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SUMMARY Respiratory effort during inspiration, expiration, and the Valsalva manoeuvre changes
right ventricular preload and afterload. On inspiration these changes should improve systolic
emptying of a larger end diastolic volume and so increase the ejection fraction, whereas on
expiration the reverse should be true. The resting right ventricular ejection fraction was measured
by first pass radionuclide angiography with gold-195m (half life 305 s) in 17 individuals at
maximal inspiration and expiration and in eight at rest and during the strain phase (phase 2) of the
Valsalva manoeuvre. The right ventricular ejection fraction was significantly lower during
expiration than during inspiration. There were, however, no significant differences in bolus
duration or right ventricular transit time. The Valsalva manoeuvre, in contrast, significantly
increased the ejection fraction and also significantly prolonged both the bolus duration and right
ventricular transit time. The conformation of the bolus curves during the Valsalva manoeuvre
suggested the development of tricuspid regurgitation.
These data suggest that relative influences of venous return, pulmonary arterial pressure,

pulmonary vascular resistance, and possible functional tricuspid regurgitation vary during
inspiration, expiration, and the Valsava manoeuvre and can affect the right ventricular ejection
fraction. Changes in right ventricular function on exercise assessed by first pass radionuclide
angiography must be interpreted with caution because maximal respiratory effort may alter the
right ventricular ejection fraction independently of ischaemia or other non-ischaemic factors.

Recognition of the importance of right ventricular
function' has led to interest in its measurement.
Radionuclide angiography is a safe, reproducible,
and non-invasive method of assessing right
ventricular ejection fraction.'5 When the first pass
method is used right ventricular transit lasts only a
few seconds, and so rapid changes in function can be
assessed. The use of the ultrashort half life radio-
pharmaceutical gold-195m allows multiple, rapid,
sequential first pass radionuclide angiograms to be
performed with a low radiation burden.6
During inspiration the negative intrathoracic

pressure draws blood into the right atrium and so
increases right ventricular filling pressure.7 In addi-
tion, the pulmonary vessels dilate as the lungs
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expand; thus pulmonary vascular impedance falls
and this causes a fall in pulmonary artery pressure
and hence right ventricular afterload.8 In contrast
during expiration right ventricular filling pressure
falls and afterload increases. Since the right side of
the heart is a low pressure system, these changes in
preload and afterload during respiration might be
expected to bring about relatively large changes in
right ventricular systolic function. During inspira-
tion right ventricular filling and emptying will be
enhanced, and since the ejection fraction is a ratio of
the stroke volume divided by the end diastolic
volume, it should increase. The converse is true
during expiration.
The Valsalva manoeuvre, forced expiration against

pressure, reduced pulmonary flow and increased
pulmonary arterial pressure.9 An echocardiographic
study suggested that right ventricular end diastolic
volume falls during the Valsalva manoeuvre while
stroke volume is maintained.'0 If these data are
correct and the systolic function ofthe right ventricle
is enhanced during the Valsalva manoeuvre, then
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because blood is not pumped forward, functional
tricuspid regurgitation must be responsible for
maintaining or increasing right ventricular ejection
fraction.
This study was designed to investigate the

respiratory changes in resting right ventricular func-
tion during maximal inspiration, expiration, and the
Valsalva manoeuvre.

Patients and methods

PATIENTS
We studied 25 people (22 men). They had been
referred to the nuclear cardiology laboratory for the
assessment of resting ventricular function. Most had
proven or suspected coronary artery disease, but
some were assessed for the possibility of a left
ventricular aneurysm or cardiomyopathy. We
excluded those who were unable to lie flat or were not
in sinus rhythm. None had a history of asthma or
chronic sputum expectoration or clinical evidence of
pulmonary disease. Chest radiography showed no
pulmonary abnormality and no one was taking
bronchodilator or steroid medication. Informed
consent was obtained for the study. No adverse
effects were noted during the study.

RADIONUCLIDE ANGIOGRAPHY
First pass radionuclide angiography was performed
as previously described." An 18 gauge cannula was
inserted into a vein in the antecubital fossa and
boluses of 15-20 mCi (550-750 MBq) of gold-195m
were injected by a rapid saline flush. Details of the
portable mercury- 195m/gold-195m generator and its
validation for use in man have already been
described.612 The subjects were imaged supine in the
30° right anterior oblique projection, which produces
the best spatial separation of right atrium and right
ventricle.'3

