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Aging is associated with pulmonary vascular remodeling and reduced distensi-
bility. We investigated the influence of aging on changes in cardiac output
(Q), mean pulmonary artery pressure (mPAP), and lung diffusing capacity in
Correspondence response to alterations in thoracic blood volume. The role of pulmonary
Kirsten E. Coffman, Department of
Cardiovascular Diseases, Mayo Clinic,
Rochester, MN 55902.

Tel: 815 978 3653

Fax: 507-266-7929

E-mail: kirsten.e.coffman@gmail.com

smooth muscle tone was also interrogated via pulmonary vasodilation. Nine
younger (27 =+ 4 years) and nine older (71 £ 4 years) healthy adults reached
steady-state in a Supine (0°), Upright (+20°), or Head-down (—20°) position
in order to alter thoracic blood volume. In each position, echocardiography
was performed to calculate mPAP and Q, and lung diffusing capacity for car-
bon monoxide (DLCO) and nitric oxide (DLNO) was assessed. Next, 100 mg
sildenafil was administered to reduce pulmonary smooth muscle tone, after
which the protocol was repeated. mPAP (P < 0.029) and Q (P < 0.032) were
lower in the Upright versus Supine and Head-down positions, and mPAP was
reduced following sildenafil administration (P = 0.019), in older adults only.
SV was lower in the Upright versus Supine and Head-down positions in both
younger (P < 0.008) and older (P < 0.003) adults. DLCO and DLNO were
not greatly altered by position changes or sildenafil administration. However,
the DLNO/DLCO ratio was lower in the Supine and/or Head-down positions
(P < 0.05), but higher following sildenafil administration (P < 0.007), in both
younger and older adults. In conclusion, older adults experience greater car-
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Introduction

Aging is associated with remodeling of the pulmonary
artery and vein (Fernie and Lamb 1986; Harris et al.
1965; Hosoda et al. 1984; Mackay et al. 1978; Plank et al.
1980; Warnock and Kunzmann 1977) and a reduction in
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pulmonary vascular distensibility as assessed by ex vivo
methods (Banks et al. 1978; Gozna et al. 1974; Harris
et al. 1965; Mackay et al. 1978; Reeves et al. 2005). How-
ever, measures of pulmonary vascular distensibility are
challenging to assess in vivo, and while a modeling

approach has previously been utilized it requires
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Thoracic Blood Volume and Pulmonary Vascular Function

assessment of multiple exercise stages which is not always
feasible (Lalande et al. 2012; Linehan et al. 1992; Reeves
et al. 2005). Thus, we sought to use a simple, noninvasive
method at rest in order to assess age-dependent differ-
ences in variables that are related to pulmonary vascular
distensibility. Specifically, we used passive changes in
body position to investigate the age-dependent responses
of mean pulmonary artery pressure (mPAP) and cardiac
output (Q) in healthy individuals.

Remodeling of the pulmonary vasculature is likely in
part responsible for any age-dependent difference in the
mPAP response to positional changes; however, alter-
ations in pulmonary smooth muscle tone may also play a
role. It has previously been shown that pulmonary
endothelial function is reduced in older adults (Jane-Wit
and Chun 2012; Seals and Esler 2000). Additionally, mus-
cle sympathetic nerve activity (MSNA), at least systemi-
cally (i.e., skeletal muscle), is also increased in older
adults (Jane-Wit and Chun 2012; Seals and Esler 2000).
Thus, reduced endothelial function, and potentially
increased MSNA activity within the pulmonary vascula-
ture (i.e, pulmonary vascular smooth muscle), may
increase pulmonary smooth muscle tone in older adults
and contribute to differences in the mPAP response to
positional changes.

Healthy aging is also associated with a reduction in lung
diffusing capacity, or the ability to transfer gases from the
pulmonary alveoli to capillaries (Chang et al. 1992; Gue-
nard and Marthan 1996; Stam et al. 1994). Lung diffusing
capacity provides a functional representation of the lung
surface area available for gas exchange and is a standard
aspect of clinical pulmonary function testing. It is well
established that the reduction in lung diffusing capacity in
older adults is partially an outcome of a reduction in the
alveolar-capillary surface area available for gas exchange,
caused by both a decrease in number of pulmonary alveoli
and thus an increase in pulmonary alveolar size as well as a
decrease in the density of pulmonary capillaries (Butler and
Kleinerman 1970; Gillooly and Lamb 1993; Thurlbeck and
Angus 1975; Verbeken et al. 1992). However, differences in
mPAP may also alter the distribution of pulmonary capil-
lary blood volume throughout the vascular network, and
thus have an effect on surface area for gas exchange and
subsequently lung diffusing capacity.

