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Pulmonary vascular resistances during
exercise in normal subjects: a systematic
review

G. Kovacs*#, A. Olschewski*', A. Berghold' and H. Olschewski**

ABSTRACT: The physiological range of pulmonary vascular resistance (PVR) and total pulmonary
resistance (TPR), and the impact of exercise, age and posture have been a matter of debate for
many years.

We performed a systematic literature review including all right heart catheterisation data where
individual PVR and TPR of healthy subjects both at rest and exercise were available. Data were
stratified according to age, exercise level and posture.

Supine resting PVR in subjects aged <24 yrs, 24-50 yrs, 51-69 yrs and >70 yrs was 61 +23,
69+28, 86+ 15 and 90+39 dyn-s-cm™, respectively. Corresponding TPR was 165+ 50, 164 + 46,
226+64 and 223+45 dyn-s-cm™, respectively. During moderate exercise in subjects aged
<50 yrs, an 85% increase in cardiac output was associated with a 25% decrease in TPR
(p<0.0001) and a 12% decrease in PVR (p<0.01). At 51-69 yrs of age there was no significant
decrease in TPR and PVR. In individuals aged >70 yrs TPR even increased by 17% (p=0.01),
while PVR did not change significantly. At higher exercise levels, TPR decreased in all age
groups. In the upright position, based on a limited number of data, resting TPR and PVR were
higher than in the supine position and decreased more prominently during exercise, suggesting

the release of resting pulmonary vasoconstriction.
These data may form a basis to define normal PVR at rest and exercise.

KEYWORDS: Exercise, haemodynamics, pulmonary circulation, pulmonary vascular resistance

fined as a resting mean pulmonary artery

pressure (Ppa) >25 mmHg [1]. The “exer-
cise part” of the earlier haemodynamic definition
(Ppa >30 mmHg during exercise [2]) was aban-
doned at the last PH world conference in Dana
Point (CA, USA) because during exercise Ppa is
very much more dependent on age and exercise
level [3]. The pulmonary pressure response to
exercise may, however, provide clinically relevant
information where resting haemodynamics do not
fully explain the symptoms of the patient. Before
we consider reintroducing a haemodynamic defini-
tion, we must work on evidence-based ranges for
the physiological haemodynamic response to exer-
cise. This will allow for the development of criteria
for both physiological and pathological exercise
haemodynamic patterns.

P ulmonary hypertension (PH) has been de-

The available published literature on physiologi-
cal haemodynamic responses to exercise in the

For editorial comments see page 231.

pulmonary circulation reflects a large variety of
theoretical concepts, and offers conflicting results.
Previously, we analysed the available data of
studies with right heart catheter investigations in
healthy subjects during exercise with a focus on
Dpa [4]. In the present study we aimed to analyse
the available individual data focusing on pulmon-
ary vascular resistance (PVR) during exercise. The
changes in total pulmonary resistance (TPR) and
PVR belong to the most important physiological
parameters of the pulmonary circulation. They
reflect the anatomic and functional properties of
the cardiac chambers and pulmonary vessels. The
understanding of physiological PVR changes dur-
ing exercise may be helpful to distinguish among
a variety of disease conditions associated with
exercise intolerance. In fact, recent publications indi-
cate that even a moderate change in PVR may be an
early sign of pulmonary vascular disease [5-7]. The
aim of this study was to describe the physiological
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PULMONARY VASCULAR DISEASE

pattern of TPR and PVR changes in healthy individuals during
exercise.

