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In vitro reappraisal of 
the pulmonary artery 
catheter balloon 
volume-pressure rela- 
tionship: comparison 
of four different 
catheters Shigemasa lkeda MO,* Keiichi Yagi MD,* 

John F. Schweiss MO,* Sharon M. Human Phol" 

The most serious risk of the use of the flow-directed pulmonary 

artery (PA) catheter is PA rupture due to high balloon inflation 

pressure of the catheter. Previously reported measurements of 

PA catheter intra-balloon pressure and volume during balloon 

inflation were performed mostly in a static fashion, that is, 
measurements were performed after a certain volume of air had 

been injected into the balloon. In this study, simultaneous 

measurements of pressure and volume, in addition to a static 

study, were performed in vitro using four PA catheters (Abbott 

Opticath, Arrow Hands-Off, Baxter Edwards and Spectramed). 

The peak intra-baUoon pressure was recorded immediately 

before loss of resistance was felt in the inflating syringe. 
Contrary to previously reported studies, the peak intra-balloon 

pressure was not the pressure exerted on the pulmonary artery 

wall unless the tip of the catheter was already in the peripheral 

pulmonary artery. The loss of resistance volume which was 

constant for each catheter could be used reliably as an indicator 

of instantaneous balloon inflation. The slower the rate of 
injection, the lower were the peak pressure and the injection 

volume at the peak pressure. The Abbott, Edwards and 

Spectramed catheters had similar characteristics of inflation 
volume and intra-balloon pressure. The Arrow catheter had 
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higher balloon opening and plateau pressures, and a smaller 

balloon volume compared with the other three catheters. 

Le risque le plus sdrieux Iors de I'utilisation du catheter de 

l'artdre pulmonaire dirigE cJ l' aide du flux sanguin est la rupture 

de r artdre pulmonaire causEe par une pression d'insuffiation 

ElevEe du ballonnet. Les mesures dEjd publiEes du volume et de 

la pression ~ l'intErieur du ballonnet du catheter de I'artdre 

pulmonaire lors de l'insuffiation du ballonnet ont surtout ErE 
prises dans une situation statique, c'est-d-dire que les mesures 

Etaient prises aprds qu'un certain volume d'air ait EtE injectd 

dans le ballonnet. Dans la prEsente Etude, des mesures 
simultandes de la pression et du volume, en plus d'une Etude en 

condition statique, ont EtE prises in vitro en utilisant quatre 

catheters de l'artdre pulmonaire (Abbot Opticath, Arrow 

Hands-Off, Baxter Edwards et Spectramed). La pression maxi- 

mum dans le baUonnet dtait mesurde immEdiatement avant la 

perte de resistance sentie avec la seringe utilisEe pour l' insuffia- 
tion. Contrairement aax dtudes ddjd publides, la pression de 

pointe dans le ballonnet ne correspondait pax ~ la pression 

exercEe sur les parois de l'artdre pulmonaire sauf si le bout du 
catheter se trou vait ddjd dons I' artdre pulmonaire pdriphdrique. 

Le volume auquel la perte de resistance etait sentie et qui dtait 

constant pour chaque cathdter, pourrait Etre utilisd de far, on 

fiable comme indicateur de rinsufflation instantannde du 
ballonnet. Plus la vitesse d'injection cStait lente, plus on 

observait des pressions de pointe et des volumes d' injection d la 

pression de pointe qui Etait bas. Les catheters Abbott, Edwards 

et Spectramed avaient des caractEristiques semblables de volume 

de gonflement et de pression dans le ballonnet. Le catheter 
Arrow avait des pressions de plateau et d'ouverture du ballonnet 
plus ElevEes et un volume du ballonnet plus petit comparative- 

ment aux trois autres catheters. 

Pulmonary artery rupture is one of the most serious 
complications of the use of the flow-directed PA catheter. 
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Several risk factors have been reported for catheter- 
induced PA rupture, m One of these is that inflation of the 
balloon may require high pressure. Changes in a PA 
catheter intra-balloon pressure during inflation have been 
reported previously, 2-5 but the reported measurements 
were performed mostly in a static fashion, that is, changes 
in pressure were measured after a certain volume of air 
had been injected into the balloon. Simultaneous measure- 
ment of the intra-bailoon pressure, injected air volume 
and balloon volume has not been reported. In this study, 
measurements of intra-balloon pressure, injected air 
volume and balloon volume have been performed simul- 
taneously during balloon inflation to show changes in the 
pressure and volume in a dynamic fashion using four 
different commercially available PA catheters. 

The static relationship between the injected air volume 
and the balloon pressure or volume was also studied after 
injection of increasing incremental volumes of air, to 
determine if there were any differences in pressure and 
volume characteristics among different brands of PA 
catheters. Changes in the PA catheter pressure and 
volume in a simulated PA capillary wedged position were 
also studied. 