The present study was an investigation into the pulmonary
vascular response to variations in thoracic blood volume fol-
lowing passive changes in body position in younger versus
older adults. First, we aimed to investigate whether older
individuals experienced a differential effect of body position
on mPAP and Q versus younger adults. Second, we aimed to
understand the role of pulmonary smooth muscle tone, as
opposed to vascular remodeling, on measures of mPAP in
older versus younger adults. Third, we aimed to interrogate
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the effect of mPAP on lung diffusing capacity in healthy indi-
viduals. We hypothesized that older individuals would expe-
rience an increase in mPAP following an increase in thoracic
fluid volume, that smooth muscle tone would play a larger
role in mPAP in older versus younger adults, and that varia-
tions in mPAP would alter lung diffusing capacity in both
younger and older individuals.

Methods

Subjects

Nine younger (5M/4F, 27 + 4 years) and nine older
(4M/5F, 71 + 4 years) nonsmoking adults with no his-
tory of respiratory, cardiovascular, or metabolic diseases
participated in the study (Table 1). Participants were
recruited from the general population and were moder-
ately active individuals. Participants were not taking any
cardiac, pulmonary, or metabolic medications, nor any
other medications that could potentially alter the physi-
ological parameters of interest. Each participant gave
written informed consent after being provided a
detailed description of the study requirements. The
experimental procedures were approved by the Mayo
Clinic Institutional Review Board and were performed
in accordance with the ethical standards of the Declara-
tion of Helsinki.

Study overview

The experimental procedures were completed during two
separate visits to the laboratory. At visit 1, pulmonary
function was assessed according to standard procedure
(Miller et al. 2005); subjects were excluded if their pul-
monary function (FVC, FEV,, and PEF) was below 80%
of predicted (Hankinson et al. 1999). Next, subjects
underwent an echocardiographic screening by a trained

Table 1. Subject demographics.

Younger Older P -Value
Subjects, N (M/F) 9 (5/4) 9 (4/5)
Age, years 27.0 £ 3.6 713 £ 3.6 <0.001
Height, cm 179 £ 8 170 £ 7 0.027
Weight, kg 75.4 + 8.4 70.0 + 10.8 0.255
BMI, kg/m2 236 £2.2 242 + 2.7 0.666
BSA, m? 1.93 £ 0.14 1.81 +£ 0.17 0.124
FVC, % pred. 100 £ 13 103 £ 18 0.742
FEV4, % pred. 100 £ 12 105 £ 18 0.440
FEV1/FVC, % pred. 99 + 6 102 £7 0.340

BMI, body mass index; BSA, body surface area; FVC, forced vital
capacity; FEV;, forced expiratory volume in 1 sec.
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sonographer and were excluded if an adequate tricuspid
regurgitation (TR) could not be visualized and quantified.

At visit 2, subjects lied flat on a tilt table for 10 min in
order to reach hemodynamic steady-state conditions in
three positions: Supine (0°), Upright (+20°), or Head-
down (—20°). Altering body position during echocardiog-
raphy measurements has been successfully utilized in
younger individuals to investigate changes in various
aspects of cardiac function (Rowland etal. 2012).
Echocardiography and duplicate measures of lung diffus-
ing capacity were performed in each position. Next,
100 mg sildenafil, a PDE5 inhibitor, was administered
orally followed by a 60 min rest period in order for silde-
nafil to take effect. During this rest period, subjects
remained in a semi-supine position and were allowed
water ad libitum. Then, the protocol was repeated.

Echocardiography

The same trained sonographer performed all echocardio-
graphic measurements throughout the study. At the begin-
ning of the protocol in the supine position, right atrial
pressure (RAP) was estimated via the inferior vena cava
diameter and percent collapse during a sniff maneuver
(Kircher et al. 1990) and left ventricular outflow tract
diameter (D;yor) was also measured. These values of
RAP and Dyyor were used for all subsequent calculations.
Maximum tricuspid regurgitation velocity (TRVmax) and
time velocity integral of the left ventricular outflow tract
(TVILyor) were collected in each position. Each of these
measures was collected in the sonographic window deter-
mined optimal by the sonographer and remained consis-
tent throughout positions for each subject. Additionally, all
values were determined via an average of 3-5 images. These
measures, in addition to HR via 3-lead ECG, were used to
calculate systolic pulmonary artery pressure (sPAP) and
thus mean pulmonary artery pressure (mPAP), stroke vol-
ume (SV), and cardiac output (Q), as per Yock and Popp
(1984), Chemla et al. (2004) and Huntsman et al. (1983):

sPAP = 4 x TRV?