INSPIRATION AND EXPIRATION
Before imaging the 17 subjects were instructed on
taking and holding deep breaths, in and out. All
subjects could hold their breath at maximal inspira-
tion and expiration for at least 20 seconds. An initial
injection was made to assess the time required for the
bolus of radioactivity to pass through the circulation
into the left ventricular phase, and the study
proceeded only if this was less than 20 s. Subjects
were then imaged at maximal inspiration and then at
maximal expiration. The appropriate respiratory
manoeuvre was held for the entire duration (20 s) of
the first pass study, and imaging ofthe right ventricle
was therefore not obtained during a change from
inspiration to expiration or vice versa. Three minutes
(> 5 half lives) were allowed to elapse between each
study.
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REST AND VALSALVA MANOEUVRE
Eight subjects were instructed on how to perform a
Valsalva manoeuvre (expiratory effort against a
pressure) using a device specially designed to
maintain an airway pressure of > 35mmHg (Medical
Electronics Department, St Bartholomew's Hosp-
ital). All were able to maintain this pressure for at
least 20 s. Radionuclide angiography was performed
at rest and then during the holding ofthe strain phase
(also known as phase 2) of the Valsalva manoeuvre.'4

ANALYSIS OF DATA
Right ventricular ejection fraction was calculated by
a manual, iterative technique from high frequency
time-activity curves derived from a right ventricular
region of interest." An appropriate background
correction was used.'6 Right ventricular images were
derived from background corrected end systolic and
end diastolic images. Bolus duration was measured
from the full width at half maximum of a time-
activity curve from a region of interest over the
superior vena cava.'7 These curves were also analysed
qualitatively for evidence of pulsatile flow, sugges-
tive of tricuspid regurgitation (fig 1). A previous
study showed that prolongation of the bolus has no
significant effect upon the calculation of the right
ventricular ejection fraction." We derived the right
ventricular transit time from the right ventricular
time-activity curve, taking the first identified systolic
frame (trough) the beginning and the last diastolic
frame (peak) as be end. The number of cycles
available for analysis and the mean heart rate were
also derived from the time-activity curve. Left
ventricular function was not assessed because the left
heart transit in first pass studies often came after the
end of breath holding or the Valsalva manoeuvre
(that is >20 s after the injection). Thus in some
studies it was impossible to be certain at which phase
of the respiratory cycle the left heart was imaged.

STATISTICAL ANALYSIS
Statistical analysis was performed with a
commercially available software program on a
microcomputer. Inspiratory and expiratory results
were compared by paired t tests. Results are
expressed as mean (SD).

Results

CHANGES FROM INSPIRATION TO EXPIRATION
Figure 2 shows the response of the right ventricular
ejection fraction from maximal inspiration to expira-
tion in all individuals. The right ventricular ejection
fraction on inspiration ranged from 12 to 48% with a
mean value of 31-8 (11-2)%. On expiration the range
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~~~was 11-41% with a mean of 26-2 (9-9)% (p < 001 v

Mecin inspiration). In the whole group the change from
inspiration to expiration was - 5 7 (6 5)%. Fifteen of

* p< 01 17 individuals showed a fall in ejection fraction from
50 inspiration to expiration ranging from 1 to 16%, with

a mean 7-7 (3 8)%. Two subjects showed a rise of6%
and 11% respectively.

40 . \Figure 3 shows the distribution ofchanges in right
ventricular ejection fraction from inspiration to

expiration. This confirms that most individuals had a

fall in ejection fraction, with a normal distribution
around a median value of -7%. The 99%

30- probability limits for the mean value are - 103 to

RVEF % 42 -1 1% indicating a high probability that these
results represent a true fall in ejection fraction.
Table 1 shows the mean (SD) results for all

20- _ individuals for the bolus duration, right ventricular
ejection fraction, right ventricular cycles, right
ventricular transit time, and heart rate. These are

*- -----shown for inspiration, expiration, and the difference
10 between these values. As shown in figure 2, there is a

significant fall in ejection fraction, but there are no
other significant differences.

0, CHANGES FROM REST TO THE VALSALVA

Inspiration Expiration MANOEUVRE
Figure 4 shows the change in right ventricular

Fig 2 Right ventricular ejectionfractions on inspiration ejection fraction from rest to the Valsalva manoeuvre

(left) and expiration in all 17 subjects (mean (SD)). in eight subjects. The right ventricular ejection
A VF oht,Jzru& VP,S, r oiorsti.fr"i&v fraction increased from 29-4 (7-3)% (range 20-38%)
x vz:r, rtgnt ventricutur vjac;&sunjF(AKI&&vr&.
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Fig 3 Distribution of changes in right ventricular ejection
fraction from inspiration to expiration.

at rest to 42-6 (9-6)% (range 25-54%) during the
Valsalva manoeuvre (p < 0001). All subjects
showed a rise (mean 13-3 (6 8)%, range 5-27%).