MATERIALS AND METHODS

We reviewed the available published literature on right heart
catheterisation studies with exercise in healthy individuals. For
details of the literature research refer to the Annex in the online
supplementary material [4]. In this article we restricted our
research to those studies that provided individual data on Ppa,
pulmonary arterial wedge pressure (Ppaw) and cardiac output
(CO) at rest and during exercise. Only those studies which
allowed the calculation of individual TPR (Ppa and CO at rest
and at least one exercise level) and /or PVR (Ppa, Ppaw and CO
at rest and at least one exercise level) were included. Cardiac
output was obtained by the direct Fick method in the majority
of studies, while thermodilution or dye dilution was used
[8-10]. Studies providing no individual values but just mean
values of group data were excluded. Subjects with implausible
values (Ppa lower or higher than mean+2sD at rest; <8 or
>20 mmHg) were excluded. Additionally, individuals with
a resting Ppaw lower or higher than mean+2sp (<3 or
>13 mmHg) and subjects with Ppaw values which were not at
least 3 mmHg below the corresponding Ppa were excluded from
the PVR analysis, as previously suggested [11]. Subjects with
extreme obesity were excluded. As body position may
significantly influence haemodynamics, data were stratified
for the supine versus the upright position. It has also been shown
that exercise haemodynamics in subjects aged >50 yrs may
follow a different pattern compared to individuals aged
<50 yrs [4]. Therefore, data were stratified for these age groups.
In order to further explore effects of age, we separated within
these strata based on the median age of the subjects. Accord-
ingly, subjects aged <24 yrs (<30 yrs in the upright position),
24-50 yrs (30-50 yrs in the upright position), 51-69 yrs and
=70 yrs were analysed separately.

We distinguished between studies reporting only on TPR and
studies describing both TPR and PVR values. Additionally,
studies with a single exercise level (only exercise 1) and those
with at least two exercise levels (exercise 1 and 2) were dif-
ferentiated. As an alternative, three exercise levels were defined
(slight, submaximal and maximal exercise) and the data were
assigned to these categories according to the following hierar-
chical criteria: 1) the original assessment by the authors; 2) heart
rate (slight: 100-115 beats-min™'; submaximal: 130-140 beats-min’;
maximal: 160 beats'min™"); and 3) work rate (slight: 50 W; sub-
maximal: 100 W; maximal: 150-200 W). In this alternative stratifi-
cation, due to different study protocols, not all subjects were
examined at all stages of exercise.

To describe changes of TPR and PVR during rest and exercise
and between the upright and supine position, two-sided paired
t-tests were performed in an exploratory way.

RESULTS

According to the selection criteria, 237 subjects from 24 different
studies with individual Ppa and corresponding CO values were
available at rest and at least one exercise level (fig. 1) [8-10,
12-31]. After the exclusion of individuals with prospectively
defined implausible data, 222 subjects (147 males, 33 females,
42 sex not available) were analysed. Out of these, 17 subjects had
both supine and upright data at rest and at least one exercise
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level. Consequently, we analysed the data of 176 subjects in the
supine (72 aged <24 yrs, 72 aged 24-50 yrs, 13 aged 51-69 yrs,
12 aged >70 yr and seven with no age data) and 63 in the
upright position (29 aged <30 yrs, 25 aged 30-50 yrs, four aged
51-69 yrs and five aged >70 yrs). The determination of TPR
was possible in all these subjects. However, the evaluation of
PVR was possible only in 88 subjects in the supine (42 aged
<24 yrs, 26 aged 24-50 yrs, seven aged 51-69 yrs, nine aged
>70 yrs and four no age data) and seven subjects in the upright
position (five aged <30 yrs, one aged 30-50 yrs and one aged
51-69 yrs). Furthermore, we analysed the haemodynamics of
subjects with Ppa and CO with/without Ppaw at more than one
exercise level. This was possible in 95 subjects for TPR and 64
subjects for PVR in the supine position and in 48 subjects for
TPR and six subjects for PVR in the upright position (fig. 1).

Resting Ppa, Ppaw, TPR and PVR

The analysis of resting Ppa and Ppaw data confirmed
previously published results [4]. In the supine position, subjects
aged <24 yrs and 24-50 yrs had similar resting Ppa (mean +SD
14.3+2.7 versus 13.9+2.9 mmHg), Ppaw (9.0+2.7 versus 8.0+
2.7 mmHg), TPR (165 +50 versus 164+ 46 dyn-s-cm'S) and PVR
(61423 versus 69+28 dyn-s-cm™). Subjects aged >50 yrs had
slightly higher resting Ppa, TPR and PVR compared to subjects
aged <50 yrs, while the subgroups among subjects aged
>50 yrs (51-69 versus >70 yrs) showed almost no difference
in resting haemodynamics (Ppa 15.7+1.6 versus 15.4+2.5
mmHg, Ppaw 9.64+2.0 versus 9.2+1.6 mmHg, TPR 226464
versus 223+45 dyn's~cm’5, and PVR 86415 versus 90439
dyn-s-cm’S) (table 1).

