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ABSTRACT ϯϵ 

Aging is associated with deterioration in the structure and function of the pulmonary circulation. ϰϬ 

We characterized the lung diffusing capacity for carbon monoxide (DLCO), alveolar-capillary ϰϭ 

membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) response to ϰϮ 

discontinuous incremental exercise at 25, 50, 75, and 90% of peak work (Wpeak) in four groups: ϰϯ 

1) Young [27 ± 3 y, maximal oxygen consumption (Vࡆ O2max) 110 ± 18% age-predicted]; 2) ϰϰ 

Young Highly-Fit (27 ± 3 y, Vࡆ O2max 147 ± 8% age-predicted); 3) Old (69 ± 5 y, Vࡆ O2max 116 ± ϰϱ 

13% age-predicted); and 4) Old Highly-Fit (65 ± 5 y, Vࡆ O2max 162 ± 18% age-predicted). At rest ϰϲ 

and at 90% Wpeak, DLCO, DmCO, and VC were decreased with age. At 90% Wpeak, DLCO, DmCO ϰϳ 

and VC were greater in Old Highly-Fit vs. Old adults. The slope of the DLCO-cardiac output (Qࡆ ) ϰϴ 

relationship from rest to end-exercise at 90% Wpeak was not different between Young, Young ϰϵ 

Highly-Fit, Old and Old Highly-Fit (1.35 vs. 1.44 vs. 1.10 vs. 1.35 mlCOāmmHg−1āLblood−1, P = ϱϬ 

0.388), with no evidence of a plateau in this relationship during exercise; this was also true for ϱϭ 

DmCO-Qࡆ  and VC-Qࡆ . Vࡆ O2max was positively correlated with: 1) DLCO, DmCO, and VC at rest; 2) ϱϮ 

the rest to end-exercise change in DLCO, DmCO, and VC. In conclusion, these data suggest that ϱϯ 

despite the age-associated deterioration in the structure and function of the pulmonary ϱϰ 

circulation, expansion of the pulmonary capillary network does not become limited during ϱϱ 

exercise in healthy individuals regardless of age or cardiorespiratory fitness level.   ϱϲ 

 ϱϳ 

KEY WORDS: Maximal aerobic capacity, lung diffusing capacity, pulmonary circulation, ϱϴ 

alveolar-capillary membrane conductance, pulmonary-capillary blood volume ϱϵ 
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NEW & NOTEWORTHY ϲϮ 

Healthy aging is a crucial area of research. This manuscript details how differences in age and ϲϯ 

cardiorespiratory fitness level affect lung diffusing capacity, particularly during heavy exercise. ϲϰ 

We conclude that highly fit older adults do not experience a limit in lung diffusing capacity ϲϱ 

during heavy exercise. Interestingly, however, we found that highly fit older individuals ϲϲ 

demonstrate greater values of lung diffusing capacity during heavy exercise than their less fit ϲϳ 

age-matched counterparts.  ϲϴ 

  ϲϵ 

 ϳϬ 

 ϳϭ 
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 ϳϯ 
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INTRODUCTION ϴϱ 

Maximal aerobic capacity (Vࡆ O2max) has been shown to, at least in part, determined by the ϴϲ 

structure and function of the pulmonary vasculature in health and chronic disease (1, 10, 22, 23, ϴϳ 

25). For example, it has been shown that Vࡆ O2max is positively correlated with resting pulmonary ϴϴ 

capillary blood volume (VC) and pulmonary vasculature distensibility, and inversely related to ϴϵ 

pulmonary vascular resistance at maximal exercise in healthy individuals (23). This suggests that ϵϬ 

a larger, more distensible pulmonary vascular network is associated with greater aerobic exercise ϵϭ 

capacity in humans. ϵϮ 

 ϵϯ 

Measures of lung diffusing capacity for carbon monoxide (DLCO) and nitric oxide (DLNO), ϵϰ 

alveolar-capillary membrane conductance (DmCO) and pulmonary capillary blood volume (VC) ϵϱ 

are considered to reflect the pulmonary vascular response to whole-body exercise. Indeed, ϵϲ 

increased cardiac output and pulmonary perfusion pressure during exercise cause a marked ϵϳ 

expansion of the highly compliant pulmonary capillary network that is associated with an ϵϴ 

increase DLCO, DLNO, DmCO and VC (17, 27, 34). Additionally, it is thought that the ϵϵ 

DLNO/DLCO ratio provides insight into the mechanism by which expansion of the pulmonary ϭϬϬ 

capillary network during exercise occurs, with an increase in the ratio indicating a thinning of the ϭϬϭ 

pulmonary capillary sheet (i.e. predominant vessel recruitment) and a decrease in the ratio ϭϬϮ 

indicating a thickening of the blood sheet (i.e. predominant vessel distension) (13, 23). ϭϬϯ 

 ϭϬϰ 

Heathy aging is associated with a progressive deterioration in the structure and function of the ϭϬϱ 

pulmonary circulation that is characterized by an increase in pulmonary vascular stiffness, ϭϬϲ 

pulmonary vascular pressures and pulmonary vascular resistance (20, 24, 28). Additionally, from ϭϬϳ 
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maturity to senescence there is a decrease in resting VC and DmCO that is consistent with a ϭϬϴ 

reduction in alveolar-capillary surface area (1, 15). These age-related changes in the pulmonary ϭϬϵ 

vasculature may impair recruitment and/or distension of the pulmonary capillaries during ϭϭϬ 

exercise in healthy older adults, subsequently impairing the increase in alveolar-capillary surface ϭϭϭ 

area needed for effective gas exchange and resulting in an excessive rise in pulmonary vascular ϭϭϮ 

pressures relative to the metabolic demand of exercise. However, it has been shown that DLCO ϭϭϯ 

and VC increase linearly relative to exercise intensity in old as well as young healthy adults (34), ϭϭϰ 

indicating that expansion of the pulmonary capillaries does not become limited during exercise ϭϭϱ 

in these individuals. This finding implies that the changes in the pulmonary circulation that occur ϭϭϲ 

with healthy aging are somewhat mild and not sufficient to affect pulmonary vascular expansion ϭϭϳ 

and the recruitment of effective alveolar-capillary surface area for gas exchange during exercise ϭϭϴ 

in healthy older adults.  ϭϭϵ 

 ϭϮϬ 

The pulmonary vascular response to exercise in aged adults who have maintained a high ϭϮϭ 

cardiorespiratory fitness is, however, currently less well characterized.  Theoretically, better ϭϮϮ 

