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Img-term continuom pulmonary artery pressure iuonitor- 
ing was used tu htvestigate pressure changes during dii= 
ferent types of exercise and normal daily activities b 
patients with chronic heart failure. Nine men (mean age 55 
year@ with treated chro& heart faihrre underwent contin- 
uous puhonary artery presume measurement with use of 8 

brathn 

‘l-he mean (i SD) maximal systolic pulmonary artery 
pKssure (in mm Hg) was 59.4 t 26.1 on tread exercise, 

54.9 f 30.6 011 bicyde exe&e, 52.5 * 26.1 walking up 
and down stairs and 43.5 f 23.9 walking on a Hat 
surface. The mean diastolic pressure (in mm 

Hg) was 27.8 f 14.6 on Wadmill exercise, 26.5 f 14.9 on 
bicycle exercise, 24.9 f 14.8 walking up and down stairs 
and 26.4 * 12.5 walkii on a flat surface. The increase in 
pulmonary artery pssure did not correlate with the 

The similarity between changes in pulmonary artery pres- 
sure during exercise tests and normal daily activities in 
patients with chronic heart failure is unknown. Exercise 
testing is an elective method of assessing the severity of 
functional impairment (l-4) and prognosis (5-7) of patients 
with chronic heart failure. Traditionally, pulmonary capil- 
lary wedge and pulmonary artery pressures at peak exercise 
have been used to investigate the pathophysiology and 
outcome of treatment in chronic heart failure. The demon- 
stration of juxtapulmonary receptors that could be stimu- 
lated by an increase in pulmonary artery pressure and, thus, 
cause the sensation of breathlessness (8) supported the 
hypothesis that exercise pulmonary artery pressure and 
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exerdse is the same as 

breathlessness may be related. The role of pulmonary artery 
pressure changes in causing the symptoms that limit exercise 
has been challenged (2,9-12). The pulmonary capillary 
wedge pressure at peak exercise does not correlate with the 
maximal rate of oxygen consumption or symptom-limiting 
exercise (13), and the excessive ventilatory response to 
exercise is not a result of acute changes in intrapulmonary 
pressure (14). 

It has been suggested (2,15,16) that symptom-limited 
maximal exercise tests may differ in their hemodynamic 
consequences from those in the type of activities under- 
taken by patients during daily life, which mainly involve 
submaximal exercise. The purpose of this study was to 
compare pulmonary artery pressure at peak exercise with 
that during daily activities in patients with chronic heart 
failure. This problem was addressed by comparing 
pulmonary artery pressure during two co~vemt~o~ 
exercise tests with that during two submaximal tests and 
with the effects of posture, lying in bed at night, meals and 
urination. 
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three times daily 
Aspirin. 75 once daily mg 
~~metaoide, 0.5 once daily, amiodarone, mg. 2 

mg, once daily, lorazepam, I mg at night 
Furosemide. 80 once daily, amiloride, 10 mg, mg, 

lopril, 6.25 mg, three times 
daily, misdone, 200 mg, once daily, 
isosorbide mo~oait~te, 10 mg twice daily 

