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Abstract

Alveolar-capillary surface area for pulmonary gas exchange falls with aging,
causing a reduction in lung diffusing capacity for carbon monoxide (DLCO).
However, during exercise additional factors may influence DLCO, including
pulmonary blood flow and pulmonary vascular pressures. First, we sought to
determine the age-dependent effect of incremental exercise on pulmonary vas-
cular pressures and DLCO. We also aimed to investigate the dependence of
DLCO on pulmonary vascular pressures during exercise via sildenafil adminis-
tration to reduce pulmonary smooth muscle tone. Nine younger (27 = 4 years)
and nine older (70 & 3 years) healthy subjects performed seven 5-min exercise
stages at rest, 0 (unloaded), 10, 15, 30, 50, and 70% of peak workload before
and after sildenafil. DLCO, cardiac output (Q), and pulmonary artery and
wedge pressure (mPAP and mPCWP; subset of participants) were collected at
each stage. mPAP was higher (P = 0.029) and DLCO was lower (P = 0.009)
throughout exercise in older adults; however, the rate of rise in mPAP and
DLCO with increasing Q was not different. A reduction in pulmonary smooth
muscle tone via sildenafil administration reduced mPAP, mPCWP, and the
transpulmonary gradient (TPG = mPAP-mPCWP) in younger and older sub-
jects (P < 0.001). DLCO was reduced following the reduction in mPAP and
TPG, regardless of age (P < 0.001). In conclusion, older adults successfully
adapt to age-dependent alterations in mPAP and DLCO. Furthermore, DLCO
is dependent on pulmonary vascular pressures, likely to maintain adequate pul-
monary capillary recruitment. The rise in pulmonary artery pressure with aging
may be required to combat pulmonary vascular remodeling and maintain lung
diffusing capacity, particularly during exercise.
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Pulmonary Vasculature During Exercise in Aging

Introduction

Healthy aging is associated with alterations in both lung
diffusing capacity and pulmonary hemodynamics, but the
interplay between these variables remains unclear. Lung
diffusing capacity, or the ability to transfer gases from the
alveoli to blood, is reduced with aging, both at rest and
during exercise (Chang et al. 1992; Stam et al. 1994; Gue-
nard and Marthan 1996; Coffman et al. 2017). This is
likely in part due to remodeling of the pulmonary alveoli
and capillaries (Butler and Kleinerman 1970; Thurlbeck
and Angus 1975; Verbeken et al. 1992; Gillooly and Lamb
1993) which acts to reduce surface area available for gas
exchange. However, whether age-dependent changes in
pulmonary vascular pressures also alter lung diffusing
capacity is not known. A decreased distensibility of the
pulmonary vasculature with healthy aging has been
described, as determined by both ex vivo studies (Harris
et al. 1965; Gozna et al. 1974; Banks et al. 1978; Mackay
et al. 1978) and modeling of in vivo systems (Reeves et al.
2005). This increased stiffness of the vessel walls likely con-
tributes to the increases in pulmonary pressures and pul-
monary vascular resistance associated with increasing age
(Emirgil et al. 1967; Ehrsam et al. 1983; Reeves et al. 2005;
Kovacs et al. 2009; Van Empel et al. 2014). Furthermore, it
is well established that maximal aerobic capacity (VOymax)
is reduced in older individuals (Byrne et al. 1996; Ameri-
can Thoracic S, 2003; Fleg et al. 2005), and several studies
have demonstrated an association between VO,.., and
both lung diffusing capacity (Lalande et al. 2012; Coffman
et al. 2017) and pulmonary hemodynamics (Fujii et al
1996; Coffman et al. 2017; Faoro et al. 2017). Therefore, it
is feasible that age-dependent increases in pulmonary vas-
cular pressures may alter the increase in lung surface area
available for gas exchange, particularly during exercise.
While both lung diffusing capacity and pulmonary vas-
cular pressures are known to be altered with healthy aging,
we are unaware of any study that has measured these vari-
ables in concert. The catalyst for investigating the relation-
ship between pulmonary hemodynamics and lung
diffusing capacity came from a previous study in our labo-
ratory in which we found that, during incremental exercise,
the rate of increase in lung diffusing capacity was remark-
ably similar in older adults compared to their younger
counterparts. Furthermore, in very fit older individuals
who might be anticipated to approach the upper limits of
pulmonary capillary recruitment, there was no evidence of
a limitation in lung diffusing capacity, even during near
maximal exercise. Interestingly, however, lung diffusing
capacity was observed to be systematically reduced for a
given cardiac output (i.e., DLCO/Q) throughout incremen-
tal exercise in older versus younger individuals (Coffman
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et al. 2017). In other words, a given cardiac output
through the pulmonary vasculature did not yield the same
lung surface area for gas exchange at a given exercise level.
While this reduced ability to utilize cardiac output to
recruit lung surface area for gas exchange is likely partially
an outcome of changes to the alveolar-capillary interface
with aging (Butler and Kleinerman 1970; Thurlbeck and
Angus 1975; Verbeken et al. 1992; Gillooly and Lamb
1993), it is possible that age-dependent alterations in pul-
monary hemodynamics also play a role.