maintenance of Vࡆ O2max through conditioning may cause the demand for Qࡆ  and pulmonary blood ϭϮϯ 

flow during exercise to remain elevated in endurance trained highly fit older subjects compared ϭϮϰ 

to their younger counterparts. This, in the face of age-related alterations in the structure and ϭϮϱ 

function of the pulmonary circulation, may predispose highly fit older adults to impairments in ϭϮϲ 

pulmonary vascular expansion and pulmonary gas exchange relative to metabolic demand during ϭϮϳ 

exercise. Accordingly, the aim of the present study was to characterize the DLCO, DmCO, and VC ϭϮϴ 

response to incremental exhaustive exercise in healthy, aerobically-trained older adults relative ϭϮϵ 

to their age-matched less aerobically fit counterparts, as well as younger adults of various ϭϯϬ 
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cardiorespiratory fitness levels. We hypothesized that those older individuals who had ϭϯϭ 

maintained an elevated cardiorespiratory fitness would encroach upon their maximal ability to ϭϯϮ 

expand the pulmonary vascular network during severe exercise, as evidenced by a plateau and/or ϭϯϯ 

decrease in the rate of rise in one or more of DLCO, DmCO or VC.  ϭϯϰ 

 ϭϯϱ 

METHODS ϭϯϲ 

Subjects ϭϯϳ 

Sixteen young adults (27 ± 3 y) and 15 older adults (67 ± 6 y) who had pulmonary function ϭϯϴ 

within normal limits participated in the study (Table 1). The subjects were sub-divided into four ϭϯϵ 

groups according to age (≤ 30 y = “young”; ≥ 60 y = “old”) and cardiorespiratory fitness (Vࡆ O2max ϭϰϬ 

≥140% of age predicted = “highly-fit”). Group 1) Young: age 27 ± 3 y (range 22 – 29), Vࡆ O2max ϭϰϭ 

110 ± 18% predicted (range 85 – 133) (n = 9); Group 2) Young Highly-Fit: age 27 ± 3 y (range ϭϰϮ 

23 – 30), Vࡆ O2max 147 ± 8% predicted (range 140 – 163) (n = 7); Group 3) Old: age 69 ± 5 y ϭϰϯ 

(range 60 – 76), Vࡆ O2max 116 ± 13% predicted (range 100 – 132) (n = 7, 1 female); Group 4) Old ϭϰϰ 

Highly-Fit: age 65 ± 5 y (range 60 – 74), Vࡆ O2max 162 ± 18% predicted (range 140 – 198) (n = 8, ϭϰϱ 

1 female) (Table 1). All subjects were healthy and had no history of respiratory, cardiovascular, ϭϰϲ 

or metabolic disease. Each participant gave written informed consent after being provided a ϭϰϳ 

detailed description of the study requirements. The experimental procedures were approved by ϭϰϴ 

the Mayo Clinic Institutional Review Board and were performed in accordance with the ethical ϭϰϵ 

standards of the Declaration of Helsinki. ϭϱϬ 

 ϭϱϭ 

 ϭϱϮ 

 ϭϱϯ 
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Experimental Procedures ϭϱϰ 

The experimental procedures were conducted during two laboratory visits separated by at least 2 ϭϱϱ 

but no more than 14 days. The subjects abstained from caffeine for 12 h and exercise for 24 h ϭϱϲ 

prior to each visit. During visit 1, pulmonary function was assessed via full body ϭϱϳ 

plethysmography (MedGraphics Elite Series Plethysmograph, Medical Graphics Corporation, St. ϭϱϴ 

Paul, MN, USA) according to standard procedures (26). Next, subjects performed a maximal ϭϱϵ 

incremental exercise test on an electromagnetically braked cycle ergometer (Lode Corival, Lode ϭϲϬ 

B.V. Medical Technology, Groningen, The Netherlands) for determination of peak work rate ϭϲϭ 

(Wpeak) and maximal oxygen consumption (Vࡆ O2max). Exercise was initiated at 60, 80, or 100 ϭϲϮ 

Watts (W), depending on self-reported fitness, and work rate was increased by 20 W every 2 min ϭϲϯ 

until volitional exhaustion. Wpeak was calculated as the sum of the final work rate completed plus ϭϲϰ 

the fraction of the partially completed work rate before exhaustion. Vࡆ O2max was taken to be the ϭϲϱ 

highest mean value within the final 20 seconds of exercise. ϭϲϲ 

 ϭϲϳ 

During visit 2, subjects performed discontinuous graded cycle exercise. Following 5 minutes of ϭϲϴ 

quiet rest, participants cycled for 6 minutes at 25, 50, and 75% of Wpeak, before cycling at 90% of ϭϲϵ 

Wpeak to volitional exhaustion. Between exercise bouts, subjects recovered quietly until heart rate ϭϳϬ 

returned to within 10 bpm of resting values (at least 4 minutes). Additionally, a 1 min ‘warm-up’ ϭϳϭ 

at 40% of the workload about to be completed was allowed before each exercise bout. Lung ϭϳϮ 

diffusing capacity for carbon monoxide (DLCO) and nitric oxide (DLNO) and cardiac output (Qࡆ ) ϭϳϯ 

were measured in duplicate at rest and during the final 90 s of each exercise bout via a rebreathe ϭϳϰ 

technique. ϭϳϱ 

 ϭϳϲ 
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Lung diffusing capacity and cardiac output ϭϳϳ 

Lung diffusing capacity for carbon monoxide (DLCO), lung diffusing capacity for nitric oxide ϭϳϴ 

(DLNO), and cardiac output (Qࡆ ) were assessed using a rebreathe technique as we have described ϭϳϵ 

previously (5, 36). Using this technique, DLCO, DLNO, and Qࡆ  are determined via the rate of ϭϴϬ 

disappearance of CO, NO, and acetylene (C2H2), respectively. Briefly, subjects sat upright on a ϭϴϭ 

cycle ergometer and breathed through a two-way switching valve (Hans Rudolph 4285 series, ϭϴϮ 

Hans Rudolph, Kansas City, MO, USA) connected to a pneumotachometer (MedGraphics ϭϴϯ 

PreVent Pneumotach, Medical Graphics Corporation, St. Paul, MN,USA), mass spectrometer ϭϴϰ 

(Marquette 1100 Medical Gas Analyser, Perkin-Elmer, St. Louis, MO, USA) and NO analyzer ϭϴϱ 

