that the de- 
creased RV performance is likely related to an increase in 
afterload causing a change in RV geometry, and, hence, 
alterations in the ejection pattern (Fig. 3) [32]. 

In conclusion, this study confirms that the main cause 
of the reduction in CO with PEEP is a preload reduction 
which is associated with an unchanged RV contractility. 
Another mechanism to be taken into account is the in- 
crease in RV afterload, with the consequent increase in 
RV volumes. In this latter situation, RV performance is 
often decreased likely due to alterations in the ejection 
pattern or to a mismatch between decreased coronary 
flow and increased myocardial oxygen uptake. It is not 
possible to evaluate which is the predominant mechanism 
in the patients in the present study. It is the opinion of the 
authors that, when PEEP is applied, RV function must be 
evaluated in each patient, since the effects of PEEP are 
individually unpredictable. PEEP may help to disclose 
potential underlying alterations of RV preload, afterload, 
and contractility that, even though not clinically evident, 
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can contribute to a decrease in CO. Therefore, the kind of 
RV response to a PEEP challenge may be a guide to ther- 
apeutic strategy or a first screening before more expensive 
and complex diagnostic procedures are considered. 
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Fig. 3 Right ventricular pressure-volume loops in an ARF pa- 
tient. The y-axis shows right ventricular pressure and the x-axis 
right ventricular volume. Diamonds represent values at zero end-ex- 
piratory pressure ZEEP, while circles represent values at PEEP 10. 
For each level of PEEP, the open symbols represent baseline, the 
hatched symbols represent values after preload variation, and the 
closed symbols represent values with further preload decrease. The 
two dotted lines show the end-systolic pressure-volume relation- 
ships (Emax). Note that with PEEP, the slope of Emax does not 
change, but the relationship is only shifted to the right 
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