Thus, there were two primary aims of this study. First,
we aimed to investigate the age-dependent changes in
both lung diffusing capacity and pulmonary vascular pres-
sures throughout a slow, incremental exercise bout. Sec-
ond, we aimed to investigate the dependence of lung
diffusing capacity on pulmonary vascular pressures in
both younger and older individuals. We hypothesized that
older individuals would have elevated pulmonary vascular
pressures and reduced lung diffusing capacity for a given
cardiac output throughout incremental exercise, but that
the rate of rise with exercise would be similar. Addition-
ally, we hypothesized that lung diffusing capacity would
be altered by changes in pulmonary hemodynamics via
sildenafil administration in older individuals only.

Methods

Subjects

Nine younger (4M/5F, 27 £ 4 year) and nine older (5M/
4F, 70 + 3 year) nonsmoking adults with no history of
respiratory, cardiovascular, or metabolic disease partici-
pated in the study (Table 1; mean + SD). Participants
were recruited from the general population and were
moderately active individuals. Each participant gave writ-
ten informed consent after being provided a detailed
description of the study requirements. The experimental
procedures were approved by the Mayo Clinic Institu-
tional Review Board and were performed in accordance
with the ethical standards of the Declaration of Helsinki.

Study overview

The experimental procedures were completed during two
separate visits to the laboratory. The subjects abstained
from caffeine and exercise for 12 h prior to each visit. At
visit 1, a blood sample was collected for determination of
hemoglobin concentration; participants were excluded if
their hemoglobin was below 12.5 g/dL for males or
11.5 g/dL for females. Next, pulmonary function was
assessed via full body plethysmography (MedGraphics
Elite  Series  Plethysmograph, = Medical  Graphics

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

The Physiological Society and the American Physiological Society



K. E. Coffman et al.

Table 1. Subject demographics for all subjects as well as only
those with catheter data.

Younger Older P-Value
All subjects
Subjects, N (M/F) 9 (4/5) 9 (5/4)
Age, y 26.7 + 3.7 70.0 + 3.1 <0.001
Height, cm 176 + 11 170 + 9 0.223
Weight, kg 71 +£ 938 71.2 £ 106 0973
BMI, kg/m2 228 +£1.9 245 + 2.8 0.151
BSA, m? 1.86 +0.18 1.83+0.17 0717
Weak, Watts 228 + 65 118 £ 37  <0.001
VO, peak, mL/min/kg 399+ 6.4 232 +£ 35 <0.001
FVC, % pred. 106 £+ 10 98 + 9 0.070
FEV,, % pred. 102 £ 11 100 + 12 0.711
FEV1/FVC, % pred. 96 £ 5 102 £ 7 0.032
Hemoglobin, g/dL 13.7 £ 1.4 14.0 £ 1.2 0.561

Subset with catheters

Subjects, N (M/F) 4(2/2) 5 (3/2)

Age, y 28.6 + 5.1 69.6 + 2.7  <0.001
Height, cm 173 £5 174 £ 8 0.837
Weight, kg 65.6 + 8.5 712 +£13.1  0.485
BMI, kg/m? 219 + 2 234 + 26 0.381
BSA, m? 1.77 £0.14  1.85+0.21 0.548
Wieak, Watts 201 + 22 125 + 38 0.010
VOspeak, mML/min/kg 38.0 + 2.7 243 + 3 <0.001
FVC, % pred. 99 + 6 96 + 11 0.696
FEV4, % pred. 94 + 4 97 + 14 0.688
FEV4/FVC, % pred. 95 + 4 100 + 4 0.088
Hemoglobin, g/dL 139 +£ 1.3 14.0 £ 0.9 0.842

BMI, body mass index; BSA, body surface area; Wpear, peak work
rate; VO,peak, Peak oxygen consumption; FVC, forced vital capac-
ity; FEV4, forced expiratory volume in 1 second.