(Sievers 280i NOA, Sievers, Boulder, CO,USA). The inspiratory port of the switching valve was ϭϴϲ 

open to room air or a 6-L anesthesia bag filled with 0.3% CO (C18O), 40 ppm NO, 9% He, 0.6% ϭϴϳ 

C2H2, 35% O2 and N2 balance. The total volume of gas added to the rebreathe bag was ϭϴϴ 

determined as the average tidal volume of the subject during the 20-30 s immediately prior to ϭϴϵ 

each measurement. To ensure the volume of the test gas was consistent across multiple rebreathe ϭϵϬ 

maneuvers the bag was filled using a timed switching circuit that, given a constant flow rate ϭϵϭ 

from the gas tank, resulted in the desired volume. The test gas volume given by the switching ϭϵϮ 

circuit was verified before exercise using a 3 L syringe. Following a normal expiration, subjects ϭϵϯ 

were switched into the rebreathe bag and instructed to nearly empty the bag with each breath for ϭϵϰ 

8-10 consecutive breaths. A respiratory frequency of 32 breaths per min was maintained by ϭϵϱ 

following a metronome with inspiratory and expiratory tones; this respiratory rate was necessary ϭϵϲ 

in order to collect enough data to correctly trace NO decay. If the subject’s respiratory frequency ϭϵϳ 

was above 32 breaths per min during exercise, the subject was allowed to breathe at a higher ϭϵϴ 
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rate. This maneuver was performed in duplicate at rest and during the final 90 s of each exercise ϭϵϵ 

bout. ϮϬϬ 

 ϮϬϭ 

From the measurements of DLCO and DLNO, alveolar-capillary membrane conductance (DmCO) ϮϬϮ 

and pulmonary capillary blood volume (VC) were calculated (5, 32). The coefficient relating ϮϬϯ 

DLNO to DmCO (Į-ratio) was set at 2.26 (5) such that DmCO was calculated as DLNO/Į-ratio. ϮϬϰ 

Next, the reaction rate of CO with hemoglobin (șCO) was calculated using the equation derived ϮϬϱ 

by Reeves and Park (5, 29) in which șCO is dependent on the capillary partial pressure of oxygen ϮϬϲ 

(PcapO2): ϮϬϳ ଵఏ಴ೀ ൌ ͲǤͲͲͺ כ ௖ܲ௔௣ܱଶ ൅ ͲǤͲͳͷ͸ Equation (1) ϮϬϴ 

where PcapO2 is estimated as alveolar PO2 – VO2/(DLCO × 1.23) with partial pressures in mmHg ϮϬϵ 

and VO2 in ml/min. Finally, the values of DmCO and șCO were used to solve for VC according to ϮϭϬ 

the following equation derived by Roughton and Forster (31): Ϯϭϭ ଵ஽௅஼ை ൌ ଵ஽௠஼ை ൅ ଵఏ಴ೀכ௏௖ Equation (2) ϮϭϮ 

Capillary blood was sampled from an earlobe and measured for hemoglobin (Hb) concentration Ϯϭϯ 

via centrifugal hematology (QBC Autoreader, Bector Dickinson, Port Matilda, PA). VC was then Ϯϭϰ 

corrected for standard concentrations of Hb in men (14.6 g/dl) and women (13.4 g/dl) as Ϯϭϱ 

calculated VC × (standard Hb concentration/measured Hb concentration). Ϯϭϲ 

 Ϯϭϳ 

Lung Diffusing Capacity-Cardiac Output Slope Ϯϭϴ 

We calculated the slope of the DLCO-Qࡆ , DmCO-Qࡆ , and VC-Qࡆ  relationship from rest to end-Ϯϭϵ 

exercise in each experimental group by plotting DLCO, DmCO or VC as a function of Qࡆ . These ϮϮϬ 

slopes represent unit DLCO, DmCO, and VC changes per unit change in pulmonary vascular ϮϮϭ 
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blood flow (Qࡆ ) and provide an indirect measure of the hemodynamic response of the pulmonary ϮϮϮ 

circulation to exercise.    ϮϮϯ 

 ϮϮϰ 

Statistical Analysis ϮϮϱ 

One-way ANOVA with Tukey-Kramer post-hoc analysis (two-tailed) was used to compare 1) ϮϮϲ 

subject characteristics, 2) pulmonary function, and 3) measures of DLCO, DmCO, and VC at rest ϮϮϳ 

and at 90% of Wpeak. The effect of exercise on DLCO, DmCO, VC, and DLNO/DLCO was tested ϮϮϴ 

using a linear mixed effects model. In this model, the dependent variable was DLCO, DmCO, VC ϮϮϵ 

or DLNO/DLCO, and the five exercise levels (rest, 25, 50, 75 and 90% Wpeak) were treated as ϮϯϬ 

repeated measures with Qࡆ  as the continuous variable. Age (young or old) and cardiorespiratory Ϯϯϭ 

fitness (normal or highly-fit) were included as independent predictor variables. That is, using this ϮϯϮ 

model the response of a given variable to exercise as well as the offset in baseline values are Ϯϯϯ 

assessed as a function of age and/or cardiorespiratory fitness. Coefficient of determination (r2) Ϯϯϰ 

was computed to assess the proportion of Vࡆ O2max that was predicted by 1) resting DLCO, resting Ϯϯϱ 

DmCO, and resting VC; 2) the change (ǻ) in DLCO, DmCO, and VC from rest to end-exercise; and Ϯϯϲ 

3) the DLCO-Qࡆ , DmCO-Qࡆ , and VC-Qࡆ  slope in response to exercise. In all analyses, the acceptable Ϯϯϳ 

type I error was set at P < 0.05. Results are expressed as mean ± SD. The linear mixed effects Ϯϯϴ 

model was performed in Matlab (version R2016a, MathWorks, Natick, MA); all other statistical Ϯϯϵ 

analyses were performed using IBM SPSS Statistics 20 for Windows (IBM, Armonk, NY). ϮϰϬ 

 Ϯϰϭ 

RESULTS ϮϰϮ 

Subjects Ϯϰϯ 

Subject characteristics and pulmonary function are shown in Table 1. Group mean age was not Ϯϰϰ 

different in Young vs. Young Highly-Fit, or in Old vs. Old Highly-Fit. In addition, all subject Ϯϰϱ 
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groups were well matched for height, body mass, and BMI. Absolute and relative (to body mass) Ϯϰϲ 

Vࡆ O2max and Wpeak were greater in Young Highly-Fit compared to Young, Old and Old Highly-Fit Ϯϰϳ 