Furosemide, 40 once daily, amiloride, 5 mg, 
once daily, temarepam at night 

Rrosemide. 120 twice daily, captopril SO mg, 
mg, twice daily, insulin twice daily 

~~~~osernide, 
once daily, digoxin 0.25 mg, once daily, 
aspirin, 75 mg, once daily, allopurinol, 300 mg 

exercise. 

sure measurem 

exercise tests. 
Their main co~pl~~t ere breathlessness and tiredness. 

volume and vital 
capacity. The mean (rSD) ~dion~clide left veot~cul~ 
ejection fraction was 20.4 + 6.7% at rest and 28.0 f 11.6% 
during exercise. The mean radionuclide right ventricular 
ejection fraction was 24.5 f 6.8% at rest (no data for Patient 

exerctse was 16.1 f 5. 
cL& 

ercise for 24 min 

(3 min stages, startmg at 1 mp 
and 10% gradient, 2.4 mph and 
14% gradient and 4.2 mph and I 

tery pressure was meas 
eter-tipped catheter, incorporating an in vivo calibration 
system (Gaeltec Ltd., U.K.) that eliminates 

(17). The pressure t~ns~ucer signal w 
able batte~~~ven ~p~ifier w 

warst of the patient. A f~qMe~c 

recorder to whit 
coaxial cable. The frequency res 

z (-3 dB), and that of the other components of the 
m was in excess of this. 

Before use, the catheter was ste~li2ed in Cidex (SU 
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Ltd., U.K.) overnight, after which it was washed and soaked 
in normal saline solution and temperature-stabilized for 6 
min in saline solution between 37” and 39.5”C. Immediately 
before the catheter was inserted into a patient. it was 
calibrated by sealing its tip in a sterile piastic cylinder that 
was attached to a 239P air-operated dead weight pressure 
balance (Budenberg Gauge Company Ltd., U.K.) by means 
of a sterile tube. Static pressure calibrations were recorded 
on tape and read off a Fluke 75 digital voltmeter (RS 
Components Ltd., U.K.) to the nearest millivolt at 0, 1.5, 
2.5, 5.0, 7.5 and 10 kPa (1 kPa = 7.5006 mm HgI. This 
calibration procedure was repeated immediately after the 
c&h&; was removed from a patient, and calibration lines 
were _- :ed to coafkm the absence of a change in transducer 
sensitiblt). 

Aj’er catheterization, the catheter was calibrated at 20 
min intervals for the first 8 h and hourly during the day 
thereafter. During the night, calibrations were performed 
every 2 to 4 h. The catheter was calibrated at rest before and 
immediately at the end of exercise. 

An ambulatory electrocardiogram (ECG) using two bipo- 
lar leads, an anterior lead CM5 and an inferior lead was 
performed simultaneously. The sites and method of applica- 
tion of the electrodes have been described elsewhere (18). 
Recordings onto magnetic tape were made with use of a 
tiequency-modulated dual channel recorder (Oxford Me- 
dilog II, frequency response 0.05 to 40 Hz) to detect ST 
segment changes and arrhythmias. 

Activity protocol. Patients gave written, informed con- 
sent to the procedure, which was approved by the National 
Heart and Chest Hospitals Ethics Committee on December 
5, 1986. 

For the day before catheterization and during the study, 

patients kept Q diary of their activities. The investigators 
kept a separate diary of the patients’ activities to ensure that 
adequate details were recorded and to check the accuracy of 
the patient’s diary. The types of activity recorded were 
standing, sitting (with the legs down), sitting upright on a bed 
(with the legs horizontal), lying on a bed, eating a meal, 
standing while urinating, walking on a flat surface, walking 
up and down stairs, treadmitl exercise, bicycle exercise and 
lying in bed at night. When recording posture during the day, 
no distinction was made between different activities such as 
talking, reading, watching television or sleeping. 

On the day of catheterization, patients were fasted from 
02.00 h. NO premeditation was administered. Catheteriza- 
tion was performed at 09.00 h and patients returned to their 
room by 09.45 h. In the catheterization laboratory, an 8F 
‘introducer was inserted into a subciavian vein under local 
anesthesia. The catheter was inserted through this and 
located in either the proximal right or left pulmonary artery 