FIGURE I A diagram of the experimental set-up. 

Ithaca, NY) and an ultrasonic flowmeter (Transonic 
System T201, Ithaca, NY). The integrated volume was 
recorded simultaneously with the pressure (PPG Biomed- 
ical System, Analog data processor ADV-23, Pittsburgh, 
PA). The pressure transducer, the ultrasonic flow probe 
and the pulmonary artery balloon were placed on the same 
level for pressure and volume measurements (Figure I). 

Methods 
The commercially available PA catheters used in this 
study were Abbott Opticath P7110 (Mountain View, 
CA), Arrow Hands-Off (Reading, PA), Baxter Edwards 
94A-131H-7F (lrvine, CA) and Spectramed SP5107H 
(Oxnard, CA). The size of the catheters studied was 7.0 
French, except for 7.5 French Abbott Opticath. Five 
catheters of different lot numbers were selected from each 
of the four manufacturer's products. Each catheter was 
subjected to five inflations at different rates as dynamic 
and static studies. Measurements of the pressure and 
volume were performed initially in a constant temperature 
water bath maintained at 37 ~ C and at room temperature. 
There were no differences in both pressure and volume at 
either temperature. Subsequent measurements were per- 
formed at room temperature. 

Dynamic study 
Simultaneous measurements of the intra-balloon pres- 
sure, injected air volume, and balloon volume were 
studied in a dynamic fashion during continuous air 
injection using five PA catheters from each of the four 
manufacturers. Air, 1.5 ml, was injected over 0.5, 1,2.5, 
3, 4 or 6 sec. Injection speeds were randomized for each 
catheter. 

The intra-balloon pressure was measured by a pressure 
transducer. Both injected air and balloon volumes were 
measured by water displacement using an ultrasonic flow 
probe (Transonic System, 2N In Line cannulating probe, 

Static study 
The intra-balioon pressure and balloon volume were 
measured in a static fashion following incremental injec- 
tions of 0.1 ml of air to a total volume of 1.5 ml. In another 
experiment, the intra-balloon pressure was measured in a 
similar way using the same catheters which were inserted 
into four different sizes of glass tubes, the internal 
diameter of which was 2.8, 3.9, 5.9 and 8.2 mm. This 
experiment examined the relationship between intra- 
balloon pressure and injected air volume in the different 
diameter which imitated the pressure changes in a wedged 
position. 

Statistically significant differences among groups were 
determined using one-way ANOVA. The Tukey's meth- 
od of post-hoc comparisons was used to identify individu- 
al differences between groups in the dynamic study. All 
pairwise comparisons in the static study were performed 
by adjusting the numbers of comparisons using the 
Bonferonni method. 

Results 

Dynamic study 
Representative pressure and volume changes during 
continuous inflation of the balloon are shown in Figure 2. 
Similar volume and pressure relationships were observed 
in all tested catheters. The peak pressure and the injected 
air volume at the peak pressure decreased with slower rate 
of injection. The injection volume of the Edwards catheter 
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FIGURE 2 Simultaneous measurement of the intra-balloon pressure, 
the balloon volume and the injected air volume during continuous 
inflation of the balloon using the Edwards PA catheter. *The peak 
intra-balloon pressure, i'The plateau pressure. 

at the peak pressure was constant at 1.1 ml when the 
injection time exceeded 2.5 sec (Table I). Statistical 
analysis by ANOVA confirmed differences in the peak 
pressure and the injected air volume at the peak pressure. 

The decreasing peak pressure and the constant plateau 
pressure with increasing injection times were observed 
similarly in all catheters. However, the Spectramed and 
the Arrow catheters had significantly higher peak pres- 
sures than the Edwards and Abbott catheters. There were 
no differences in the peak pressure between the Edwards 
and the Abbott catheters. The Arrow catheter had a higher 
plateau pressure compared with the other three catheters. 
Among the other three catheters there were no statistical 
differences in the plateau pressures regardless of speed of 
air m lect~on. 

Static study 
In the static study each catheter had a slightly different 

TABLE I Relationships of the speed of balloon inflation to the peak 
and plateau pressures, and the injected volume at the peak pressure 
during continuous inflation of the Edwards PA catheter 

Peak balloon Injected volume at 
Injection time* pressure Plateau pressure peak pressure 
(sec.) (mmHg) (mmHg) (ml) 

0.5 688 --- 20 224 • 10 1.4 --- .02 
i .0 555 • 17 224 • 10 1.3 • .03 
2.5 442 • 143` 224 • 10 1.1 • .023` 
3.0 419 • 93  ̀ 224 --. 3 1.1 • .02"t" 
4.0 412 • 103" 224 • 3 1.1 • .02t 
6.0 405 - 93  ̀ 224 - 3 I. I • .02t" 

Values are mean -*" SD. 
*Time to inject 1.5 ml of  air. 
1"Statistically significant difference from baseline measurement at 
0.5 sec injection time. 