max

+ RAP
mPAP = (0.6 x sPAP) + 2
SV = 3.14 x (Duor)* X TVIyor

Q =SV x HR

Lung diffusing capacity via rebreathe

Lung diffusing capacity for carbon monoxide (DLCO)
and lung diffusing capacity for nitric oxide (DLNO) were
assessed using a rebreathe technique by taking advantage
of the diffusion-limited nature of CO and NO gas (Hsia
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et al. 1995; Tamhane et al. 2001). Briefly, DLCO and
DLNO were determined via the rate of disappearance of
CO and NO, respectively. Following a normal expiration,
subjects were switched into a rebreathe bag containing
the test gas mixture (0.3% C'®0, 45 ppm NO, 9% He,
0.6% C,H,, 35% O, and N, balance) and instructed to
nearly empty the bag with each breath for 8-10 consecu-
tive breaths. This maneuver was performed in duplicate
(once before and once after echocardiographic measure-
ments) in each position.

Statistical analyses

Younger versus older demographics (Table 1) were com-
pared using an independent samples t-test. The effect of
position within each age cohort was analyzed using
repeated measures ANOVA with Tukey post hoc compar-
isons following significant main effects. The effect of
sildenafil administration on Supine values within an age
cohort were compared using a paired samples t-test. Sta-
tistical analyses were performed in GraphPad Prism 7.02
(GraphPad Software, Inc., La Jolla, CA) with statistical
significance set at P < 0.05.

Results

Subjects

Subject characteristics and pulmonary function are shown
in Table 1. While the younger cohort was significantly
taller versus the older cohort (179 £ 8 vs. 170 &+ 7 c¢m,
P =0.027), the younger and older cohorts were well-
matched for weight as well as BMI and BSA. All subjects
had pulmonary function within normal limits and per-
cent-predicted values were not different between younger
and older individuals.

Mean pulmonary artery pressure

In younger adults, there was no effect of position on mPAP,
either pre- or post-sildenafil. Additionally, there was no
change in Supine values of mPAP following sildenafil
administration (Fig. 1; pre 15.4 4+ 1.6 vs. post 155 +
1.6 mmHg, P =0.327; Asﬂdenaﬁl =0.03 £ 0.7 mmHg)
However, in older adults mPAP was lower in the Upright
versus Supine and Head-down positions both pre-sildenafil
(Fig. 1; Upright 16.1 & 2.1 vs. Supine 18.4 + 3.4 mmHg,
P =0.022 and Head-down 18.9 £+ 3.4 mmHg, P = 0.029)
and post-sildenafil (Fig. 1; Upright 14.9 £ 1.9 vs. Supine
16.1 £ 2.1 mmHg, P =0.013 and Head-down 17.4 +
2.6 mmHg, P = 0.007). Additionally, mPAP was decreased
in the Supine position following sildenafil administration
(Fig. 1, pre 18.4 £ 3.4 versus post 16.1 = 2.1 mmHg, P =
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Figure 1. The effect of passive body position changes on mean
pulmonary artery pressure (mPAP) in younger (<35 years) and older
(>65 years) individuals before (“Pre”) and after (“Post”) sildenafil
administration. 20, Upright; 0, Supine; —20, Head-down. Horizontal
bars identify significance at P < 0.05. mPAP was lower in the
Upright versus Supine and Head-down positions, both pre- and
post-sildenafil, in older adults only. mPAP decreased following
sildenafil administration in older adults only.

0.019; Agildenafit = —2.3 £+ 2.2 mmHg). These data demon-
strate that a passive reduction in thoracic blood volume, as
well as a reduction in pulmonary smooth muscle tone,
both decrease mean pulmonary artery pressure in older
individuals only.