(all P < 0.01, Table 1). In addition, Vࡆ O2max (absolute and relative) and Wpeak were lower in Old Ϯϰϴ 

versus Young, Young Highly-Fit and Old Highly-Fit (all P < 0.01, Table 1). Interestingly, Ϯϰϵ 

however, neither Vࡆ O2max nor Wpeak was different in Young vs. Old Highly-Fit (Table 1). ϮϱϬ 

 Ϯϱϭ 

Lung Diffusing Capacity at Rest and at 90% Wpeak  ϮϱϮ 

At rest, group mean DLCO, DmCO, and VC were lower in Old vs. Young (P ≤ 0.003) and Young Ϯϱϯ 

Highly-Fit (P < 0.001) (Table 2 and Figure 1). In addition, group mean resting DLCO, DmCO, Ϯϱϰ 

and VC were lower in Old Highly-Fit compared to Young Highly-Fit (P < 0.001, 0.016, and Ϯϱϱ 

0.021, respectively) (Table 2 and Figure 1). No other differences in resting measures of DLCO, Ϯϱϲ 

DmCO, and VC were observed between the four experimental groups (Table 2).  Ϯϱϳ 

 Ϯϱϴ 

At 90% of Wpeak, group mean DLCO, DmCO, and VC were lower in Old vs. Young (P < 0.001), Ϯϱϵ 

Young Highly-Fit (P < 0.001), and Old Highly-Fit (P ≤ 0.050) (Table 2 and Figure 1). Also, ϮϲϬ 

group mean DLCO and DmCO at 90% of Wpeak were lower in Old Highly-Fit compared to Young Ϯϲϭ 

(P ≤ 0.019) and Young Highly-Fit (P ≤ 0.001). Moreover, VC was lower in Old Highly-Fit vs. ϮϲϮ 

Young Highly-Fit at 90% of Wpeak (P = 0.016) (Table 2 and Figure 1). These data suggest that, Ϯϲϯ 

at rest and during exercise, lung diffusing capacity and its component parts (i.e. DLCO, DmCO, Ϯϲϰ 

and VC) are decreased with age. Additionally, lung diffusing capacity and its component parts Ϯϲϱ 

are greater during near-maximal exercise highly-fit older adults compared to their age matched Ϯϲϲ 

less fit counterparts. Ϯϲϳ 

 Ϯϲϴ 
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 Ϯϲϵ 

 ϮϳϬ 

Lung Diffusing Capacity Response to Exercise: effect of age and cardiorespiratory fitness Ϯϳϭ 

DLCO, DmCO, and VC rose steadily with increasing Qࡆ  during exercise, with no evidence of a ϮϳϮ 

plateau and/or decrease in the rate of rise in these variables from rest to end-exercise in any of Ϯϳϯ 

the experimental groups (Figure 1). These data suggest that no group encroached upon their Ϯϳϰ 

maximal ability to expand the pulmonary vascular network and increase lung surface area for gas Ϯϳϱ 

exchange during exercise.  Throughout exercise, DLCO was significantly lower with greater age Ϯϳϲ 

(P < 0.001) but significantly higher with greater fitness (P = 0.016) (Figure 2). DmCO and VC Ϯϳϳ 

were significantly lower with greater age (P < 0.001) throughout exercise; the effect of fitness Ϯϳϴ 

was not significant (Figure 2). The relationships between lung diffusing capacity and its Ϯϳϵ 

component variables (i.e. DLCO, DmCO, and VC) and Qࡆ  from rest to end-exercise are shown in ϮϴϬ 

Figure 2. The rate of rise in DLCO, DmCO, and VC relative to Qࡆ  during exercise was remarkably Ϯϴϭ 

similar between the four experimental groups. Indeed, there was no significant effect of age or ϮϴϮ 

fitness on the slope of the DLCO-Qࡆ , DmCO-Qࡆ  and VC-Qࡆ  response to exercise (Figure 2).  These Ϯϴϯ 

data suggest that all groups experienced a similar pulmonary vascular response to exercise. Ϯϴϰ 

  Ϯϴϱ 

The DLNO/DLCO ratio decreased from rest to throughout exercise in Young (P = 0.033), Old (P Ϯϴϲ 

= 0.028), and Old Highly-Fit (P = 0.004), indicating that pulmonary capillary expansion during Ϯϴϳ 

exercise was at least partially achieved via vessel distension; this fall was not significant in the Ϯϴϴ 

Young Highly-Fit individuals (P = 0.051) (Figure 6). Furthermore, there was no significant Ϯϴϵ 

effect of age (P = 0.055) or fitness on the rate of fall in DLNO/DLCO from rest to end-exercise ϮϵϬ 

(Figure 6). Ϯϵϭ 
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  ϮϵϮ 

 Ϯϵϯ 

Relationship of Lung Diffusing Capacity and Vࡆ O2max Ϯϵϰ 

The relationships between Vࡆ O2max and 1) resting measures of DLCO, DmCO, and VC, 2) the Ϯϵϱ 

change (ǻ) in DLCO, DmCO, and VC from rest to end-exercise, and 3) the DLCO-Qࡆ , DmCO-Qࡆ , Ϯϵϲ 

and VC-Qࡆ  slope in response to exercise for all 31 subjects are shown in Figure 3, Figure 4 and Ϯϵϳ 

Figure 5, respectively. A significant positive correlation was found between Vࡆ O2max and resting Ϯϵϴ 

measures of DLCO (r2 = 0.587, P < 0.001), DmCO (r2 = 0.402, P < 0.001), and VC (r2 = 0.584, P Ϯϵϵ 

< 0.001) (Figure 3). Similarly, there was a significant positive relationship between Vࡆ O2max and ϯϬϬ 

the rest to end-exercise change (ǻ) in DLCO (r2 = 0.502, P < 0.001), DmCO (r2 = 0.412, P < ϯϬϭ 

0.001), and VC (r2 = 0.273, P = 0.003) (Figure 4). Finally, there was a positive relationship ϯϬϮ 

between Vࡆ O2max and the DLCO-Qࡆ  slope in response to exercise (r2 = 0.152, P = 0.030); the ϯϬϯ 

relationship between Vࡆ O2max and the DmCO-Qࡆ  and VC-Qࡆ  slope in response to exercise was not ϯϬϰ 

statistically significant (Figure 5). Together, these data suggest that a higher baseline DLCO, ϯϬϱ 