FIGURE 3 The intra-balloon pressure measured in a static fashion 
following increasing increments of  0. I ml of air being injected. 
Plateau pressure for the Arrow catheter is higher than that for each of 
the other three catheters. 

opening volume (Table II) (the injected air volume at 
which the balloon started to inflate), but the standard 
deviation was 0 for all of the opening volumes. The 
plateau pressure of the Arrow catheter was higher than 
those of the other three catheters. Changes in the 
intra-balloon pressure following increments of 0.1 ml of 
injected air were shown in Figure 3. 

Figure 4 shows the relationships between injected air 
volume, intra-balloon pressure and the diameter of the 
glass tube into which the catheters were inserted. In the 
unrestricted balloon, which is shown in the front of each 
figure, the peak pressure was attained when 0.9 ml of air 
was injected in the case of the Abbott, Edwards and 
Spectramed catheters and this occurred in the Arrow 
catheter at 1.2 ml. With continued injection of air the 
pressures began to decrease and reached a plateau after an 
additional 0.2 ml was added. When the catheters were 
p l a c e d  w i t h i n  t h e  g l a s s  t u b e  w h o s e  d i a m e t e r s  w e r e  2 . 8  a n d  

3.9 mm, the balloon pressure increased linearly with the 
injected air volume, and the pressure exceeded 700 
mmHg. 

Discussion 
In a previous study,2 balloon inflation was measured after 
a certain volume of air had been injected into the balloon 
and the highest pressure obtained was reported as a 
potential pressure exerted against the pulmonary medal  
wall. In the dynamic study shown in Figure 2, the balloon 
was barely inflated at the peak pressure. The measured 
peak pressure was the pressure inside the balloon, and did 
not show the pressure exerted against the wall of PA. This 
finding is contrary to the previously reported studies. 2'3 

A rapid decrease in balloon pressure was observed 
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FIGURE 4 lntra-balloon pressures following increments of 0. i ml of air with the catheters inserted into the four different sizes of glass tubes with 
internal diameter 2.8 to 8.2 mm. The pressures shown at the front of each is the pressure obtained without inserting catheter into the glass tube. 

TABLE II The volumes and pressures obtained in the static study 

Catheters 

Opening Maximal Opening Plateau Maximal 
volume volume pressure pressure pressure 
(ml) (ml) (mraHg) (mmHg) (mrattg) 

Abbott 0.8 1.01 • 0.44 409 • 29 250 �9 20 987 - 17 
Arrow 1.0 .78 -+ 0.19 643 • 99 397 • 35 950 • 55 
Edwards 0.8 1.01 • 0.16 383 • 24 239 • 7 865 • 13 
Spectramed 0.7 1.08 --- 0.22 402 • 6 222 • 6 1054 • 20 

Values are mean --. SD. 
Opening volume: volume of air injected when balloon started to inflate. 
Maximal volume: intra-balloon volume when 1.5 ml of air was injected. 
Opening pressure: pressure at which balloon started to inflate. 
Plateau pressure: pressure when intra-balloon pressure reached a stable level. 
Maximal pressure: intra-balloon pressure when 1.5 ml of air was injected after a catheter was inserted into a 
glass tube with an internal diameter of 2.8 mm. 

w h e n  a loss o f  r es i s t ance  was  felt  in the syr inge  dur ing  

in jec t ion  o f  the  r e m a i n i n g  v o l u m e ,  and  the ba l loon  

pressure  r e a c h e d  the  p la teau  pressure .  C h a n g e s  in the 

peak  and  p la teau  p ressures  in this  d y n a m i c  s tudy were  

essent ia l ly  s imi la r  to those  repor ted  by  Durb in .  s In his  

s tudy  a s lower  in f la t ion  (over  one  to two seconds )  did  not  

resul t  in a l ower  p e a k  p ressure .  H o w e v e r ,  in this  s tudy the  

s lower  in jec t ion  o f  a i r  (ove r  2 .5  to 6 see)  resul ted  not  on ly  

in a lower  peak  p ressu re ,  bu t  u l t ima te ly  a l ower  ba l loon  

v o l u m e  (Tab le  I), an d  poss ib ly  a l ower  p ressure  aga ins t  
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the wall of PA in vivo, although the plateau pressure 
measured in vitro was constant regardless of the injected 
speed. Using the 7 French Edwards catheter, McDonald 
et al. reported a similar finding. 2 In their study the peak 
pressure was reported at the injection volume of 1 ml. 
Differences between their study and the present one, 
which are clinically insignificant, are probably due to the 
different method used to inject air (increments of 0.25 ml 
in their study vs continuous in this study). If the air was 
injected over three seconds or longer, the peak pressure 
and the volume of injected air at the peak pressure did not 
change in all four catheters. 