Cardiac output, stroke volume, and heart
rate

In younger adults, there was no effect of position on Q,
either pre- or post-sildenafil (Fig. 2A). However, SV was
lower in the Upright versus Supine and Head-down posi-
tions both pre-sildenafil (Fig. 2B; Upright 82.5 & 12.9 vs.
Supine 91.5 £ 12.6 mL, P =0.001 and Head-down
93.8 £ 11.4 mL, P = 0.008) and post-sildenafil (Fig. 2B;
Upright 87.1 & 134 vs. Supine 95.1 £ 14.9 mL,
P = 0.001 and Head-down 96.3 4+ 13.5 mL, P = 0.007) in
younger adults. In the post-sildenafil condition, HR was
lower in the Upright versus Head-down position (Fig. 2B;
Upright 67.4 £ 12.7 vs. Head-down 61.1 &+ 10.4 bpm,
P = 0.044) in younger individuals.

Alternatively, in older adults Q was lower in the Upright
vs. Supine and Head-down positions both pre-sildenafil
(Fig. 2A; Upright 4.5 & 0.7 vs. Supine 5.6 & 0.8 L*min ",
P = 0.003 and Head-down 5.4 &+ 0.8 L*min" ', P = 0.001)
and post-sildenafil (Fig. 2A; Upright 4.9 4+ 0.6 vs.
Supine 5.4 + 0.8 L*min~!, P =0.032 and Head-down
5.6 + 0.6 L*min %, P < 0.001). SV was also lower in the
Upright vs. Supine and Head-down positions both pre-sil-
denafil (Fig. 2B; Upright 70.0 &+ 13.4 vs. 83.0 £ 11.1 mL,
P =0.003 and Head-down 85.4 + 11.8 mL, P < 0.001)
and post-sildenafil (Fig. 2B; Upright 76.4 4+ 12.6 vs.
Supine 84.7 £ 14.7 mL, P =0.002 and Head-down
90.2 £ 14.9 mL, P < 0.001) in older individuals. There
was no effect of position on HR in older individuals
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Figure 2. The effect of passive body position changes on cardiac
output (Q), stroke volume (SV), and heart rate (HR) in younger
(<35 years) and older (>65 years) individuals before (“Pre”) and
after (“Post”) sildenafil administration. 20, Upright; O, Supine; —20,
Head-down. Horizontal bars identify significance at P < 0.05. Q
was lower in the Upright versus Supine and Head-down positions,
both pre- and post-sildenafil, in older adults only. SV was lower in
the Upright versus Supine and Head-down positions, both pre- and
post-sildenafil, in younger and older adults.

(Fig. 2C). Additionally, there was no change in Supine val-
ues of Q, SV, or HR following sildenafil administration in
either younger or older individuals (Fig. 2).

All in all, these data suggest that a passive decrease in
thoracic blood volume elicits a reduction in SV, regardless
of age. However, Q is not altered in younger adults, pos-
sibly due to a corresponding increase in HR not experi-
enced by older adults in the Upright position.

Lung diffusing capacity

In younger adults, there was no effect of position or silde-
nafil administration on DLCO or DLNO (Fig. 3A-B). In
older adults, DLCO was lower in the Upright versus Supine
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position pre-sildenafil only (Fig. 3A; Upright 14.7 £ 2.5 vs.
Supine 16.7 £ 3.6 mL*min_l*mmHg_l, P = 0.030). Addi-
tionally, in older adults there was a significant main effect of
position on DLNO both pre-sildenafil (Fig. 3B; P = 0.025)
and post-sildenafil (Fig. 3B; P = 0.047); however, post hoc
comparisons did not yield any significant differences
between any two positions. Additionally, there was no effect
of sildenafil administration on Supine values of DLCO and
DLNO in younger or older adults (Fig. 3A-B).

Importantly, the DLNO/DLCO ratio can also be calcu-
lated and used to distinguish the relative importance of
pulmonary capillary blood volume on lung diffusing capac-
ity, where a decrease in DLNO/DLCO suggests an increased
role of pulmonary capillary blood volume (Glenet et al.
2007). In general, DLNO/DLCO was higher in the Upright
vs. Supine and/or Head-down positions, both pre- and
post-sildenafil, in both younger and older individuals
(Fig. 3C; all horizontal bars signify P < 0.05). Furthermore,
in both younger and older adults, DLNO/DLCO was
increased in the Supine position following sildenafil admin-
istration (Fig. 3C, both P < 0.007). These data suggest that
changes in thoracic blood volume and pulmonary smooth
muscle tone alter pulmonary capillary blood volume distri-
bution in both younger and older adults.