Corporation, St. Paul, MN, USA) according to standard
procedures (Miller et al. 2005); subjects were excluded if
their pulmonary function (FVC, FEV;) was below 80% of
predicted (Hankinson et al. 1999). Finally, subjects com-
pleted an incremental cycling exercise test to exhaustion
for determination of peak work rate (Wpea) and peak
oxygen consumption (VO,peai). Exercise began at 0, 30,
or 60 W and increased by 15 or 30 W every 2 min
dependent on self-reported fitness. W was calculated
as the sum of the final work rate completed plus the frac-
tion of the partially completed work rate before exhaus-
tion. VO,peax was calculated as the 30 sec average
immediately preceding the highest VO, value.

At visit 2, insertion of a pulmonary Swan-Ganz cathe-
ter was attempted in all participants. However, the
catheterization was only completed in a subset of individ-
uals, who then also underwent insertion of an arterial
catheter (4 younger and 5 older, Table 1). Next, subjects
performed an identical bout of incremental cycle exercise
before and after a pharmacological intervention to reduce
pulmonary smooth muscle tone. The exercise protocol
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included a 5 min rest stage, followed by cycling for 5 min
each at 0 (unloaded), 10, 15, 30, 50, and 70% of Wieu.
In those individuals with catheters, pulmonary artery and
systemic blood pressure were sampled 90 sec into each
stage, followed by collection of a wedge pressure (an esti-
mate of pulmonary venous pressure) 2 min into each
stage. In those individuals with catheters, arterial and
mixed venous blood samples were drawn 3 min into each
stage for calculation of cardiac output via direct Fick. In
all individuals, estimates of cardiac output (Q), as well as
lung diffusing capacity for carbon monoxide (DLCO),
were measured via a rebreathe technique 4 min into each
exercise stage (Hsia et al. 1995; Johnson et al. 2000; Tam-
hane et al. 2001). Oxygen consumption was also continu-
ously measured throughout the exercise bout and
sampled 3 min into each stage for use in the direct Fick
calculation for Q (BreezeSuite 6.4.1 SP5, Medical Graph-
ics Corporation, St. Paul, MN, USA). After completion of
the first exercise bout, 100 mg sildenafil, a pulmonary
vasodilator, was administered orally followed by a 1 h rest
period in order for sildenafil to take effect. During this
rest period, subjects were allowed water and small snacks
ad libitum. Then, the exercise bout was repeated.

Pulmonary artery and wedge pressure via
Swan-Ganz catheter

In a subset of participants (Table 1), a Swan-Ganz cathe-
ter (Swan-Ganz 123F6, Edwards Lifesciences LLC, Irvine,
CA, USA) was inserted under local anesthesia (2% lido-
caine) by two experienced anesthesiologists. The catheter
was inserted into an antecubital vein and advanced to the
pulmonary artery under ultrasound guidance and electro-
cardiogram monitoring. The proper placement of the
catheter was established by observing the pulmonary
artery waveform as well as the wedge waveform upon bal-
loon inflation.

As exercise work rate increased, respiratory variations
caused cyclic variations in pulmonary artery pressure.
Therefore, LabChart (LabChart 8, ADInstruments, Color-
ado Springs, CO, USA) was used to apply a digital band
pass filter to the raw pressure signal in order to remove
respiratory frequencies (i.e., the lower filter limit), but
preserve cardiac frequencies (i.e., the upper filter limit).
The frequency limits were updated with each exercise
stage according to the current respiratory rate and heart
rate. Importantly, the amplitude of the change in pul-
monary artery pressure from diastole to systole was veri-
fied to be maintained after filtering. Once the digital filter
had been applied, mean pulmonary artery pressure
(mPAP) was determined as the 30 sec average starting at
90 sec into each stage. Pulmonary artery systolic (sPAP)
and diastolic pressure (dPAP) were also determined as
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the maximum and minimum value, respectively, within
each cardiac cycle over the same 30 sec window.

Next, mean pulmonary capillary wedge pressure
(mPCWP) was collected at 2 min into each exercise stage.
The balloon at the tip of the catheter was slowly inflated
until pulmonary pressure fell to a stable, lower value. The
inflation was maintained for ~10 sec, and the pressure
over this period was averaged as mPCWP.

Systemic blood pressure via arterial
catheter

An arterial catheter (FA-04020, Arrow International Inc.,
Reading, PA, USA) was also placed in the same subset of
participants under local anesthesia (2% lidocaine) by an
experienced anesthesiologist for continuous measurement of
systemic blood pressure. Systemic systolic (sSBP) and dias-
tolic blood pressure (dSBP) were determined as the maxi-
mum and minimum value, respectively, within each cardiac
cycle. sSBP, sDBP, as well as mean systemic blood pressure
(mSBP) were averaged over the same 30 sec window as pul-
monary pressures (90 sec into each exercise stage).