In the upright position, based on a limited number of data,
resting Ppa and Ppaw were generally somewhat lower com-
pared to the supine position (Ppa: 13.7+2.9,13.5+3.1, 14.0+2.9
and 114+3.4 mmHg at <30 yrs, 30-50 yrs, 51-69 yrs and
>70 yrs, respectively; Ppaw: 7.442.9 at <30 yrs; other age groups
were not available). Resting TPR values were similar in all age
groups (190+64, 210+49, 180+45 and 185+55 dyn-s-crn'5 at
<30 yrs, 30-50 yrs, 51-69 yrs and >70 yrs, respectively). Resting
PVR was only available in a small cohort of younger subjects and
appeared higher compared to the supine position (100+31
dyn-s-cm'S) (table 2).

Ppa, TPR and PVR changes during exercise

In the supine position, subjects aged <24 yrs and 24-50 yrs
showed a similar response to exercise with respect to Ppa, TPR
and PVR. Generally, in subjects aged <50 yrs an 85% increase in
CO was associated with a 41% increase in Ppa, a 25% decrease in
TPR (p<<0.0001) and a 12% decrease in PVR (p<<0.01). In subjects
with multiple exercise levels, a further increase in CO appeared
almost linearly related to the further Ppa and Ppaw increase
(figs 2 and 3). TPR showed a minor further decrease (p>0.0001)
and PVR was more or less unchanged (Ns) (fig. 4).

In contrast, subjects aged >50 yrs showed different Ppa, TPR
and PVR responses to exercise compared to subjects aged
<50 yrs. In subjects 51-69 yrs of age, an initial increase in CO
by 71% was associated with a 66% increase in Ppa, while TPR
was virtually unchanged (Ns) and PVR decreased by 19% (Ns)
(table 1). During higher levels of exercise, Ppa increased only
slightly, while TPR decreased much more strongly than PVR
(p=0.01 versus Ns) (figs 2 and 4).

EUROPEAN RESPIRATORY JOURNAL



G. KOVACS ET AL.

All subjects: n=1187
(47 studies [4])

Individual data for TPR: n=237

Excluded due to
implausible data: n=15

Individual data for TPR: n=222
(24 studies; n=17 sup+upr)

PULMONARY VASCULAR DISEASE

[
Supine: n=176
(18 studies)

<24 yrs: n=72 (13 studies)
Two levels: n=47 (5 studies)

Upright n=63
(8 studies)

| Also PVR: n=42 (5 studies)

Two levels: n=30 (3 studies)

24-50 yrs: n=72 (15 studies)
Two levels: n=33 (5 studies)

| Also PVR: n=26 (6 studies)

Two levels: n=21 (4 studies)

50-70 yrs: n=13 (4 studies)
Two levels: n=6 (1 study)

| Also PVR: n=7 (2 studies)

Two levels: n=5 (1 study)

=70 yrs: n=12 (2 studies)
Two levels: n=9 (1 study)

| Also PVR: n=9 (1 study)

Two levels: n=8 (1 study)

Age unknown: n=7
(1 study)

<30 yrs: n=29 (6 studies)
Two levels: n=25 (5 studies)

| Also PVR: n=5 (1 study)

Two levels: n=5 (1 study)

30-50 yrs: n=25 (7 studies)
Two levels: n=17 (5 studies)

| Also PVR: n=1 (1 study)

Two levels: n=1 (1 study)

50-70 yrs: n=4 (2 studies)
Two levels: n=1 (1 study)

| Also PVR: n=1 (1 study)

Two levels: n=0

270 yrs: n=5 (1 study)
Two levels: n=5 (1 study)

|— Also PVR: n=0

FIGURE 1. Subjects reviewed for their individual pulmonary vascular resistance (PVR) and total pulmonary resistance (TPR) data in the upright (upr) and supine position

(sup). Levels refer to exercise levels.

In subjects aged >70 yrs, an initial increase in CO by 88% was
associated with a 119% Ppa increase and a slight increase in
TPR by 17% (p=0.01), while PVR decreased slightly by 11%
(NS) (table 1). At higher exercise levels, Ppa increased only
moderately, while TPR returned to the initial values (p<<0.001)
and PVR was merely unchanged, corresponding to the younger

subjects (NS).

An initial increase of TPR was rare in younger subjects, but
was more often observed with increasing age (18%, 25%, 62%

EUROPEAN RESPIRATORY JOURNAL

and 78% at <24 yrs, 24-50 yrs, 51-69 yrs and >70 yrs, respec-
tively). During further exercise, TPR decreased in almost all
(93%) of these subjects.