under X-W screening. The introducer was then withdrawn 
and the catheter stitched in place to the skin. 

012 return to their room, patients had breakfast, after 

which they went about normal daily activities. On the day of 
catheterization, three exercise tests were u~de~~ke~: walk- 
ing up and down a flight of 18 steps at 14.30 h, walking on a 
flat surface in their room at 15.30 h and treadmill exercise at 
16.30 h. To separate the two maximal exercise tests, bicycle 
exercise was performed at 09.45 h on the second day. The 
treadmill exercise protocol was the same as that used for 
determining the maximal rate of oxygen consumption d- 
ready described. The bicycle exercise protocol was the same 
for ail patients: stages were 3 min each, starting at 25 
increasing by a 25 W isacrement per stage. 

The treadmill and bicycle tests were maximal symptom- 

limited tests during which the patients were pushed to their 
limit. Walking on a flat surface and walking up and down 
stairs were not maximal tests, and the patients were in- 
structed to exercise to the point at which they thought they 
would normally stop. After ail exercise tests had been 
completed, patients were asked to rank the tests in order of 
the severity of their limiting symptoms, regardless of 
whether these were breathlessness or fatigue. 

Mealtimes were determined by the hospital routine: lunch 
was served at 12.15 h, supper at 17.15 hand breakfast on the 
second and subsequent mornings at 08.00 h. All patients 
urinated at 13.30 h on the first day and measurements during 
this activity were made. 

Patients received their usual medication during the study 

(Table 1). Once daily drugs and the first dose of other drugs 
were given in the morning (on the day of catheterization at 
Ii .OO h and the second morning at 08.00 h). Patients taking 
diuretic drugs and nitrates twice daily received their second 
dose at 14.00 h. The second dose of other twice daily drugs 
was administered at 22.00 h. The second snd third doses of 
three times daily drugs were administered at 14.00 h and 
22.00 h. 

Data analysis. Tape recordings of pulmonary artery pres- 
sure were replayed on an ink jet chart recorder (Siemens- 
Elema Mingograf 82). Systolic and diastolic pressures were 
sampled manually every 7.5 min by measuring the mean 
systolic and diastolic pressures over a 20 s period (10 to 15 s 
during exercise). Each 7.5 min pressure sample was anno- 
tated with the patient’s activity as recorded in the patient’s 
or the investigator’s diary. The pressures were corrected f,,g 
zero drift by linear interpolation between the in vivo caiibra- 
tions. 

Pressures were also sampled before exercise and at peak 

exercise. Before upright exercise, the control pressure read- 
ing was taken by asking the patient to stand quietly for I min. 
‘licycie exercise was preceded by 1 min of sitting on the 
bicycle. Heart rate was determined from the frequency of 
the pressure waves at the same time as the pressure was 
sampled. 

Statistics. Systolic and diastolic pulmonary artery pres- 
sure and heart rate data were analyzed separately for indi- 
viduals as well as for the whole group. For individual 
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the bicycle and on the treadmill in nine patients. 

patients, a one way analysis of variance was used to com- 

ed t tests and cor- 

Successful continuous ret 
in seven of the nine pati 
no recording was mad t in Patient 6. Patient 9 

Figure 2. Diastolic pulmonary artery pressure before and at peak 
exercise waking on a fiat surface, wafking op and down stairs, on 
the bicycle and on the treadmill in nine patients. 
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sked to have the catheter 
is bacycle exercise test j 

catheter or the exercise 

using the heart failure protocol). Exercise time did not 
correlate with the maximal absQ~~te or percent systolic or 

pressure increase. 
ore. There was a signi 

omaky artery pressure compare 
control measurement for all exercise tests. There was no 
significant difference between the mean pulmonary artery 
pressures at rest before each type sf exercise for the entire 