Lung diffusing capacity and cardiac output
via rebreathe

Lung diffusing capacity for carbon monoxide (DLCO)
and cardiac output (Q) were assessed using a rebreathe
technique 4 min into each exercise stage in all subjects
(Hsia et al. 1995; Johnson et al. 2000; Tamhane et al.
2001). Using this technique, DLCO and Q are determined
via the rate of disappearance of CO and acetylene (C,H,),
respectively. Briefly, subjects breathed through a two-way
switching valve connected to a pneumotachometer, mass
spectrometer (Marquette 1100 Medical Gas Analyser, Per-
kin-Elmer, St. Louis, MO, USA) and NO analyzer (Sievers
280i NOA, Sievers, Boulder, CO, USA). The inspiratory
port of the switching valve was open to room air or a 6-L
anesthesia bag filled with 0.3% C'®0, 45 ppm NO, 9%
He, 0.6% C,H,, 35% O,, and N, balance. The total vol-
ume of gas added to the rebreathe bag was determined as
the average tidal volume of the subject during the 30 sec
immediately prior to each measurement. Following a nor-
mal expiration, subjects were switched into the rebreathe
bag and instructed to nearly empty the bag with each
breath for 8-10 consecutive breaths at a respiratory rate
of at least 32 breaths per min.

Cardiac output via direct Fick

While all subjects had cardiac output measured via acety-
lene rebreathing, the subset with catheters also had cardiac
output measured via direct Fick and these values were used
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in all further data analysis. In this subset of individuals,
arterial and mixed venous blood samples were collected
from the arterial and Swan-Ganz catheters, respectively,
3 min into each exercise stage. Arterial and mixed venous
oxygen content (CaO, and CvO,) were determined from
the blood samples (ABL90, Radiometer, Brea, CA, USA).
Oxygen consumption was also averaged over the 30 sec
period that coincided with the blood draws and used in
the Fick calculation for cardiac output (Q):

Q= VO,
© Ca0, — CvO,

Mechanism of sildenafil

100 mg sildenafil was administered orally immediately
following the first exercise bout, upon which participants
rested for 1 h and were allowed water and small snacks
ad libitum. Sildenafil is a PDES5 inhibitor, which increases
levels of cGMP within smooth muscle cells thus eliciting
pulmonary smooth muscle cell relaxation.

Statistical analyses

Independent samples t-test was used to compare younger
versus older individuals (Table 1). Figures 1-3 were ana-
lyzed using a linear mixed effects model to determine both
the effect of healthy aging and sildenafil administration on
(1) the response to incremental exercise, that is, the slope
of the given relationship, if there was a significant relation-
ship, and (2) the mean value of the independent variable,
that is, the offset or vertical shift in the datasets. In short,
using this model the linear fit through the data is obtained
by taking into account repeated measures (i.e., multiple
exercise stages for each subject) and effectively averaging
the individual subject responses. Thus, the line of fit may
appear different than it would if a line were fit to all data
points without accounting for individual subject relation-
ships. All data are expressed as mean £ SD and all statisti-
cal analyses were performed in Matlab (version R2016a,
Natick, MA) with statistical significance set at P < 0.05.

Results

Subjects

Subject characteristics and pulmonary function are shown
in Table 1, including data for all subjects that participated
in the study (“All Subjects”) as well as only the subset of
individuals who underwent pulmonary and arterial cathe-
ter insertion (“Subset with Catheters”). In both cases, the
younger and older individuals were well-matched for
height, weight, BMI, and BSA. Wy and VO,peac were
lower in older versus younger subjects (P = 0.010 and
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Figure 1. Individual values of mean pulmonary artery pressure
(mPAP); (A), mean pulmonary wedge pressure (mPCWP); (B), and
transpulmonary gradient (TPG); (C) as a function of cardiac output
(Q; direct Fick) in those subjects with catheters (N = 4 younger and
5 older) during incremental exercise in younger (black) and older
(gray) healthy adults presildenafil (circles and solid line) and
postsildenafil (triangles and dotted line). The data were fit using a
linear mixed effects model. mPAP is significantly greater in older
adults (A; P = 0.029). mPAP, mPCWP, and TPG are significantly
reduced following sildenafil administration (all P < 0.001).

P < 0.001, respectively, Table 1). Additionally, percent-
predicted FVC and FEV,; were not different between
younger and older individuals; however, percent-predicted
FEV,/FVC was slightly lower in the younger versus older
individuals in the complete dataset (96 &5 vs.

102 + 7%, P = 0.032).