Supine versus upright position

At rest, individual haemodynamic data were available in
34 subjects in both the supine and upright positions, allowing
reliable comparison of haemodynamics between these body
positions. These data confirmed that in all age groups both Ppa
and CO were slightly higher in the supine versus the upright
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40
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10

5 10 15 20
CO L min-1

FIGURE 2. Mean pulmonary artery pressure (—) and pulmonary arterial
wedge pressure (- - - -) versus cardiac output (CO) in subjects aged <24 yrs (red),
24-50 yrs (green), 51-69 yrs (blue) and >70 yrs (yellow) in the supine position.

position (table 3). TPR was higher in the upright position in
younger individuals (p<<0.01), while it was similar in subjects
aged >50 yrs (Ns). Unfortunately, Ppaw was only available in
two subjects in both positions; therefore, direct comparison of
PVR was not possible at rest and during exercise.

Out of the 34 subjects, 17 subjects exercised both in the supine
and upright position (<50 yrs: n=9; >50 yrs: n=8). In subjects
aged <50 yrs, the TPR decrease during exercise was more
prominent in the upright compared to the supine position. A CO
increase of 124% was accompanied by a TPR decrease of 29% in
the upright position, while an 86% CO increase accompanied a
mere 6% TPR decrease in the supine position (table 3). This
observation was supported by the comparison of all the
available supine and upright TPR data (the slope of the TPR
versus CO graph (dTPR/dCO) was -8.6 dyn-s-cm™-L ™" min in
the upright and -6.1 dyn~s~cm'5~L'1~min in the supine position)
(fig. 5).

In subjects aged >50 yrs with both supine and upright data,
an initial rise of TPR was found in the supine position followed
by its return to the resting values during further exercise.
Conversely, a continuous slight decrease of TPR may be ob-
served in the upright position (table 3).

Based on the available data, the initial PVR response to exercise
appeared more pronounced (p<<0.005) in the upright position,
compared to the very small changes found in the supine

40

Ppa mmHg
N
o

0 5 10 15 20 25 30
CO L'min-1

FIGURE 3. Mean pulmonary artery pressure (Ppa) versus cardiac output (CO)
in 80 subjects aged <50 yrs with at least two exercise levels in the supine position.
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FIGURE 4. Total pulmonary resistance (—) and pulmonary vascular
resistance (- - - -) versus cardiac output (CO) in subjects aged <24 yrs (red),

24-50 yrs (green), 51-69 yrs (blue) and >70 yrs (yellow) in the supine position.

position (fig. 6, table 1). During the later stages of exercise, the
behaviour of PVR was similar in both positions.

DISCUSSION

Since the introduction of right heart catheterisation in humans [32]
and the description of a detailed technique for this procedure [33],
allowing the examination of the haemodynamics of the pul-
monary circulation to be examined, several concepts have been
suggested to describe physiological changes of the pulmonary
artery pressure (Ppa), Ppaw and PVR during exercise. Some of
these concepts could not be confirmed by later studies but
nonetheless broadly influenced medical thinking. In this article
we described the observed haemodynamic changes, with a main
focus on vascular resistance. As TPR and PVR are composite
parameters, we decided only to rely on individual haemodynamic
data. In order to assess haemodynamic parameters at different
exercise levels, we described changes at two exercise levels
(exercise level 1 and 2) as derived from the reviewed studies and
alternatively after stratification into three exercise levels based on
its intensity. The haemodynamic patterns obtained through both
methods were very similar (table 1 and figs 2 and 4, and table 1
and figs 1 and 2 in the online supplement).

Ppa versus CO

In the initial studies performed in healthy volunteers by right
heart catheterisation at rest and during exercise, a marked
increase in pulmonary flow was observed with only a minor
increase in Ppa [31]. This suggested a dramatic decrease of both
TPR and PVR during exercise. Other studies, however, showed
a different pattern. In pneumectomy patients, COURNAND and
RiLEY [34] described relatively constant Ppa values at lower
pulmonary flow but a sharp increase of Ppa when the pulmonary
flow reached a value of approximately 3.5 times the resting flow.