DmCO, and VC, as well as a larger increase these values in response to exercise are associated ϯϬϲ 

with greater maximal aerobic capacity in young and older adults regardless of cardiopulmonary ϯϬϳ 

fitness level. ϯϬϴ 

 ϯϬϵ 

DISCUSSION ϯϭϬ 

Major Findings: comparison to previous findings ϯϭϭ 

In the present study, we characterized the lung diffusing capacity for carbon monoxide (DLCO), ϯϭϮ 

alveolar-capillary membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) ϯϭϯ 

response to discontinuous incremental exercise in healthy, aerobically-trained older adults ϯϭϰ 

relative to their age-matched less fit counterparts as well as younger adults. We hypothesized ϯϭϱ 
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that healthy older adults (~65 years old) with a high cardiorespiratory fitness level (Vࡆ O2max ϯϭϲ 

~162% of age-predicted) would encroach upon their maximal ability to expand the pulmonary ϯϭϳ 

capillary network during severe cycle exercise, as evidenced by a limit in DLCO, DmCO, and VC ϯϭϴ 

near maximal end-exercise. The main findings were: 1) healthy aging was associated with a ϯϭϵ 

decrease in DLCO, DmCO, and VC at rest and during near maximal exercise (Table 2); 2) better ϯϮϬ 

maintained cardiorespiratory fitness was associated with greater DLCO, DmCO, and VC during near-ϯϮϭ 

maximal exercise in older adults (Table 2); 3) there was no plateau (i.e. a limitation) in the DLCO, ϯϮϮ 

Vc and DmCO response to exercise in any subject group regardless of age or cardiorespiratory fitness ϯϮϯ 

level (Figure 1); 4) throughout exercise, DLCO, DmCO, and VC were systematically lower in older ϯϮϰ 

individuals regardless of fitness, and DLCO was systematically higher with maintained ϯϮϱ 

cardiorespiratory fitness regardless of age; and 5) the slope, or rate of rise, of the DLCO-Qࡆ , DmCO-Qࡆ , ϯϮϲ 

and VC-Qࡆ  relationship from rest to end-exercise was not different between subjects regardless of age ϯϮϳ 

or cardiorespiratory fitness level (Figure 2).  ϯϮϴ 

 ϯϮϵ 

Our findings are confirmatory that healthy aging is associated with a progressive decline in ϯϯϬ 

resting DLCO (1, 6, 9, 11, 15, 33, 34). For example, Guénard and Marthan demonstrated that ϯϯϭ 

both DLCO and DLCO relative to minute ventilation (DLCO/Vࡆ E) are negatively correlated with ϯϯϮ 

age according to the equations DLCO = 126 – 0.90 × age and DLCO/Vࡆ E = 13.5 – 0.85 × age, ϯϯϯ 

respectively (15). Likely contributors to this age-related reduction in DLCO are a decrease in the ϯϯϰ 

number of capillaries perfusing the lungs with a reduction in Vc (6, 7, 12), as well as a decrease ϯϯϱ 

in alveolar surface area with a consequent reduction in membrane diffusing capacity (6, 12). Our ϯϯϲ 

findings are also in agreement with previous reports that exercise is associated with a marked, ϯϯϳ 

mostly linear, increase in DLCO, Vc and DmCO in healthy adults (16, 18, 27, 34). This increase, ϯϯϴ 

 by 10.220.33.5 on M
arch 30, 2017

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/


15 
 

at least in part, reflects expansion of the highly compliant pulmonary capillary network ϯϯϵ 

secondary to the elevation in Qࡆ  and pulmonary perfusion pressure that occurs with exercise.  ϯϰϬ 

  ϯϰϭ 

To date, however, there is a relative paucity of data regarding the effect of healthy aging on the ϯϰϮ 

lung diffusing capacity response to exercise. In a limited number of subjects (n = 12) of a broad ϯϰϯ 

age range (23 to 79 years), Tamhane et al. reported that DLCO, DmCO and lung diffusing ϯϰϰ 

capacity for nitric oxide (DLNO) increased linearly with Qࡆ  from rest to exercise regardless of ϯϰϱ 

age (34). However, while the authors found that age was a significant determinant of resting ϯϰϲ 

DLNO, no such analysis was done examining the influence of age on the lung diffusing capacity ϯϰϳ 

response to exercise. Additionally, we are unaware of any previous study that has examined the ϯϰϴ 

influence of healthy aging plus maintained cardiorespiratory fitness on lung diffusing capacity ϯϰϵ 

during exercise. In combination, the present findings suggest that despite the age-associated ϯϱϬ 

deterioration in the structure and function of the pulmonary circulation, expansion of the ϯϱϭ 

pulmonary capillary network does not become limited during severe exercise (i.e. there is still a ϯϱϮ 

reserve to recruit the pulmonary vasculature) in healthy individuals regardless of age or ϯϱϯ 

cardiorespiratory fitness level. In addition, we suggest that maximal oxygen consumption ϯϱϰ 

(V2ܝmax) is positively related DLCO, DmCO, and VC, both at rest and in response to exercise, across ϯϱϱ 

all ages and cardiorespiratory fitness levels.  ϯϱϲ 

  ϯϱϳ 

Lung Diffusing Capacity Response to Exercise: effect of age and cardiorespiratory fitness ϯϱϴ 

Exercise is associated with an increase in cardiac output and pulmonary perfusion pressure that ϯϱϵ 

causes both recruitment of under-perfused pulmonary capillaries and distension of already ϯϲϬ 

perfused pulmonary blood vessels, as evidenced by an increase in DLCO, DmCO, and VC (16, 18, ϯϲϭ 

22, 23, 36). The resulting increase in pulmonary blood flow and marked expansion of the highly ϯϲϮ 
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compliant pulmonary vasculature acts to increase the alveolar-capillary surface area available for ϯϲϯ 

effective gas exchange.  ϯϲϰ 

 ϯϲϱ 

Healthy aging is associated with a deterioration in the structure and function of the pulmonary ϯϲϲ 

vasculature that is characterized by an increase in pulmonary vascular stiffness, pulmonary ϯϲϳ 

vascular pressures and pulmonary vascular resistance (20, 24, 28), as well as reductions in ϯϲϴ 

resting VC and DmCO (1, 9, 12, 15). It has been shown, however, that despite these age-related ϯϲϵ 

changes DLCO does not become limited during heavy to maximal exercise in the older adult of ϯϳϬ 

average cardiorespiratory fitness (34). This is likely because the age-associated decline in the ϯϳϭ 

maximal metabolic demand of exercise occurs at rate equal to or greater than the deleterious ϯϳϮ 

changes in the pulmonary circulation (14, 19, 37). However, it is conceivable that healthy older ϯϳϯ 

individuals who have maintained cardiorespiratory fitness, and thus metabolic demand, at an ϯϳϰ 

exceedingly high level may experience a limit in the capacity of the pulmonary vasculature to ϯϳϱ 

expand relative to the demand for pulmonary blood flow during exercise. ϯϳϲ 

 ϯϳϳ 

In the present study, we found that DLCO, DmCO, and VC increased steadily with increasing ϯϳϴ 

cardiac output (Qࡆ ), with no evidence of a plateau in these variables in both young and old ϯϳϵ 

subjects, regardless of cardiorespiratory fitness level (Figure 1). Moreover, the slope of the ϯϴϬ 