Pulmonary vascular response to incremental
exercise
Pulmonary vascular pressures

Figure 1A shows mPAP as a function of Q. In all condi-
tions, mPAP increased with increasing Q (all P < 0.010).
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Figure 2. Individual values of lung diffusing capacity for carbon
monoxide (DLCO) as a function of cardiac output (Q) in all subjects
(N = 9 younger and 9 older) during incremental exercise in younger
(black) and older (gray) healthy adults presildenafil (circles and solid
line) and postsildenafil (triangles and dotted line). Measures of Q
are a combination of direct Fick in those subjects with catheters
and acetylene rebreathing in those subjects without catheters. The
data were fit using a linear mixed effects model. DLCO is
significantly reduced following sildenafil administration (P < 0.001).

While older individuals did not demonstrate a differential
pressure response (i.e., slope) to increasing flow, older
individuals had a greater overall mPAP by 4.3 mmHg
(P =0.029). A reduction in pulmonary smooth muscle
tone via sildenafil administration did not alter the pres-
sure response to increasing flow through the pulmonary
vasculature; however, baseline mPAP was significantly
reduced in all subjects by 4.6 mmHg (P < 0.001). These
data suggest that older individuals have higher mean pul-
monary artery pressures throughout exercise, and that, as
would be expected, a reduction in pulmonary smooth
muscle tone significantly reduced pulmonary artery pres-
sure in both younger and older individuals.

Figure 1B shows mPCWP as a function of Q. In all
conditions there was no significant relationship, meaning
that mPCWP did not increase or decrease throughout
incremental exercise in younger or older individuals. Fur-
thermore, there was no difference in overall values of
mPCWP in younger versus older individuals. However,
sildenafil administration significantly reduced Dbaseline
mPCWP in younger and older individuals by 2 mmHg
(P <0.001). These data suggest that younger and older
individuals have similar pulmonary venous pressures and
that a reduction in pulmonary smooth muscle tone does
in fact reduce pulmonary venous pressure, regardless of
age.

Figure 1C  shows the transpulmonary gradient
(TPG = mPAP-mPCWP) as a function of Q. TPG is a
measure of the pressure difference across the pulmonary
vasculature and can be considered the effective driving
pressure through the pulmonary capillary network. In all
conditions, TPG increased as Q increased (P < 0.016).
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Figure 3. Lung diffusing capacity for a given blood flow through
the pulmonary vasculature (DLCO/Q) as a function of cardiac
output (Q); (A) or mean pulmonary artery pressure (mPAP); (B)
during incremental exercise in younger (black) and older (gray)
healthy adults presildenafil (circles and solid line) and postsildenafil
(triangles and dotted line). Figure A, which does not incorporate
mPAP, consists of all subjects (N = 9 younger and 9 older) and
measures of Q are a combination of direct Fick in those with
catheters and acetylene rebreathing in those without catheters.
Figure B, which incorporates mPAP, consists of only those subjects
with catheters (N = 4 younger and 5 older) and measures of Q are
direct Fick. Data were linearized to simplify statistical analyses and
the data were fit using a linear mixed effects model.

Furthermore, baseline TPG was significantly reduced fol-
lowing  sildenafil ~ administration by 2.5 mmHg
(P < 0.001). These data suggest that a reduction in pul-
monary smooth muscle tone significantly reduced the
driving pressure through the pulmonary capillaries in
both younger and older adults.

Taken together, Figure 1 suggest that older individuals
have a higher baseline pulmonary artery, and not pul-
monary venous, pressure throughout incremental exercise.
However, the pressure response to exercise is remarkably
similar in older versus younger individuals. Furthermore, a
reduction in pulmonary smooth muscle tone via sildenafil
administration significantly reduced both pulmonary artery
and venous pressures, regardless of age. Importantly, a
reduction in pulmonary smooth muscle tone significantly
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reduced the transpulmonary gradient, or driving pressure
across the pulmonary capillary network, regardless of age.

Lung diffusing capacity

The effect of healthy aging and sildenafil administration on
DLCO as a function of Q is shown in Figure 2. In all con-
ditions, DLCO increased with increasing Q (all P < 0.001)
and older individuals demonstrated a baseline reduction in
DLCO of 6.7 ml/min/mmHg throughout exercise
(P = 0.009). Nevertheless, the DLCO response to exercise
(i.e., slope) was not different in younger versus older indi-
viduals. Interestingly, sildenafil administration hindered the
DLCO response to exercise, decreasing the DLCO-Q slope
by 0.33 mL/mmHg/L (P < 0.001). This reduced ability to
increase DLCO for a given increase in Q led to an overall
reduction in DLCO of ~2 mL/min/mmHg at Q = 10 L/
min and ~4 mL/min/mmHg at Q = 15 L/min (both
P < 0.001). These data confirm that older individuals
demonstrate a decreased ability to achieve lung surface area
for gas exchange given a certain blood flow through the
pulmonary vasculature. Furthermore, a reduction in pul-
monary smooth muscle tone, leading to a fall in the
transpulmonary gradient or driving force across the pul-
monary capillary network, actually impaired DLCO
throughout incremental exercise, regardless of age.