In the static study, the plateau pressure of the Arrow 
catheter was higher than those of the other three catheters. 
Though the opening pressure of the Arrow was higher 
than the other four catheters, no statistical differences 
were observed with any of the other catheters, due to the 
high variability in the Arrow catheter. There were no 
differences in both opening intra-balloon and plateau 
pressures among the other catheters (Table II and Figure 
3). When 1.5 ml of air was injected, the Arrow catheter 
had the smallest balloon volume, which was smaller than 
the other three catheters. The Spectramed catheter had the 
largest balloon volume, which was larger than two of the 
other three catheters. 

Air volume at the loss of resistance differed among the 
different catheters, but was constant for each catheter. 
This suggests that the injected air volume at the loss of 
resistance which can be established prior to catheter 
insertion can be used to determine the onset of balloon 
inflation. Our finding was similar to the study by Hardy et 

al. 3 in which the opening volume (the critical volume in 
their paper) without a variance was reported, but contrary 
to the finding by McDonald et al. 2 In their study, the 
balloon did not expand with a standard injection volume. 
They suggested that it would be inaccurate to use the 
volume of injected air as the indicator of balloon 
expansion. 

In order to avoid pressure-induced balloon rupture, 
Connors et al. 6 recommended that the balloon be inflated 
with no more than 0.75 ml of air. Our study, as well as 
Hardy's, showed the opening volume to be 0.7 to 1.0 ml, 
depending on the brand of catheter used. The balloons 
barely inflate with 0.75 ml of air, and without balloon 
inflation the advantage of using of flow-directed PA 
catheter insertion will be lost. 

The study using glass tubes was designed to mimic the 
intra-balloon pressure and volume relationship in the 
wedged position. Though the results obtained using the 
non-distensibility of glass tubes cannot be extrapolated to 
in vivo pulmonary arteries, the intra-balloon pressure- 
volume relationship in the same restricted diameters can 
be compared. The pressure obtained in the Edwards 

catheter when 1.5 ml of air was injected in the 2.8 mm 
diameter tube was lower than that in the Abbott and 
Spectramed catheters, but there was no statistically 
significant difference between the Edwards and Arrow 
catheters. The Arrow catheter had the smallest final 
balloon volume compared with the other three catheters 
when 1.5 ml of air was injected, suggesting that the tip of 
the Arrow catheter might migrate to a smaller, more distal 
vessel. However, the intra-balloon pressure obtained 
when it was inserted into the 2.8 mm glass tube was the 
second lowest among the tested catheters, which suggests 
the risk of pressure caused PA rupture is comparable with 
other catheters. The Spectramed catheter, which has the 
largest balloon volume, recorded the highest intra-balloon 
pressure when it was inserted into the smallest glass tube. 
The pressure obtained in the 2.8 mm diameter glass tube 
was comparable to the lowest rupturing pressure of 975 
mmHg reported by Hardy et al. in the cadaver. In their 
study, the balloon was inflated with 1.5 ml of l iquid: In 
the same study none of the tested PA catheters ruptured 
when 1.5 ml of air was used to inflate the balloon; 
however, they did not mention the position of the tip of the 
catheter which is clinically as important as its balloon 
pressure. Minimum rupturing pressures have not been 
reported when the balloon is inflated by 1.5 ml of air. 

There are several potential factors influencing PA 
rupture such as pulmonary hypertension, patient's age 
and use of anticoagulants, etc. t However, this study 
suggests that if the balloon pressure continues to increase 
or the pretested loss of resistance volume is exceeded 
without a loss of resistance, the catheter should be 
suspected of being wedged, and no more air should be 
injected. 

In summary, the results of the present study have 
implications of clinical importance. The peak intra- 
balloon pressure recorded immediately before loss of 
resistance was felt in the inflating syringe. Unless the tip 
of the catheter was already in the peripheral PA, the peak 
intra-balloon pressure was not the pressure exerted on the 
pulmonary artery wall. Air should be injected slowly, 
preferably over at least three seconds. The slower the rate 
of injection, the lower were the peak pressure and the 
injection volume at the peak pressure. Air volume at the 
loss of resistance differed among the different catheters, 
but was constant for each catheter. A loss of resistance 
volume should be determined prior to catheter insertion, 
and this can be used as an indicator of instantaneous 
balloon inflation. Abbott, Edwards and Spectramed 
catheters have similar characteristics of inflation volume 
and intra-balloon pressure. The opening intra-balloon 
pressure, plateau pressures and the injected volume at the 
balloon opening were higher with the Arrow catheter than 
with the other three catheters although the balloon volume 
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when 1.5 ml of  air was injected was the smallest among 
the tested catheters. 
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