Another concept described an initial increase of Ppa but a
failure to evoke a further increase in Ppa when the pulmonary
blood flow reached double the resting value [18]. According
to the authors, the reason for such a reaction may be the widen-
ing of patent pulmonary vessels (dilatation) by the increased
ventilatory efforts during exercise and the accelerated flow
through the centre of vessels of unchanged size or potentially
the opening of new vessels (recruitment). This “’flattening out”
of the Ppa versus CO curve has also been described in the first

EUROPEAN RESPIRATORY JOURNAL
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TPR
dyn-s-cm™

co
L-min™

Exercise level 2

a
mmHg

e
beats-min™’

TPR
dyn-s-cm’®

co
L-min"’

Exercise level 1

P
mmHg

fc
beats-min™’

TPR
dyn-s-cm®

At rest
P Cco
mmHg L-min”

e
beats-min™’

1):\=18=%8 Haemodynamic data of subjects exercising both in the supine and upright position
Subjects n

Supine
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113+ 21 113+9 21.8+6.0 16.4+29 106423 165+12 24.0+8.0 226+4.5 84+17

+1.2

8.8

12.6+3.4

68+5

Age <50 yrs

29.5+4.8 104+1.4 229+50 129+13 32.3+7.7 13.3+1.6 195+ 49

10419

A 190+ 41

+1

6.3

145+1.9

7il 211

Age >50 yrs

Upright

141+3.6 103+24 161+£12 23.3+8.3 20.5+4.8 90+19

18.4+7.4

108+9

.0 146 +30

+1

6.3

11.4+2.8

74412

Age <50 yrs

159+17

23.2+4.5 11.6+1.7

127+6

+1.9 177429

9.3

20.5+5.1

102+ 11

188+48

544+1.0

12.6+35

+8

Age >50 yrs

fc: cardiac frequency; Ppa: mean pulmonary artery pressure; CO: cardiac output; TPR: total pulmonary resistance.
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3007
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FIGURE 5. Total pulmonary resistance (TPR) versus cardiac output (CO) in the
144 subjects in the supine position (blue) and 54 subjects in the upright position
(red) at age <50 yrs. Error bars represent standard deviation.

guidelines on primary pulmonary hypertension (PPH) [35] as
the typical response to exercise.

However, with the growing number of clinical studies it
seemed as if Ppa were linearly related to CO. Although most
studies confirmed this linear association for the mean values,
this was not true for all individuals [27]. Indeed, the data
suggest a large individual variability in the relationship be-
tween CO and Ppa and its change with exercise.

Our analysis of individual values confirmed a linear or almost
linear relationship between Ppa and CO during exercise in
subjects aged <50 yrs (fig. 2). Some individual data appeared
implausible; for instance when increasing workload resulted
in an increasing CO but a decreasing pulmonary pressure.
However, the vast majority of slopes showed a linear CO-Ppa
relationship and the higher the resting Ppa, the steeper the
dPpa/dCO relationship (fig. 3).

The pattern of Ppa change during exercise may be different in
subjects aged >50 yrs. The initial Ppa increase appears steeper
in subjects aged 50-70 yrs (dPpa/dCO 2.85 mmHg-L™" min)
compared to individuals aged <50 yrs (1.06 mmHg-L™"-min)
and the dPpa/dCO is even higher in subjects aged >70 yrs
(3.94 mmHg-L""'min). This finding is in accordance with
previous studies [36] and may be explained by a loss of pul-
monary vascular compliance on the one hand (suggested by
higher resting PVR values), and by a decreased left ventri-
cular filling compliance during exercise on the other [36]
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FIGURE 6. Total pulmonary resistance (—) and pulmonary vascular
resistance (- - - -) versus cardiac output (CO) in 51 subjects in the supine position

(blue) and six in the upright position (red).

VOLUME 39 NUMBER 2 325

4



PULMONARY VASCULAR DISEASE

(suggested by a sharp increase of Ppaw during low exercise
levels). The contribution of the left ventricular filling may gain
relevance with increasing age. The linear Ppa—CO relationship
observed in individuals aged <50 yrs may not be so common
in subjects aged >50 yrs and especially in those aged >70 yrs
due to a biphasic change in left ventricular filling resistance.

Ppaw versus CO

Similar to Ppa, several concepts exist explaining the change in
Ppaw during exercise. The physiological range of Ppaw and its
upper limit of normal during exercise are still a field of scientific
debate. Furthermore, the measurement of Ppaw during exercise
may be technically difficult and may not necessarily represent
the left ventricular end-diastolic pressure [37].