Relationship between Q, mPAP, and DLCO

Another aim of this study was to investigate the dependence
of lung diffusing capacity on pulmonary hemodynamics
during incremental exercise. In all conditions, DLCO/Q sig-
nificantly decreased with increasing Q (Fig. 3A, all
P < 0.001), suggesting that cardiac output increased out of
proportion with lung diffusing capacity during incremental
exercise. Additionally, baseline DLCO/Q was significantly
lower throughout exercise in older versus younger individ-
uals by 1.28 mL/mmHg/L (Fig. 3A, P = 0.007). This sug-
gests that, even when normalized to a certain blood flow
through the pulmonary vascular network, DLCO is system-
atically lower in older individuals. Following sildenafil
administration, DLCO/Q was overall reduced in both
younger and older adults by 1.09 mL/mmHg/L (Fig. 3A,
P < 0.001). This suggests that a reduction in pulmonary
smooth muscle tone hinders the ability of the pulmonary
vascular system to achieve lung surface area for gas
exchange, even when normalized to a certain blood flow.
Nevertheless, the DLCO/Q response to exercise is remark-
ably similar in younger versus older individuals, as is the
role of pulmonary smooth muscle tone in maintaining
DLCO.

Figure 3B shows DLCO/Q as a function of mPAP.
While DLCO/Q was significantly correlated with mPAP
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before sildenafil administration in younger and older
individuals (P < 0.003), there was no longer a significant
correlation between DLCO/Q and mPAP following a
reduction in pulmonary smooth muscle tone in either age
cohort. Additionally, baseline DLCO/Q was reduced as a
function of mPAP following sildenafil administration by
1.25 mL/mmHg/L (Fig. 3B, P < 0.001). These data sug-
gest that during incremental exercise, regardless of age,
the ability of a given blood flow to recruit lung surface
area for gas exchange in related to the mean pressure
entering the vascular system. However, when pulmonary
smooth muscle tone is reduced, the link between DLCO/
Q and mPAP is disturbed. Nevertheless, the DLCO/Q
response to exercise remains unaltered by healthy aging,
and the role of pulmonary smooth muscle tone is not dif-
ferent in older versus younger adults.

Discussion

Major findings

In this study, we characterized the effect of healthy aging
on the response of mPAP and DLCO to incremental exer-
cise. Furthermore, we investigated the role of pulmonary
hemodynamics on DLCO. The main findings were that:
(1) healthy aging was associated with an overall increase
in mPAP and an overall decrease in DLCO throughout
exercise; however, the rate of rise of mPAP and DLCO
during exercise was remarkably similar in older versus
younger adults, (2) a reduction in pulmonary smooth
muscle tone via sildenafil administration significantly
reduced mPAP and thus TPG, in both younger and older
adults, and (3) the reduction in mPAP and TPG with
sildenafil administration elicited a reduction in DLCO in
both younger and older adults. All in all these data sug-
gest that, although older individuals experience systematic
changes in pulmonary pressures and DLCO, the ability to
respond appropriately to incremental exercise is preserved
during healthy aging. Furthermore, these data demon-
strate the importance of a sufficient driving pressure
across the pulmonary capillary network in order to main-
tain sufficient pulmonary capillary recruitment, and thus
adequate lung surface area for gas exchange, during incre-
mental exercise regardless of age.

Pulmonary vascular response to aging and
incremental exercise

Lung diffusing capacity

In agreement with previous studies, DLCO rose through-
out exercise in both younger and older individuals (John-
son et al. 1960; Hsia et al. 1995; Tamhane et al. 2001).
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More interestingly, the rate of rise of DLCO was not dif-
ferent in younger versus older individuals (Fig. 2). This
confirms a previous study from our laboratory that found
that both fitness and age do not alter the DLCO-Q slope
throughout incremental exercise (Coffman et al. 2017).
We also observed a systematic reduction in DLCO
throughout exercise in older individuals; this is also in
agreement with the previous study from our laboratory
(Coffman et al. 2017). Theoretically, this reduction in
DLCO for a given blood flow through the system could
be a result of increased alveoli diameter (Butler and
Kleinerman 1970; Thurlbeck and Angus 1975; Verbeken
et al. 1992; Gillooly and Lamb 1993) and/or reduced pul-
monary capillary density with aging (Butler and Kleiner-
man 1970), both of which may reduce lung surface area
for gas exchange. Nevertheless, even given the reduction
in DLCO for a given Q, the rate at which DLCO increases
in unchanged.