Figure 5 shows the distribution of change in the
ejection fraction from rest to Valsalva. The values are
normally distributed around the mean.
Table 2 shows mean (SD) results in all the subjects

of the bolus duration, right ventricular ejection
fraction, right ventricular cycles, right ventricular
transit time, and heart rate. In contrast with the
inspiration/expiration results, bolus duration, right
ventricular cycles, and right ventricular transit time
were all significantly increased during the Valsalva
manoeuvre. Heart rate was increased, and although
this just fails to reach statistical significance it does
suggest that imaging was performed during the strain
phase of the Valsalva manoeuvre.18

Analysis of the changes in the bolus time-activity
curve from rest to the Valsalva manoeuvre showed
that six of the eight subjects had pronounced
increases in bolus duration. In all these individuals
pulsatile waves appeared during the Valsalva man-
oeuvre as shown in fig 1. These were caused by
oscillation ofthe bolus ofradionuclide in the superior

Table 1 Changesfrom inspiration to expiration (mean
(SD))

Variable Inspiration Expiration Difference
Bolus duration (s) 1-3 (1 0) 1-5 (0 7) 0-1 (1 0)
RVEF (%) 31-8 (11-2) 26-2 (9-9)* -5-7 (6-5)
RV cycles 5 (1-5) 5-8 (2-7) 0-8 (2 6)
RV transittime (s) 3-7 (1-3) 4-1 (1-8) 0-4 (1-8)
Heart rate

(beats/min) 76-5 (12-8) 79-6 (13-1) 3-1 (6-5)

*p < 0-01 inspiration v expiration. EF, ejection fraction;
RV, right ventricular.

20-

10-

O-

* p<000I
n=8 I*
I

Rest Valsalva

Fig 4 Right ventricular ejection fraction at rest (left) and
during Valsalva manoeuvre in all eight subjects (mean
(SD)). RVEF, right ventricular ejection fraction.

vena cava at a rate similar to the heart rate. These are

suggestive, although not diagnostic of the develop-
ment of tricuspid reflux, and, in our experience, are
not seen in any other condition. A hold up of the
passage of bolus for any other cause is not associated
with regular pulsatile changes in the time-activity
curve.

Mean

SD

4

3-

No 2-

A RVEF (1/.)

Fig 5 Distribution of changes in right ventricular ejection
fraction from rest to Valsalva manoeuvre. RVEF, right
ventricular ejection fraction.
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Respiratory changes in right ventricular function

Table 2 Changesfrom rest to Valsalva manoeuvre (mean
(SD))

Variable Rest Valsalva Difference

Bolus duration (s) 0-9 (0-2) 2-8 (1-8)* 1-9 (1 8)
RVEF (%) 29-4 (7-3) 42-6 (9.6)** 13-3 (6 8)
RV cycles 4-1 (1-0) 7-8 (4 0)* 3-6 (3 5)
RV transit time (s) 3-3 (0-9) 5-3 (2 3)* 2-0 (1-8)
Heart rate

(beats/min) 67-1 (14-7) 81-8 (17-8) 14-6 (19 9)

*p < 0-05, **p < 0-001. Same abbreviations as table 1.

Discussion

METHODS OF ASSESSING RESPIRATORY CHANGES
IN RIGHT VENTRICULAR FUNCTION
Radionuclide angiography has several advantages
over other methods ofstudying the right ventricle. It
is non-invasive, does not induce arrhythmias and
does not require assumptions about the right ven-

tricle's complex geometric shape. In gated studies24
overlap by other chambers may be a problem, and the
time required for data acquisition means that rapid
changes will be missed. It would be difficult, if not
impossible, to perform gated studies to assess the
respiratory changes in right ventricular function
because of this. Echocardiography, although non-

invasive and having good spatial resolution, has the
inherent disadvantages that the assessment of
changes in right ventricular volume requires both
assumptions about ventricular shape and good
imaging in at least two planes.'92" Since during
respiration there is movement of the heart it is
difficult to locate the same planes at different phases
of the respiratory cycle. Thus first pass radionuclide
angiography is uniquely suited to the study of rapid
changes in right ventricular function, and the use of
gold-195m means that multiple rapid studies may be
performed with a low radiation burden.2'

CHANGES WITH RESPIRATION
This study showed that right ventricular ejection
fraction falls from maximal inspiration to expiration
by, on average, about 6%. This is not unexpected
because venous return, and therefore right ventri-
cular preload, falls and afterload increases during
expiration. The radionuclide assessment of right
ventricular ejection fraction correlates well with
haemodynamic measures of right ventricular func-
tion, particularly mean pulmonary artery pressure
and to some extent right ventricular filling pressure.'
But radionuclide angiography is sensitive enough to

show the changes in right ventricular ejection
fraction that accompany respiratory induced changes
in haemodynamic function. Since the mean ejection
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fraction on inspiration was about 30%, a fall ofabout
6% represents an average overall 20% fall in ejection
fraction. Impaired atrial filling and increasec
intrathoracic pressure on maximal expiration did not
significantly prolong either the bolus duration or the
right ventricular transit time.