Discussion

Major findings

The aim of this study was to investigate the pulmonary vas-
cular response to changes in thoracic blood volume in
younger versus older adults. The main findings were as fol-
lows: (1) only older individuals experienced a reduction in
mPAP and Q in the Upright versus Supine and Head-down
positions, (2) a reduction in pulmonary smooth muscle
tone via sildenafil decreased Supine values of mPAP in
older individuals only, and (3) in both younger and older
individuals, an increase in thoracic blood volume reduced
DLNO/DLCO, while a reduction in pulmonary smooth
muscle tone increased DLNO/DLCO. These data suggest
that older individuals are less able to maintain cardiopul-
monary homeostasis following passive changes in thoracic
blood volume. These data also demonstrate the greater
importance of pulmonary smooth muscle tone on mPAP
in older versus younger individuals. Furthermore, even at
rest, mPAP plays a role in pulmonary capillary blood vol-
ume distribution in both younger and older healthy adults.

Increase in mPAP and Q in older adults

Presently, we observed a reduction in mPAP following a
reduction in thoracic blood volume in the Upright versus
Supine and Head-down positions in older individuals
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Figure 3. The effect of passive body position changes on lung
diffusing capacity for carbon monoxide (DLCO), nitric oxide (DLNO),
and the DLNO/DLCO ratio in younger (<35 years) and older

(>65 years) individuals before (“Pre”) and after (“Post”) sildenafil
administration. 20, Upright; O, Supine; —20, Head-down. Horizontal
bars identify significance at P < 0.05. DLNO/DLCO was lower in the
Upright versus Supine and/or Head-down positions, both pre- and
post-sildenafil, in younger and older adults. DLNO/DLCO increased
following sildenafil administration in both younger and older adults.

only. This is in contrast to our hypothesis that, due to an
age-dependent decrease in pulmonary vascular distensibil-
ity, an increase in thoracic blood volume would elicit a
greater increase in mPAP in older versus younger adults.
It is well-established that Q and mPAP are intimately
linked (Kovacs et al. 2009; Reeves et al. 2005); thus, it is
possible that the reduction in mPAP is simply an out-
come of the concomitant reduction in Q observed in
older individuals in the Upright position. This reduction
in Q in the Upright position may be due to a reduction
in venous return and thus SV. However, younger individ-
uals also experienced a decrease in SV but with no reduc-
tion in Q in the Upright position. In the post-sildenafil
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condition, younger individuals did experience a corre-
sponding increase in HR in the Upright position, which
could explain the lack of a reduction in Q. However,
there was no increase in HR in the Upright position
before sildenafil administration, so this explanation does
not fully elucidate the age-dependent difference in the Q
response to positional changes.

Alternatively, it is possible that the greater mPAP in
older individuals in the Supine and Head-down positions
may be evidence of a decreased pulmonary vascular dis-
tensibility and thus increased pulmonary vascular resis-
tance (PVR). It is well-established that PVR is higher in
older adults during exercise (Ehrsam et al. 1983; Emirgil
et al. 1967; van Empel et al. 2014), a stressor that
increases thoracic blood volume. Thus, perhaps in older
adults a larger thoracic blood volume in the Supine and
Head-down positions interacts with an age-dependent
decrease in pulmonary vascular distensibility, resulting in
increased PVR and therefore mPAP. However, in the
Upright position with a lower thoracic blood volume,
mPAP values in older adults may be able to return to the
lower values seen in younger adults. Nevertheless, this is
speculative, and whether this potential effect of decreased
pulmonary vascular distensibility is driven by vascular
wall remodeling and/or increased pulmonary smooth
muscle tone is unclear.

Role of pulmonary smooth muscle tone on
mPAP

The effect of resting pulmonary smooth muscle tone on
mPAP is not established in healthy individuals. Presently,
sildenafil administration yielded a reduction in mPAP in
older adults only. These results might suggest that older
individuals experience a greater resting pulmonary smooth
muscle tone, such that administration of sildenafil, a PDE5
inhibitor, elicits substantial vasodilation and a concomi-
tant reduction in mPAP. It is possible that this increase in
tone may be an outcome of a reduction in endothelial
function observed in older adults (Jane-Wit and Chun
2012; Muller et al. 2002; Seals et al. 2009). Theoretically, it
is also possible that an age-dependent increase in mPAP
may exist to combat pulmonary vascular remodeling. In
other words, a greater driving pressure into the pulmonary
vasculature may be required to maintain adequate pul-
monary capillary recruitment and thus sufficient lung sur-
face area for gas exchange (and DLCO) in older adults.