Mean pulmonary artery pressure

Also in agreement with previous studies, mPAP rose dur-
ing exercise in both younger and older individuals (Emir-
gil et al. 1967; Ehrsam et al. 1983; Reeves et al. 2005;
Kovacs et al. 2009; Van Empel et al. 2014). However, we
did not observe a significant effect of age on the mPAP-Q
slope during incremental exercise (Fig. 1A); this finding is
in contrast with previous studies that have shown a
greater mPAP-Q slope from rest to exercise in older indi-
viduals (Emirgil et al. 1967; Reeves et al. 2005). We also
found that healthy aging was associated with a systematic
increase in mPAP throughout incremental exercise. This
confirms previous studies that have demonstrated a
higher mPAP during exercise with increasing age (Emirgil
et al. 1967; Ehrsam et al. 1983; Reeves et al. 2005; Kovacs
et al. 2009; Van Empel et al. 2014). Nevertheless, the
unique combination of DLCO and mPAP measurements
in this study yielded novel insights into pulmonary capil-
lary distension, recruitment, and the importance of pul-
monary vascular pressures in the maintenance of lung
surface area for gas exchange, discussed next.

Pulmonary capillary recruitment versus distension
during exercise

DLCO/Q fell throughout exercise in both younger and
older adults (Fig. 3A). These data demonstrate that, dur-
ing incremental exercise, Q increased out of proportion
with DLCO. In other words, a given increase in flow
through the pulmonary vasculature did not cause a pro-
portional increase in lung diffusing capacity. Theoreti-
cally, a fall in DLCO/Q might suggest that, during
exercise, the pulmonary vasculature accepts increases in
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blood flow at least partially via distension of already per-
fused capillaries; in contrast, exclusive recruitment of
additional pulmonary capillaries would be expected to
increase lung surface area for gas exchange in equal pro-
portions with the increase in available cardiac output.
This is in agreement with previous hypotheses that an
increase in blood flow through the pulmonary vasculature
during exercise is at least partially due to pulmonary cap-
illary distension in both older and younger adults (Glenet
et al. 2007; Lalande et al. 2012; Pavelescu et al. 2013;
Coffman et al. 2017). Nevertheless, additional data would
be needed to make any conclusions regarding the relative
extent of pulmonary capillary distension versus recruit-
ment during exercise.

Effect of pulmonary smooth muscle tone on
pulmonary vascular pressures

In this study, 100 mg sildenafil, a PDE5 inhibitor, was
utilized to reduce pulmonary smooth muscle tone. Fol-
lowing sildenafil administration, both mPAP and
mPCWP were significantly reduced in all subjects. How-
ever, the fall in mPAP was greater, and as such TPG, or
the driving pressure across the pulmonary capillary net-
work, was also significantly reduced in all subjects. The
fall in TPG is likely an important factor in the ability to
distend and recruit pulmonary capillaries during incre-
mental exercise and will be discussed in more detail later
(see “Discussion — Importance of TPG in pulmonary cap-
illary recruitment”). Nevertheless, the fall in mPAP and
TPG was not significantly different in older versus
younger adults, suggesting that pulmonary smooth muscle
tone does play a role in pulmonary pressures but is not
altered by healthy aging.

Influence of mMPAP on DLCO and DLCO/Q

While DLCO/Q can elucidate the relative level of disten-
sion versus recruitment as exercise progresses, DLCO/Q
can also speak to the level of lung diffusing capacity that is
achieved for a given cardiac output, or blood flow through
the pulmonary vasculature. Presently, aging and sildenafil
administration were both found to alter DLCO and
DLCO/Q systematically throughout exercise. These obser-
vations elucidate the importance of mPAP on DLCO.
Exercise-dependent increases in DLCO are generally
thought to be primarily an outcome of increases in car-
diac output, which in turn increases blood volume within
the pulmonary vasculature and subsequently lung surface
area for gas exchange. However, this study suggests that
mPAP and TPG also play a vital role in maintaining ade-
quate DLCO, particularly as exercise intensity increases.
Specifically, following a reduction in mPAP and therefore
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TPG, there was a significant reduction in DLCO for a
given Q in both younger and older adults, and this reduc-
tion became more severe at higher exercise intensities
(Fig. 2). Thus, these data suggest that a baseline level of
pulmonary smooth muscle tone is required to maintain
DLCO, particularly at higher levels of exercise. A potential
mechanism for the dependence of DLCO on pulmonary
pressures is discussed later (see “Importance of TPG in
pulmonary capillary recruitment”).