According to an early concept, left ventricular end-diastolic pre-
ssure and Ppaw remain stable or even falls during exercise [38, 39].
This speculation was included in the first guidelines on PH [35].
As an alternative concept, a slight [40] and more prominent [41]
increase in Ppaw at increasing pulmonary flow during exercise
was described. In the PPH guidelines, based on invasive data
[40], the upper limit of normal was suggested to be 20 mmHg,.
However, it was added that much more prominent increases in
pulmonary pressures were observed in athletes at very high
exercise levels [42]. Ppaw values >20 mmHg were also measured
in normal subjects [43] and these results were confirmed by
REEVES et al. [11] and GROVES et al. [30] suggesting that the
20 mmHg threshold may not be relevant. WEsT [44] also argues
against this threshold suggesting that left ventricular filling
pressures can increase greatly during maximal exercise in nor-
mal subjects with perfectly healthy left ventricles. However, a
strong increase in Ppaw during exercise may also be due to left
ventricular disease, such as isolated diastolic dysfunction. Such
changes should be distinguished from normal individuals
presenting with high Ppaw at very high pulmonary flow.

Our data showed a moderate increase of Ppaw during exercise
in subjects aged <50 yr. At a CO of ~18 L-min™, Ppaw usually
remained <15 mmHg and rarely reached values >20 mmHg
(fig. 2). The individual data from subjects aged >50 yrs suggest
that during exercise, Ppaw may more frequently exceed 20 mmHg
and that this is quite common in individuals aged >70 yrs (fig. 2).
Similar age-dependent changes of Ppaw have been described in
studies where only group data were available [36].

TPR and PVR versus CO

The changes in TPR and PVR reflect important haemodynamic
mechanisms of the pulmonary circulation during exercise.
Their responses may be the key to distinguish early path-
ological changes of the pulmonary vessels from left heart
dysfunction. While PVR is mainly determined by the resistance
of the pre-capillary pulmonary arteries, TPR is composed of
PVR plus left ventricular filling resistance.

The first published studies suggested a marked decrease of
PVR during exercise [45]. This was explained by an increase in
the cross-sectional area of the vascular bed, both by dilatation of
vessels and by recruitment of previously unperfused vessels.
According to this concept, even early stages of pulmonary
vasculopathy would impair the ability of the pulmonary blood
vessels to increase their calibre and decrease their resistance
during exercise.
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However, at the time of the first world conference on PPH, a
much more modest PVR decrease was suggested [35]. This shift
was based on studies performed in Sweden describing a PVR
decrease of just 27% during exercise [19, 20, 46]. Some studies
found no PVR change at all during exercise [47]. Our review
supports these results and suggests a very modest PVR decrease
during exercise-induced CO increase which is in the range of
0.95-1.45 dyn-s-cm™-L ™ *min in individuals aged <50 yrs.

In contrast, the reviewed individual data suggest a more prono-
unced decrease in TPR during exercise (5-7 dyn-s-cm™-L™-min)
in individuals aged <50 yrs. The different magnitude of TPR and
PVR changes indicate that during exercise the PVR is nearly
constant while the left ventricular filling resistance decreases
considerably.

In subjects aged >50 yrs, similarly to younger individuals, a
very modest PVR decrease was observed. The missing decrease,
and even an increase in TPR after the beginning of exercise
which is seen rarely in subjects aged <50 yrs, but more often
between 50-70 yrs and almost always in individuals aged
>70 yrs (fig. 4), may indicate a failure or initial difficulty to
decrease left ventricular filling resistance with increasing CO.
Interestingly, in practically all of the subjects with initial TPR
increase, the TPR decreased during further exercise stages
suggesting a delayed decrease of the left ventricular filling
resistance. This might represent a means to identify latent left
heart dysfunction, which may be highly prevalent in older
subjects [48]. Correspondingly, previous studies comparing
subjects aged <50 yrs and >50 yrs found similar Ppaw values in
both groups at rest (7.1+2.3 mmHg versus 7.0+2.9 mmHg),
but higher Ppaw values in the older group during exercise
(10.6 +3.6 mmHg versus 15.1+5.8 mmHg) [4].