Role of mPAP on lung diffusing capacity

DLCO and DLNO are reduced in older individuals (Chang
et al. 1992; Coffman et al. 2017; Guenard and Marthan
1996; Stam et al. 1994) due primarily to a reduction in the
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alveolar-capillary surface area available for gas exchange
(Butler and Kleinerman 1970; Gillooly and Lamb 1993;
Thurlbeck and Angus 1975; Verbeken et al. 1992). How-
ever, the importance of mPAP on pulmonary capillary
blood volume distribution and thus DLCO and DLNO is
not known. Modeling of DLNO/DLCO suggests that a fall
in this ratio is indicative of a thickening of the pulmonary
capillary blood sheet (Glenet et al. 2007). In other words,
a fall in DLNO/DLCO suggests that measures of lung dif-
fusing capacity have become relatively more reliant on the
capillary blood volume component of gas transfer from
the pulmonary alveoli to hemoglobin. Presently, an
increase in thoracic blood volume from the Upright to
Supine to Head-down position caused decreases in
DLNO/DLCO in both younger and older individuals. This
reduction in DLNO/DLCO following passive increases in
thoracic blood volume suggests an increased diffusion dis-
tance from the pulmonary alveoli to hemoglobin, likely
indicative of pulmonary capillary engorgement and disten-
sion. Pulmonary capillary distension might be anticipated
given a passive increase in thoracic blood volume from the
Upright to Supine to Head-down position.

More notably, DLNO/DLCO increased following a
reduction in pulmonary smooth muscle tone in both
younger and older adults, indicative of a reduction in the
pulmonary capillary blood volume component of lung
diffusing capacity (Glenet et al. 2007). Theoretically, a
reduction in smooth muscle tone may cause a de-recruit-
ment of pulmonary capillaries, thus decreasing the lung
surface area of alveoli in contact with blood. In other
words, mPAP, the driving pressure into the pulmonary
vascular network, may become inadequate to maintain an
ideal match between perfusion and ventilation, thus
resulting in a lower lung surface area available for gas
exchange. At rest, this effect was not substantial enough
to significantly reduce DLCO (or DLNO) following silde-
nafil administration; however, we have recently shown
that, during exercise, the impact of mPAP on DLCO is
significant (Coffman et al. 2018). All in all, these data
highlight the potential influence of mPAP on pulmonary
capillary blood volume distribution.

Impact of sildenafil on systemic circulation

Sildenafil is a PDE-5 inhibitor that, in addition to acting
on the pulmonary circulation, also acts throughout the
systemic circulation. Clinically, pulmonary hypertension
patients are prescribed 20 mg of sildenafil three times per
day. Thus, this study used a relatively large dose of silde-
nafil (100 mg) that led to a modest decrease in mean sys-
temic arterial pressure in both younger (pre 79 £ 5 vs.
post 77 & 7 mmHg, P = 0.044) and older (pre 77 £ 9
vs. post 73 & 8 mmHg, P = 0.005) individuals. Because
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the pulmonary and systemic circulations are intimately
linked, this decrease in systemic blood pressure could the-
oretically be responsible for some of the pulmonary
effects of sildenafil observed presently. However, there
were no changes in supine steady state heart rate, stroke
volume, or cardiac output (Fig. 2), suggesting that the
systemic effects of sildenafil on the results presented here
are minimal.

Clinical implications

In this study, a pharmacological reduction in mPAP
yielded an increase in DLNO/DLCO regardless of age,
suggesting a reduction in the lung surface area of alveoli
in contact with blood. However, in clinical conditions
pulmonary hypertension where mPAP is
increased, sildenafil has been shown to improve lung dif-
fusing capacity (Vitulo et al. 2017). Thus, we have previ-
ously hypothesized a
pressures, in which a reduction in the driving pressure

such as

“sweet spot” for pulmonary
into the pulmonary circulation (mPAP) may negatively
impact ventilation-perfusion matching, while an increase
in pulmonary pressures can also be deleterious in clinical
conditions (Coffman et al. 2018). Therefore, the present
findings balance

between pulmonary pressures and lung diffusing capac-
ity.

demonstrate a potentially delicate

Conclusions

In conclusion, only older individuals experience a lower
mPAP and Q with a reduction in thoracic blood vol-
ume, potentially indicative of differences in HR response
or decreased pulmonary vascular distensibility with
aging. Furthermore, sildenafil reduced mPAP in older
adults only, suggesting an in pulmonary
smooth muscle tone at rest with aging. Importantly,

increase

pulmonary capillary blood volume distribution, a deter-
minant of lung diffusing capacity, is likely altered by
changes in mPAP in both younger and older adults,
even at rest.