The observation that healthy aging is associated with a
baseline reduction in DLCO/Q as a function of mPAP
during exercise is another novel aspect of this study. That
DLCO/Q is reduced for a given mPAP suggests that a
given blood pressure entering the pulmonary circulation
yields a reduced level of alveolar-capillary surface area in
older individuals. In other words, in older individuals a
greater mPAP is required to achieve the same DLCO as
in a younger individual. This finding suggests that a
greater mPAP may be required to maintain DLCO, per-
haps due to increases in pulmonary vascular remodeling,
with healthy aging. In other words, it is feasible that, in
order to overcome pulmonary vascular remodeling,
mPAP must increase in older individuals in order to
maintain TPG and thus DLCO.

Importance of TPG in pulmonary capillary
recruitment

The mechanism responsible for the dependence of DLCO
and DLCO/Q on mPAP is of interest. Theoretically, it is
possible that a certain transpulmonary gradient (TPG), or
driving pressure across the pulmonary capillary network,
is required in order to sufficiently recruit additional pul-
monary capillaries during exercise, particularly in upper
regions of the lung. For example, a reduction in TPG
might cause pulmonary capillary derecruitment in upper
regions of the lung, as the driving pressure for blood
would be insufficient. Thus, blood would effectively pool
in the lower regions of the lung and recruitment of addi-
tional lung surface area would be reduced. While only
speculative, this derecruitment of pulmonary capillaries
may explain why the same cardiac output through the
pulmonary vasculature results in a significantly lower
DLCO following sildenafil administration. In other words,
a given cardiac output through the pulmonary vasculature
might be less effective at recruiting lung surface area for
gas exchange. All in all, the dependence of DLCO on
mPAP and TPG suggests that a fall in pulmonary pres-
sures hinders DLCO, independent of age.

The reduction in DLCO following a reduction in
mPAP is in contrast to previous studies demonstrating
that, in clinical conditions where pulmonary vascular
pressures are increased, sildenafil actually improves DLCO
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(Guazzi et al. 2004a,b; Bussotti et al. 2008; Vitulo et al.
2017). Theoretically, this may be evidence of a ‘sweet
spot’ for mPAP. In this study, a certain transpulmonary
gradient, driven by mPAP, was required to maintain
DLCO during incremental exercise. However, whether
this gradient can become too large, such that DLCO is
actually reduced, may be the case in diseases where mPAP
is increased above normal. In this way, adequate mPAP
may be required to sufficiently distribute pulmonary cap-
illary blood through the vascular network, but too high
of mPAP may hinder cardiac output through the pul-
monary vasculature. Furthermore, it is feasible that this
‘sweet spot’ for mPAP may be greater in older individuals
in order to combat increases in pulmonary vascular
remodeling. Thus, there may be a fine balance between
adequate and deleterious pulmonary artery pressure in
regard to lung diffusing capacity.

Technical considerations

The gas mixture used to measure lung diffusing capacity
included 45 ppm NO, a potent vasodilator. It has been
shown that continuous inhalation of NO (40 ppm) for
5 min yields changes in regional pulmonary blood flow
(Asadi et al. 2015). Thus, it is possible that the rebreathe
maneuver used to measure DLCO may alter ventilation-
perfusion matching. However, the DLCO measurement
used presently incorporates only a single bolus of 40 ppm
NO which is rebreathed for ~15 sec. Therefore, the total
NO delivered to the participant is substantially less than
that found to alter regional pulmonary blood flow (Asadi
et al. 2015). Additionally, while the normoxic condition
was found to have an effect in the study by Asadi and
colleagues, the effects on ventilation-perfusion matching
appeared much more pronounced in the hypoxic condi-
tion (when vasoconstriction would be anticipated to be
greater prior to NO inhalation). Thus, in this study the
effects of a single NO bolus on ventilation-perfusion
matching in normoxic conditions are likely minimal.

Conclusions

In conclusion, we found that healthy older individuals
had a greater pulmonary artery pressure and lower lung
diffusing capacity for a given cardiac output throughout
exercise versus younger individuals. However, the rate of
rise of DLCO and mPAP with exercise was remarkably
similar between younger and older adults, suggesting that
older individuals successfully adapt to age-dependent
alterations in the pulmonary vasculature. Interestingly, we
found that DLCO is dependent on mPAP in both
younger and older adults, such that a decrease in mPAP
elicits a reduction in DLCO. These data suggest that a
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sufficient transpulmonary gradient is required to maintain
adequate pulmonary capillary recruitment during exercise.
Furthermore, we hypothesize that the age-dependent
increase in mPAP may occur in order to combat pul-
monary vascular remodeling, such that the driving pres-
sure for pulmonary capillary recruitment is maintained,
and therefore DLCO not hindered, in older individuals.
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