DLCO-Qࡆ , DmCO-Qࡆ , and VC-Qࡆ  relationship from rest to end-exercise was not different between ϯϴϭ 

Young, Young Highly-Fit, Old and Old Highly-Fit subjects (Figure 2). This suggests that the ϯϴϮ 

recruitment and/or distension of the pulmonary capillaries and thus expansion of alveolar-ϯϴϯ 

capillary surface area remain adequate for the metabolic demand of exercise regardless of age ϯϴϰ 

and cardiorespiratory fitness level. In agreement with previous findings, DLCO, DmCO, and VC ϯϴϱ 
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at rest and during exercise were decreased with advanced age (1, 6, 11, 12, 15, 33, 34). ϯϴϲ 

Interestingly, however, we also found that DLCO, DmCO, and VC were greater during near-ϯϴϳ 

maximal exercise in highly fit older individuals compared to their less fit counterparts (Figure 1). ϯϴϴ 

Additionally, regardless of age, maintained cardiorespiratory fitness was associated with a ϯϴϵ 

significantly greater DLCO from rest through to maximal exercise.  ϯϵϬ 

  ϯϵϭ 

It has been suggested previously that exercise training has no effect on DLCO and its ϯϵϮ 

components parts (8, 30). For example, Reuschlein et al. reported no change in DLCO or Vc at ϯϵϯ 

rest and during submaximal exercise from before to after 5 months of combined strength and ϯϵϰ 

endurance training (30). By contrast, it has been shown that cardiac and great vessel function is ϯϵϱ 

better in older, habitually active, fit adults relative to their more sedentary counterparts. Indeed, ϯϵϲ 

Arbab-Zadeh et al. reported that prolonged, sustained endurance training improves stroke ϯϵϳ 

volume for a giving filling pressure and preserves left ventricular compliance in aged adults such ϯϵϴ 

that the capillary wedge pressure-LV end diastolic volume curve in Masters athletes was ϯϵϵ 

indistinguishable from that of young, sedentary control subjects (2). In addition, central arterial ϰϬϬ 

compliance is 20-35% greater in endurance-trained middle-aged and older men compared to their ϰϬϭ 

less active age matched counterparts (35). Furthermore, 3 months of aerobic exercise training ϰϬϮ 

increases central arterial compliance (~25%) in middle-aged men (~53 years) to a level similar to ϰϬϯ 

that observed in older endurance-trained men (35), possibly due to modified cross-linking of ϰϬϰ 

“stretched” collagen fibres and/or a reduction in the chronic suppressive influence exerted by ϰϬϱ 

sympathetic adrenergic tone (4, 35). Theoretically, it is entirely possible that habitual physical ϰϬϲ 

activity may also better preserve the function of the pulmonary circulation, attenuating the age-ϰϬϳ 

related decline in pulmonary vascular distensibility (28) and compliance, allowing for greater ϰϬϴ 
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expansion of the pulmonary capillary network with increasing cardiac output, and thus ϰϬϵ 

facilitating a greater DLCO, DmCO, and VC response to exercise in highly fit older individuals ϰϭϬ 

compared to their less fit counterparts. However, whether preservation of cardiorespiratory ϰϭϭ 

fitness does indeed ‘protect’ against the age-related deterioration of the pulmonary circulation ϰϭϮ 

cannot be deduced from the present findings, and as such remains purely speculative.  ϰϭϯ 

 ϰϭϰ 

Expansion of the Pulmonary Capillary Network during Exercise: Recruitment vs. ϰϭϱ 

Distension ϰϭϲ 

The mechanism by which the pulmonary vasculature expands to accept increased blood flow and ϰϭϳ 

increase effective alveolar-capillary surface area during exercise is also of interest. In the healthy ϰϭϴ 

pulmonary circulation, vessel distensibility is largely independent of vessel size, location and ϰϭϵ 

animal species (21), but appears to be lower in older adults relative to their younger counterparts ϰϮϬ 

(28). Assessing the change in the ratio between DLNO and DLCO during exercise may allow ϰϮϭ 

insight into whether pulmonary vascular volume increases due to recruitment or distension of the ϰϮϮ 

pulmonary capillaries (13, 23, 27). Specifically, a fall in the DLNO/DLCO ratio with exercise is ϰϮϯ 

thought to indicate a disproportionate rise in VC relative to DmCO, which in turn suggests ϰϮϰ 

predominant pulmonary capillary distension over recruitment (13). In the present study, all ϰϮϱ 

groups with the exception of the Young Highly-Fit (P = 0.051) demonstrated a significant ϰϮϲ 

reduction in the DLNO/DLCO ratio from rest to end-exercise (Figure 3). This finding suggests ϰϮϳ 

that despite the previously reported decay in pulmonary vascular distensibility associated with ϰϮϴ 

healthy aging, increased blood flow through the pulmonary circulation during exercise is at least ϰϮϵ 

partially achieved via distension of the pulmonary capillaries in old as well as young individuals.  ϰϯϬ 

 ϰϯϭ 
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Relationship between Lung Diffusing Capacity Response to Exercise and Vࡆ O2max ϰϯϮ 

The importance of pulmonary vascular hemodynamics in determining Vࡆ O2max in both health and ϰϯϯ 

disease is well known (10, 23). Fujii et al. reported that slope of the mean pulmonary artery ϰϯϰ 

pressure-to-cardiac output relationship was negatively correlated with Vࡆ O2max in COPD patients ϰϯϱ 

(10). That is, a more compliant pulmonary vasculature, or one that experiences lower vascular ϰϯϲ 

pressures, allows for greater maximal aerobic capacity in healthy individuals as well as diseased ϰϯϳ 

patients.  ϰϯϴ 

 ϰϯϵ 

In this study, we did not examine pulmonary vascular pressures in response to exercise. ϰϰϬ 