Conflict of interest

None declared.

References

Banks, J., F. V. Booth, E. H. MacKay, B. Rajagopalan, and G.
D. Lee. 1978. The physcial properties of human pulmonary
arteries and veins. Clin. Sci. Mol. Med. 55:477-484.

Butler, C. II, and J. Kleinerman. 1970. Capillary density:
alveolar diameter, a morphometric approach to ventilation
and perfusion. Am. Rev. Respir. Dis. 102:886-894.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Thoracic Blood Volume and Pulmonary Vascular Function

Chang, S. C., H. L. Chang, S. Y. Liu, G. M. Shiao, and R. P.
Perng. 1992. Effects of body position and age on membrane
diffusing capacity and pulmonary capillary blood volume.
Chest 102:139-142.

Chemla, D., V. Castelain, M. Humbert, J. L. Hebert, G.
Simonneau, Y. Lecarpentier, et al. 2004. New formula for
predicting mean pulmonary artery pressure using systolic
pulmonary artery pressure. Chest 126:1313-1317.

Coffman, K. E., A. R. Carlson, sA. D. Miller, B. D. Johnson,
and B. J. Taylor. 2017. The effect of aging and
cardiorespiratory fitness on the lung diffusing capacity
response to exercise in healthy humans. J. Appl. Physiol.
(1985) 122:1425-1434.

Coffman, K. E., T. B. Curry, N. M. Dietz, S. C. Chase, A. R.
Carlson, B. L. Ziegler, et al. 2018. The influence of
pulmonary vascular pressures on lung diffusing capacity
during incremental exercise in healthy aging. Physiol. Rep.
6:¢13565. https://doi.org/10.14814/phy2.13565

Ehrsam, R. E., A. Perruchoud, M. Oberholzer, F. Burkart, and
H. Herzog. 1983. Influence of age on pulmonary
haemodynamics at rest and during supine exercise. Clin. Sci.
(Lond.) 65:653-660.

Emirgil, C., B. J. Sobol, S. Campodonico, W. H. Herbert, and
R. Mechkati. 1967. Pulmonary circulation in the aged. J.
Appl. Physiol. 23:631-640.

van Empel, V. P., D. M. Kaye, and B. A. Borlaug. 2014. Effects
of healthy aging on the cardiopulmonary hemodynamic
response to exercise. Am. J. Cardiol. 114:131-135.

Fernie, J. M., and D. Lamb. 1986. Effects of age and smoking
on intima of muscular pulmonary arteries. J. Clin. Pathol.
39:1204-1208.

Gillooly, M., and D. Lamb. 1993. Airspace size in lungs of
lifelong non-smokers: effect of age and sex. Thorax 48:39—
43.

Glenet, S. N., C. De Bisschop, F. Vargas, and H. J. Guenard.
2007. Deciphering the nitric oxide to carbon monoxide lung
transfer ratio: physiological implications. J. Physiol.
582:767-775.

Gozna, E. R, A. E. Marble, A. Shaw, and J. G. Holland. 1974.
Age-related changes in the mechanics of the aorta and
pulmonary artery of man. J. Appl. Physiol. 36:407—411.

Guenard, H., and R. Marthan. 1996. Pulmonary gas exchange
in elderly subjects. Eur. Respir. J. 9:2573-2577.

Hankinson, J. L., J. R. Odencrantz, and K. B. Fedan. 1999.
Spirometric reference values from a sample of the general
U.S. population. Am. J. Respir. Crit. Care Med. 159:179—
187.

Harris, P., D. Heath, and A. Apostolopoulos. 1965.
Extensibility of the human pulmonary trunk. Br. Heart. J.
27:651-659.

Hosoda, Y., K. Kawano, F. Yamasawa, T. Ishii, T. Shibata, and
S. Inayama. 1984. Age-dependent changes of collagen and
elastin content in human aorta and pulmonary artery.
Angiology 35:615-621.

2018 | Vol. 6 | Iss. 17 | 13834
Page 7


https://doi.org/10.14814/phy2.13565

Thoracic Blood Volume and Pulmonary Vascular Function

Hsia, C. C., D. G. McBrayer, and M. Ramanathan. 1995.
Reference values of pulmonary diffusing capacity during
exercise by a rebreathing technique. Am. J. Respir. Crit.
Care Med. 152:658—665.

Huntsman, L. L., D. K. Stewart, S. R. Barnes, S. B. Franklin, J.
S. Colocousis, and E. A. Hessel. 1983. Noninvasive Doppler
determination of cardiac output in man Clinical validation.
Circulation 67:593-602.