group. The maximal pulmonary artery pressure achieved on 
different exercise tests varied. The increase in systolic 
pressure correlated with the increase in diastolic pressure 
(r = 0.89, p < 0.001). 

The values for the systolic and diastolic pulrwnary artery 

pressures before and at peak exe ise are shcw in FiweS 
I and 2. There was wide variatio among i~d~vi~ua~s in the 
preexercise and maximal exercis adings. The mean max- 
imal pulmonary artery pressure h ofthe exercise tests 
for all of the patients is shown 
maximal systolic pulmonary artery pressure (in 
59.4 + 26.1 on treadmill exercise, 54.9 * 30.6 on bicycle 
exercise. 52.5 +- 26.1 on walking up and down stairs and 43.5 
f 23.9 on walking on a fiat surface. The mean maximal 
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Table 2. Comparison of the Pulmonary Artery Pressure Increase During Exercise Tests Averaged for Nine Patients 

Systolic PK., :ure (mm Hg) Diastolic Pressure (mm Hg) 

Difference Between Difference Between 

Exercise Tests Mean Values of Mean Values of 

Compared Exercise Tesb SD p Value Exercise Tests SD 

Treadmillhicycle 5.4 8.7 NS 1.1 5.2 
TreadmWtairs 9.6 9.9 NS 3.7 6.9 
Treadmill/walk 18.5 9.1 0.006 8.3 3.4 
Bicycle/stairs 4.3 10.2 NS 2.6 4.1 
Bicycle/walk 13.1 9.4 NS 7.2 3.4 
stairs/walk 8.9 7.6 NS 4.6 6.3 

p Value 

NS 
NS 

0.006 
NS 

0.606 
NS 

diastolic pressure (in mm Hg) was 27.8 f 14.6 on treadmill 
exercise, 25.5 f 14.9 on bicycle exercise, 24.9 2 14.8 on 
walking up and down stairs and 20.4 + 12.5 on walking on a 
flat surface. The most striking feature is that walking on a flat 
surface caused less pressure increase than did other forms of 
exercise. 

A comparison of the differences between the mean in- 
crease in pulmonary artery pressure for the exercise tests is 
shown in Table 2. All patients had a greater systolic and 
diastolic pressure increase on the treadmill and bicycle than 
when walking, although statistical significance for the group 
was achieved only between the systolic and diastolic pres- 
sures on the treadmill and when walking (p c 0.006) and 
between the diastolic pressure on the bicycle and when 
walking Cp < 0.006). In eight patients, walking up and down 
stairs caused a greater increase in pressure than did walking 
on a flat surface. T3e pressure increase on the treadmill 
exceeded that on the bicycle in six patients and on the stairs 
in seven patients. In five patients, the pressure increase on 
the bicycle exceeded that 011 the s&s. 

Figure 4. Exercise duration for the nine patients for each of the four 
exercise tests: walking on a flat surface, walking up and down stairs, 
on the bicycle and on the treadmil. Shortness of breath was the 
primary reason for stopping exercise in ail of the tests except those 
with a symbol above the bar. 

- no symptoms . fatigue A breathless 
+ f&igue 

0 @topped b 
mestigat rs d 

The principal symptom that limited treadmill, bicycle and 
stairs exercise in all patients was breathlessness (Fig. 4). 
However, patients complained that the most fatigue they 
experienced occurred during bicycle exercise, and Patients 2 
and 9 considered it to be as severe as their breathlessness. 
On the stairs, Patient 5 rated his breathlessness equal to 
fatigue. Walking on a flat surface, Patient 4 was stopped by 
the investigators without symptoms after 15 min; Patient 8 
was stopped by the investigators after 15 min and was also 
breathless; Patient 9 was stopped by the investigators after 
15 min and was also tired; Patients 5 and 7 were sto 
breathlessness and fatigue equally and Patients 1,2,3, and 6 
were stopped by breathlessness more than fatigue, The 
symptom of breathlessness did not correlate with the in- 
crease in pulmonary artery pressure or the maximal pressure 
during exercise. 

Patients ranked the four exercise tests according to the 
severity of the symptoms that stopped them. Six patients 
ranked the bicycle and two ranked the treadmill as causing 
the most severe symptoms. All patients ranked walking on a 
flat surface as causing the mildest symptoms. Because three 
patients (Patients 4,8 and 9) were stopped by the investiga- 