CHANGES DURING THE VALSALVA MANOEUVRE
In the second part ofthe study we assessed the effects
of the Valsalva manoeuvre on right ventricular
function. The strain phase ofthe Valsalva manoeuvre
caused a fall in left ventricular volume and ejection
fraction.'8 Echocardiographic studies that use the
right ventricular area, a measure that correlates well
with right ventricular volume, have shown falls ofup
to 70% in right ventricular end diastolic volume,
associated with maintenance of or only a slight
reduction in stroke volume.'" Since the ejection
fraction is calculated from stroke volume divided by
end diastolic volume this should increase during the
Valsalva manoeuvre.
Our data suggest that this may well be so, because

there was on average a 45% increase in right ven-
tricular ejection fraction from rest to the Valsalva
manoeuvre. In contrast with the study of inspiration
and expiration there was significant prolongation of
both inflow to the right ventricle, as measured by
bolus duration, and right ventricular transit time.
Qualitative assessment of the bolus curves from the
superior vena cava showed them to have a pulsatile
element that is characteristic of tricuspid regurgita-
tion. It is difficult to be certain that this feature really
did reflect tricuspid reflux because the increase in
right ventricular pressure might simply result in
bolus hold up. However, in our experience, it is
unusual to see these pulsatile waves in individuals
with raised right sided pressures, but they often
occur in patients with tricuspid regurgitation. We
have previously shown that prolongation of bolus
duration in itself has no effect on the calculated right
ventricular ejection fraction,'5 so that the changes we
saw in right ventricular ejection fraction during the
Valsalva manoeuvre are unlikely to be related to this
variable. Using the first pass technique we were
unable to assess right ventricular volume, but the
finding of increased right ventricular ejection
fractions combined with data suggesting reduced
forward flow in the pulmonary artery,' indicates an
explanation for the apparent paradox of tricuspid
regurgitation associated with reduced right
ventricular end diastolic volumes. Thus it may be
that right ventricular ejection fraction increases
during the Valsalva manoeuvre despite increased
afterload and reduced end diastolic volume because
blood is ejected into the venous system via a regur-
gitant tricuspid valve. This hypothesis would fit the
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observed data, but further study is required to
quantify the extent of the tricuspid regurgitation.

Finally, is it possible that the changes in right
ventricular ejection fraction might also, in part, be
caused by changes in heart rate or contactility. Heart
rate increased, but not significantly from rest to the
Valsalva manoeuvre. Studies of the relation between
heart rate and left ventricular ejection fraction
showed that over the physiological range, changes in
heart rate do not significantly affect ejection fraction,
and above this range the direction of change in
ejection fraction, a fall with increased heart rate, is in
the opposite direction to the changes that we found
during the Valsalva manoeuvre.23 The change in
heart rate in the current study was < 40 beats/min in
all cases and it seems unlikely that heart rate alone
would explain the difference in right ventricular
ejection fraction from rest to the Valsalva man-
oeuvre. In addition the change in heart rate might
reflect the change in inotropic state and hence
contractility; but data from left ventricular studies
again suggest that in the range of heart rates studied
this is unlikely to be so.24 It seems unlikely that the
changes we saw in right ventricular ejection fraction
are related to changes in heart rate or contractility;
they are more likely to reflect changes in loading
conditions.

CONCLUSIONS AND CLINICAL IMPLICATIONS
These data suggest that the right ventricular ejection
fraction, derived from first pass radionuclide angio-
graphy, is a sensitive method of assessing changes
in right ventricular function during respiratory
manoeuvres, and that the ejection fraction falls on
maximal expiration and rises during the strain phase
of the Valsalva manoeuvre. The clinical implications
ofthese findings are unclear, but they do suggest that
changes in right ventricular ejection fraction at peak
exercise may, in part, be related to respiration, since
rapid deep breathing occurs during exercise. These
data may explain why the response of right ven-
tricular ejection fraction to exercise is the same in
normal individuals and in those with coronary artery
disease and pulmonary disease.25-- They also imply
that changes in right ventricular function on exercise,
assessed by first pass studies in individuals with
coronary disease, may not simply reflect right ven-
tricular ischaemia.'2 It could be that respiratory
manoeuvres may be of use as a test of right ven-
tricular "functional reserve" in the assessment of
patients with isolated right ventricular myopathies
and in those with overt pulmonary disease in whom
exercise studies are difficult, but as yet there are no
data on this aspect.

JLC was supported by the British Heart Foundation.
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