Conceptually, however, a greater increase lung diffusing capacity relative to cardiac output in ϰϰϭ 

response to exercise could be indicative of a greater ability of the pulmonary vasculature to ϰϰϮ 

expand and accept the increase in pulmonary blood flow whilst minimizing the increase in ϰϰϯ 

pulmonary vascular pressure. That is, it is conceivable that a steeper DLCO-Qࡆ  slope during ϰϰϰ 

exercise is reflective of a more compliant pulmonary vascular network. In support of this notion, ϰϰϱ 

we found that DLCO-Qࡆ  was positively correlated to Vࡆ O2max across all subjects (Figure 6). In ϰϰϲ 

addition, resting values of DLCO, DmCO, and VC, as well as the absolute change in these ϰϰϳ 

variables from rest to maximal exercise, are positively correlated with Vࡆ O2max across all subjects ϰϰϴ 

(Figures 3 and 4). That expansion of the pulmonary vasculature appears not to reach a maximum ϰϰϵ 

during exercise (Figure 1) likely serves to allow an increase in the alveolar-capillary surface area ϰϱϬ 

for effective gas exchange whilst minimizing the exercise-induced increase in pulmonary arterial ϰϱϭ 

pressure, pulmonary vascular resistance and right-ventricular afterload, and thus allowing a ϰϱϮ 

greater maximum cardiac output and maximum oxygen consumption in healthy adults regardless ϰϱϯ 

of age and cardiorespiratory fitness (22, 23, 27).   ϰϱϰ 
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 ϰϱϱ 

Technical Considerations ϰϱϲ 

Effect of acetylene solubility upon calculation of cardiac output ϰϱϳ 

A concern with the use of acetylene uptake in the noninvasive determination of Qࡆ  is that an ϰϱϴ 

assumption, rather than direct assessment, of acetylene solubility (Ȝ) in individual subjects can ϰϱϵ 

result in considerable error in the measurement of Qࡆ . For example, Barker et al. suggested that ϰϲϬ 

failure to account for inter-subject variability in Ȝ can lead to substantial underestimation (up to ϰϲϭ 

27%) or overestimation (up to 13%) of Qࡆ  in young healthy adults (3). In the present study, we ϰϲϮ 

did not measure, and subsequently account for, between-subject differences in Ȝ upon the ϰϲϯ 

calculation of Qࡆ . However, while any such error may have negatively impacted the accuracy of ϰϲϰ 

our measure of Qࡆ , we are able to demonstrate good within-session within-subject reliability of ϰϲϱ 

our acetylene derived Qࡆ  measure at rest (CV; coefficient of variation = 8.5%). This is ϰϲϲ 

comparable with the CV reported previously by our group for open-circuit acetylene wash-in ϰϲϳ 

estimated Qࡆ  (17). In addition, although not assessed in the present study, it is likely that the ϰϲϴ 

variability in our measure of Qࡆ  improved to ~4% during exercise (17). As such, based on the ϰϲϵ 

relatively low CV (i.e. good reproducibility) along with the repeated measures design of our ϰϳϬ 

study, we are confident that our findings are not greatly affected by any underlying variability in ϰϳϭ 

Ȝ between individual subjects. ϰϳϮ 

 ϰϳϯ 

CONCLUSION ϰϳϰ 

In conclusion, DLCO, DmCO, and VC are decreased with age and increased with greater ϰϳϱ 

cardiorespiratory fitness in older individuals near maximal exercise. Interestingly, there is a ϰϳϲ 

systematic increase in DLCO throughout exercise with maintained cardiorespiratory fitness, ϰϳϳ 
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regardless of age. Older highly fit individuals do not appear to encroach upon a pulmonary ϰϳϴ 

vascular limit, and expansion of the pulmonary capillary network is able to adequately increase ϰϳϵ 

DLCO, DmCO, and VC, even during heavy exercise. Furthermore, the response (i.e., rate of ϰϴϬ 

increase) of DLCO, DmCO, and VC to exercise is not altered by age and/or cardiorespiratory ϰϴϭ 

fitness level. Future studies should incorporate measures of pulmonary vascular pressures in ϰϴϮ 

order to elucidate the relationship between increases in lung diffusing capacity and the ϰϴϯ 

pulmonary vascular response to exercise. ϰϴϰ 

 ϰϴϱ 
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FIGURE LEGENDS ϱϵϲ 

 ϱϵϳ 

Fig. 1 Group mean values of lung diffusing capacity for carbon monoxide (DLCO), alveolar-ϱϵϴ 

capillary membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) as a ϱϵϵ 

function of cardiac output (Qࡆ ) during exercise. DLCO, DmCO, and VC increase relatively linearly ϲϬϬ 

from rest to exercise at 90% Wpeak in all groups. Error bars denote standard deviation from the ϲϬϭ 

mean. Closed circles = Young Highly-Fit (HF); Open circles = Young; Closed squares = Old ϲϬϮ 

Highly-Fit (HF); Open squares = Old. ϲϬϯ 

 ϲϬϰ 

Fig. 2 Individual values of lung diffusing capacity for carbon monoxide (DLCO), alveolar-ϲϬϱ 

capillary membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) as a ϲϬϲ 

function of cardiac output (Qࡆ ) during exercise. The mean and standard deviation of the slope of ϲϬϳ 

the lung diffusing capacity-cardiac output relationship is given for each group; there was no ϲϬϴ 

significant difference in slope between groups for any measure. Closed circles = Young Highly-ϲϬϵ 

Fit (HF); Open circles = Young; Closed squares = Old Highly-Fit (HF); Open squares = Old. ϲϭϬ 

 ϲϭϭ 

Fig. 3 Individual values of Vࡆ O2max as a function of resting values of lung diffusing capacity for ϲϭϮ 

carbon monoxide (DLCO), alveolar-capillary membrane conductance (DmCO), and pulmonary-ϲϭϯ 

capillary blood volume (VC). A linear regression was fit to all data points for each measure. ϲϭϰ 

Vࡆ O2max is positively correlated with resting values of DLCO, DmCO, and VC. Closed circles = ϲϭϱ 

Young Highly-Fit (HF); Open circles = Young; Closed squares = Old Highly-Fit (HF); Open ϲϭϲ 

squares = Old. ϲϭϳ 

 ϲϭϴ 
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Fig. 4 Individual values of Vࡆ O2max as a function of the absolute change (ǻ) in values of lung ϲϭϵ 

diffusing capacity for carbon monoxide (DLCO), alveolar-capillary membrane conductance ϲϮϬ 