tors after walking for 15 min on a flat surface, they might not 
have ranked this test as the easiest had they gone on until they 
would normally stop. Five patients considered the treadmill 
as the second easiest and six patients considered the stairs as 
the third easiest. Comparison of the symptom rankings with 
the change in pulmonary artery pressure (Fig. 5) revealed that 
the smallest pressure increases were associated with the 
mildest symptoms (rank 4) in all but Patient 5. 

Neither systolic nor diastolic pressure, absolute uressure 
increase or percent pressure increase during treadmill exer- 
cise correlated with either the maximal rate of oxygen 
consumption measured on a previous treadmill exercise test 
using the same exercise protocol or the radionuclide ventric- 
ular ejection fraction. 

Heart rate (F!g. 6). There was a significant increase in 
heart rate during all types of exercise. The mean heart rate 
(in beatslmin) was 118 + 28.2 at maximal treadmill exercise, 
114 f 24.1 at maximal bicycle exercise, 112 f 19.4 at 
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stairs. 

increase in systolic and diastolic pu 

t night. ~tat~st~ca~ significance by 
.Q2) was achieved in all but Patien 

ry artery pressures 

When the patients got oltt of bed in the mor~io~, pu~mooary 
immediately decreased. The Iack of pressure 
ient 7 may have been caused by the 

Table 3. Effect of Postural Changes on Systolic and Diastdlic Pulmonary Artery Pressure (mm Hg) in Nine Patients 

Standing Sittiilg Sitting on Bed Lying 
- 

Patient 
Systolic Diastolic SystQlic Diastolic Systolic Diastolic Systolic Diastolic 

NO. Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

I 38.9 II.5 20.x 6.8 45.0 5.4 24.1 3.2 53.8 2.7 30.7 I.1 56.7 3.2 32.0 3.1 

2 14.8 2.2 6.1 1.8 I’:.3 2.5 6.9 1.7 18.5 I.1 8.8 I.1 25.6 2.2 13.5 2.2 

3 17.3 3.7 5.1 1.9 18.9 2.7 7.0 2.2 27.9 4.1 13.2 2.7 27.2 1.8 14.3 0.9 

4 13.9 6.4 3.5 2.4 25.7 8.4 A.9 4.6 30.2 6.3 12.7 3.6 38.b 7.9 16.7 3.8 

5 15.7 4.6 6.3 3.1 20.8 3.2 9.4 2.4 30.2 4.6 16.9 3.7 36.4 9.2 20.4 7.3 

6 17.6 2.5 6.9 I.8 19.4 2.7 8.1 2.0 22.6 3.1 9.7 2.6 29.2 2.9 12.3 1.4 

7 43.8 9.0 24.1 5.s 48.2 9.1 25.4 5.1 51.8 7.0 27.3 3.2 

8 13.3 4.0 3.8 2.9 19.0 3.6 6.2 2.3 28.3 ?.I 13.3 1.6 31.5 2.3 16.4 1.9 

9 IS.2 1.9 5.9 I.3 15.0 1.9 6.1 1.0 26.6 3.6 13.0 1.9 

Lying = lying down with one pillow; S&ipg = sitting in a chair with legs dependent: Sitting on bed = sitting up on a bed with the legs horizonkd: Standing = 

standing still. Patients 7 and 9 did not sit on their bed during the day. 
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Tat& 4, Mean Systolic and Diastolic Pulmonary Artery Pressure (mm Hg) Duriug the Day and at Night in Nine Patients 

Systolic Pulmonary Artery Pressure Diastolic Pulmonary Artery Pressure 

Day Night Day ~i6hl 
Patient 

NO. Mean SD Mean SD Mean SD Mean 

1 47.2 11.3 44.8 4.4 25.5 5.4 24.8 
2 20.0 4.7 21.9 3.5 8.6 3.0 11.2 
3 24.5 6.4 27. I 4.1 10.8 4.4 13.6 
4 29.5 11.4 43.0 7.0 II.5 6.0 21.9 
5 28.5 1c.3 37.2 4.2 14.9 7.1 21.3 

6 23.1 5.1 9.1 2.9 
7 51.2 II.7 53.2 5.9 27.1 6.8 29.3 
8 20.9 1.0 36.0 4.1 1.9 4.4 18.9 
9 21.2 6.6 9.6 2.9 

SD 

3.3 
2.8 
2.9 
4.1 
3.0 

2.9 
3.3 

Patients 2 and IO did not have nocturnal pressure nwsurements. 

spending more than half of the night sitting on the edge of his 
bed. 

E&cts of meals. Pulmonary artery pressure increased 
significantly in three of nine patients (Patients I, 3 and 6) by 
4.5 mm Hg systolic and 2.0 mm Hg diastolic during meals 
compared with that when sitting (the posture during eating). 
The pressure increase was never as much as that achieved 
by lying flat. Heart rate during meals did not increase 
significantly. 

Urination. The increase in pulmonary artery pressure 
during urination was not significantly different from that 
when walking on a flat surface in eight of the nine patients. 
It was always greater than that when standing. The increase 
in pressure could be accounted for by the short walk that 
patients had to make to the toilet. In Patient 5. pressure 
increased but was less than when walking on a flat surface. 