The resistive properties of pulmonary arteries may be char-
acterised by multi-point pressure—flow curves generated from
Ppa or transpulmonary gradient (TPG = Ppa - mean Ppaw) values
at several levels of flow. This method may be superior over
single-point PVR measurements [49-51], particularly if PVR is
strongly flow dependent. Haemodynamic measurements at a
large number of different flow levels during exercise were only
available in a minority of the reviewed studies preventing the
depiction of multi-point pressure—flow curves in a large number
of subjects. The pressure—flow plot of those 51 subjects who
provided at least three-point measurements (fig. 3 in the online
supplement) suggested that the TPG—flow relationship is nearly
linear and the regression line may cross the y-axis virtually at
zero. These observations suggest that single-point PVR may give
a valuable estimate of the pulmonary resistance characteristics.

Supine versus upright data

The haemodynamic differences at rest and during exercise
between the supine and upright positions have been described
in previous studies [20, 27, 42, 46, 52, 53]. Generally, after
transition from supine to upright position at rest, the increase
of heart rate, systemic blood pressure, systemic vascular
resistance, PVR and arteriovenous oxygen saturation differ-
ence, and the decrease of Ppa, Ppaw, left ventricular end-
systolic volume, left ventricular end-diastolic volume, stroke
volume and cardiac index can be observed.

The behaviour of PVR and its different patterns during supine
and upright exercise were most extensively reviewed by
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REEVES et al. [11], and their findings are comparable with the
results of our analysis. During supine exercise they described a
minimal PVR decrease, in the upright position; however, they
found higher resting PVR values which fell in a non-linear way at
the transition from rest to moderate exercise. Following the initial
drop, PVR behaved very similarly to that observed in the supine
position, showing just a minimal further decrease. The suggested
explanation for the increased resting PVR in the upright position
was a smaller amount of perfused lung vessels due to vascular
collapse in zone 1 [54]. During mild exercise these vessels would
re-open [55, 56] leading to a fall in PVR. An alternative explan-
ation is that vasoconstrictive mechanisms are activated at rest in
the upright position that allow for a relatively even perfusion of
all parts of the lung and lead to an elevated PVR. This vasocon-
striction would be released during exercise resulting in a PVR
decrease. Since it has never been shown in humans that zone 1
was present in healthy subjects, we favour the second explanation.

Unfortunately, there are very few individual PVR data available
on upright exercise in healthy subjects to provide a reliable
description of the PVR changes. The available group data
comparing the haemodynamics of the same subjects in the
supine and upright position [52, 57, 58] suggest a higher TPG
and a lower CO and, thus, a higher PVR in the upright position
at rest compared to the supine position. During mild exercise, a
more pronounced decrease in PVR and TPR may be expected
in the upright compared to the supine position; however, the
low number of direct comparisons of both positions precludes
reliable conclusions.

Limitations

There are certain limitations of this analysis. Despite our effort
to review all available studies for individual data, some
published data may have been missed. We have especially
little information on PVR in the upright position. The small
number of subjects in the higher age groups emphasises the
need for a well-designed prospective analysis. Therefore, our
results for PVR in the higher age groups, particularly in the
upright position, should be considered with caution. Addition-
ally, there is no standardised location of zero reference level in
the upright position, which may have caused minor differences
between studies. We accepted the statements in the reviewed
studies that the volunteers were healthy, or their diseases
did not influence pulmonary haemodynamics, yet we cannot
exclude the possibility that unidentified diseases influenced
pulmonary pressure and especially that an undiagnosed dia-
stolic dysfunction of the left ventricle influenced haemodyna-
mic changes particularly in subjects aged >50 yrs and more so
in individuals aged >70 yr. Echocardiographic assessment and
thus the echocardiographic evaluation of diastolic dysfunction
was not available in most studies. Some of these individuals had
increased systemic blood pressure values at rest, but according
to our analysis this did not cause a significant change in resting
or exercise TPR and PVR. Finally, male subjects were over-
represented compared to females in the reviewed studies. This
may have been due to practical reasons, such as the availability
of subjects.

Conclusion

Based on the available published data, an age- and exercise-
dependent increase in Ppa and Ppaw, a moderate decrease in
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TPR and a minor decrease in PVR may be expected during
exercise in healthy subjects. These physiological changes might
form a basis for the definition of early pulmonary vasculo-
pathy and early left ventricular diastolic dysfunction.
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