Jane-Wit, D., and H. J. Chun. 2012. Mechanisms of
dysfunction in senescent pulmonary endothelium. J.
Gerontol. A Biol. Sci. Med. Sci. 67:236-241.

Kircher, B. J., R. B. Himelman, and N. B. Schiller. 1990.
Noninvasive estimation of right atrial pressure from the
inspiratory collapse of the inferior vena cava. Am. J.
Cardiol. 66:493-496.

Kovacs, G., A. Berghold, S. Scheidl, and H. Olschewski. 2009.
Pulmonary arterial pressure during rest and exercise in
healthy subjects: a systematic review. Eur. Respir. J. 34:888—
894.

Lalande, S., P. Yerly, V. Faoro, and R. Naeije. 2012.
Pulmonary vascular distensibility predicts aerobic capacity
in healthy individuals. J. Physiol. 590:4279-4288.

Linehan, J. H., S. T. Haworth, L. D. Nelin, G. S. Krenz, and C.

A. Dawson. 1992. A simple distensible vessel model for
interpreting pulmonary vascular pressure-flow curves. J.
Appl. Physiol. 73:987-994.

Mackay, E. H,, J. Banks, B. Sykes, and G. Lee. 1978. Structural
basis for the changing physical properties of human
pulmonary vessels with age. Thorax 33:335-344.

Miller, M. R,, J. Hankinson, V. Brusasco, F. Burgos, R.
Casaburi, A. Coates, et al. 2005. Standardisation of
spirometry. Eur. Respir. J. 26:319-338.

Muller, A. M., C. Skrzynski, M. Nesslinger, G. Skipka, and K.
M. Muller. 2002. Correlation of age with in vivo expression
of endothelial markers. Exp. Gerontol. 37:713-719.

Plank, L., J. James, and C. A. Wagenvoort. 1980. Caliber and
elastin content of the pulmonary trunk. Arch. Pathol. Lab.
Med. 104:238-241.

2018 | Vol. 6 | Iss. 17 | e13834
Page 8

K. E. Coffman et al.

Reeves, J. T., J. H. Linehan, and K. R. Stenmark. 2005.
Distensibility of the normal human lung circulation during
exercise. Am. J. Physiol. Lung Cell. Mol. Physiol. 288:1419—
L425.

Rowland, T., V. Unnithan, P. Barker, M. Guerra, D. Roche,
and M. Lindley. 2012. Orthostatic effects on
echocardiographic measures of ventricular function.
Echocardiography 29:523-527.

Seals, D. R., and M. D. Esler. 2000. Human ageing and the
sympathoadrenal system. J. Physiol. 528:407—417.

Seals, D. R., A. E. Walker, G. L. Pierce, and L. A. Lesniewski.
2009. Habitual exercise and vascular ageing. J. Physiol.
587:5541-5549.

Stam, H., V. Hrachovina, T. Stijnen, and A. Versprille. 1994.
Diffusing capacity dependent on lung volume and age in
normal subjects. J. Appl. Physiol. 76:2356-2363.

Tamhane, R. M., R. L. Jr Johnson, and C. C. Hsia. 2001.
Pulmonary membrane diffusing capacity and capillary blood
volume measured during exercise from nitric oxide uptake.
Chest 120:1850—-1856.

Thurlbeck, W. M., and G. E. Angus. 1975. Growth and aging
of the normal human lung. Chest 67:35-6S.

Verbeken, E. K., M. Cauberghs, I. Mertens, J. Clement, J. M.
Lauweryns, and K. P. Van de Woestijne. 1992. The senile
lung. Comparison with normal and emphysematous lungs.
1. Structural aspects. Chest 101:793-799.

Vitulo, P., A. Stanziola, M. Confalonieri, D. Libertucci, T.
Oggionni, P. Rottoli, et al. 2017. Sildenafil in severe
pulmonary hypertension associated with chronic obstructive
pulmonary disease: a randomized controlled multicenter
clinical trial. J. Heart Lung Transplant. 36:166—174.

Warnock, M. L., and A. Kunzmann. 1977. Changes with age in
muscular pulmonary arteries. Arch. Pathol. Lab. Med.
101:175-179.

Yock, P. G., and R. L. Popp. 1984. Noninvasive estimation of
right ventricular systolic pressure by Doppler ultrasound in
patients with tricuspid regurgitation. Circulation 70:657—
662.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