A significant increase in heart rate during urination over that 
when walking on a flat surface of 18 beats/min occurred only 
in Patient 9. 

The micromanometer-tipped iatrapulmonary catheter. 
We used a micromanometer-tipped catheter to measure 
pressure in the pulmonary arteries accurately and continu- 
ously. As used in this study, the catheter overcomes the 
problems of fluid-filled catheters, especially the errors in 
leveling an external transducer to a zero reference point, 
temperature sensitivity and electrical zero drift. The tip of 
the catheter itself is the zero reference for pulmonary artery 
pressure. When there are changes in body position or when 
respiratory changes in intrathoracic pressure become large, 
as occurs during exercise, leveling an external transducer to 
the level of the left atrium by an arbitrary reference point on 
the body can lead to gross inaccuracies in the estimation of 
left atrial and pulmonary artery pressure. Fluid-filled cathe- 
ters may a!so generate artifacts such as catheter impact and 

end pressure (19,2(l), in addition to those caused by thread- 

Our results show wide variation in pulmonary artery 
ing the catheter through the beating heart (21). 

pressure among patients during the day and at night an 
different postures and different exercise tests. These differ- 
ences may be explained by the heterogeneous nature 
disease under scrutiny, interindividual variation a 
effects of drug treatment. For these reasons, the analysis of 
data was concentrated on modeling the behavior of individ- 
ual patients, as well as summarizing the data for the group as 
a whole. 

Effects of exercise on 
normaE subject. The order of the exercise tests was not 
randomized because it was necessary to perform the two 
maximal exercise tests on different days to circumvent 
excessive exhaustion. For the same reason, the treadmill 
test was performed at the end of the day after the two 
submaximal exercise tests. 

In normal subjects, the magnitude of the increase in 
pulmonary artery pressure during exercise shows wide vari- 
ations and depends partly on the severity of exercise. The 
behavior of the normal pulmonary circulation may be mainly 
passive, the elevation of pressure during exercise being 
attributable to increased cardiac output (22). Moderate ex- 
ercise may not be associated with an increase in pulmonary 
artery pressure (23,24). Severe uprtght bicycle exercise in 
normal subjects caused the pulmonary artery pressure to 
double from 13.8/5.2 to 26.8/10.3 mm Hg (25), whereas in 
athletes, it increased from 19.119.1 to 463113.1 mm pig. 
possibly because their central blood volume was larger. 
Pulmonary wedge pressures during seated bicycle exercise 
have been shown to increase from 13 to 22 mm Hg (26) and 
pressures up to 25 (27) and 30 mm Hg (28) during exercise 
have been recorded. 

Effects of different ty 
failure. In our patients, different exercise tests caused vary- 
ing increases in pressure. In part, this variation may 
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re severe exercise. ar~~g exercrse, 

pressure increase e:xcept for ~val~~ng on a flat surface. Such 
a method of symptom assessment has s~u~corni~~s because 

ited exercise were 

pulmonary artery pressure increase is the cause of symp- 
toms. There is acc~muiatin~ evidence that the main cause of 
exertional breathlessness limiting exercise in chronic heart 
failure is an increase in pulmonary physiologic dead space 

CO~C~MS~~~S. Continuous ambulatory pulmonary artery 
recording in patients wit 
well tolerated. Exercise 0 

pressure and the latter was unrelated to heart rate durh 
exercise. 
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Thus, symptoms and changes in pulmonary artery pres- 
sure during maximal exercise are not the same as those 
during everyday activities. These differences may limit the 
value of maximal exercise tests in assessing patients with 
heart failure and the effects of therapy. 

We gratefully acknowledge the generous suppot? of Gaeltec Ltd.. U.K. for 
supplying the catheters. 
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