(DmCO), and pulmonary-capillary blood volume (VC) from rest to exercise at 90% of Wpeak. A ϲϮϭ 

linear regression was fit to all data points for each measure. Vࡆ O2max is positively correlated with ϲϮϮ 

the absolute change in values of DLCO, DmCO, and VC from rest to exercise at 90% of Wpeak. ϲϮϯ 

Closed circles = Young Highly-Fit (HF); Open circles = Young; Closed squares = Old Highly-ϲϮϰ 

Fit (HF); Open squares = Old. ϲϮϱ 

 ϲϮϲ 

Fig. 5 Vࡆ O2max as a function of the lung diffusing capacity-cardiac output slope for each ϲϮϳ 

individual subject (from Figure 2). A linear regression was fit to all data points for each measure. ϲϮϴ 

Vࡆ O2max is positively correlated with the DLCO-Qࡆ  slope; Vࡆ O2max is not significantly correlated ϲϮϵ 

with the DmCO-Qࡆ  or VC-Qࡆ  slopes. DLCO, lung diffusing capacity for carbon monoxide; DmCO, ϲϯϬ 

alveolar-capillary membrane conductance; VC, pulmonary-capillary blood volume. Closed ϲϯϭ 

circles = Young Highly-Fit (HF); Open circles = Young; Closed squares = Old Highly-Fit (HF); ϲϯϮ 

Open squares = Old. ϲϯϯ 

 ϲϯϰ 

Fig. 6 Group mean values of the ratio of lung diffusing capacity for nitric oxide to carbon ϲϯϱ 

monoxide (DLNO/DLCO) as a function of cardiac output (Qࡆ ) during exercise. DLNO/DLCO ϲϯϲ 

falls from rest to exercise at 90% Wpeak in YNGm, OLDm, and OLDh. Error bars denote ϲϯϳ 

standard deviation from the mean. Closed circles = Young Highly-Fit (HF); Open circles = ϲϯϴ 

Young; Closed squares = Old Highly-Fit (HF); Open squares = Old. ϲϯϵ 

 ϲϰϬ 

 ϲϰϭ 
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Table 1 Subject characteristics ϲϰϮ 
 ϲϰϯ 

 Young Young Highly-Fit Old Old Highly-Fit 
Age, y 27 ± 3 27 ± 3 69 ± 5*† 65 ± 5*† 
N (female) 9 (0) 7 (0) 7 (1) 8 (1) 
Height, cm 178 ± 4 178 ± 4 173 ± 4 176 ± 7 
Mass, kg 78.0 ± 5.8 72.5 ± 6.8 73.6 ± 8.8 75.4 ± 9.0 
BMI, kg/m2 24.7 ± 2.0 22.8 ± 2.1 24.8 ± 3.4 24.5 ± 2.2 
Wpeak, W 269 ± 43 338 ± 28* 157 ± 26*† 239 ± 29†# 
Vࡆ O2max, ml/min 3519 ± 449 4577 ± 419* 2050 ± 381*† 3140 ± 368†# 
Vࡆ O2max, ml/kg/min 45.3 ± 6.5 63.4 ± 6.0* 28.2 ± 6.4*† 41.8 ± 3.8†# 
% Pred. Vࡆ O2max 110 ± 18 147 ± 8* 116 ± 13† 162 ± 18*# 
FEV1/FVC 82 ± 6 80 ± 4 78 ± 5 74 ± 5* 
% pred. 99 ± 8 96 ± 5 105 ± 7 98 ± 5 
FEV1, L 4.8 ± 0.4 5.0 ± 0.8 3.2 ± 0.3*† 3.7 ± 0.9*† 
% pred. 106 ± 9 110 ± 13 110 ± 12 112 ± 21 
FVC, L 5.9 ± 0.7 6.3 ± 0.9 4.2 ± 0.4*† 5.0 ± 1.2† 
% pred. 106 ± 10 114 ± 12 104 ± 11 114 ± 21 
FEF25-75, L 4.6 ± 0.7 4.5 ± 1.1 2.9 ± 0.7*† 2.8 ± 1.0*† 
% pred. 100 ± 19 97 ± 21 126 ± 32 104 ± 30 
TLC, L 7.7 ± 0.9 8.0 ± 1.3 6.9 ± 1.0*† 8.2 ± 1.2*† 
% pred. 112 ± 10 116 ± 16 106 ± 12 121 ± 11 
Values are reported as mean ± SD. BMI, body mass index; Wpeak, peak power output during maximal ϲϰϰ 
exercise test; Vࡆ O2max, maximal oxygen consumption; FEV1, forced expiratory volume in 1 s; FVC, forced ϲϰϱ 
vital capacity; FEF25-75, average forced expiratory volume during middle portion of FVC; TLC, total lung ϲϰϲ 
capacity. Significance set at P < 0.05; *significantly different vs. Young, †significantly different vs. ϲϰϳ 
Young Highly-Fit, #significantly different vs. Old. ϲϰϴ 
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Table 2 Lung diffusing capacity and cardiac output ϲϰϵ 
 ϲϱϬ 

 Young Young 
Highly-Fit Old Old 

Highly-Fit  Young Young 
Highly-Fit Old Old 

Highly-Fit 
                          
 Rest  Exercise at 90% of Wpeak 

DLCO, 
ml/min/mmHg 28 ± 4 33 ± 4 17 ± 3*† 23 ± 5†  47 ± 6 53 ± 7 25 ± 3*† 37 ± 10*†# 

DLNO, 
ml/min/mmHg 101 ± 22 112 ± 16 67 ± 10*† 85 ± 18†  153 ± 16 171 ± 18 87 ± 7*† 122 ± 30*†# 

DLNO/DLCO, 
unitless 3.6 ± 0.4 3.4 ± 0.4 4.0 ± 0.6 3.8 ± 0.4  3.3 ± 0.3 3.2 ± 0.2 3.6 ± 0.2 3.3 ± 0.2 

DmCO, 
ml/min/mmHg 45 ± 10 50 ± 7 30 ± 4*† 37 ± 8†  71 ± 12 77 ± 10 39 ± 3*† 54 ± 13*†# 

VC, 
ml 82 ± 20 95 ± 14 44 ± 9*† 68 ± 20†  127 ± 30 149 ± 15 66 ± 10*† 110 ± 29†# 

Qࡆ , 
L/min 5.6 ± 2.0 6.2 ± 1.1 3.5 ± 0.6*† 5.1 ± 1.0  17.3 ± 3.1 20.3 ± 2.2 10.3 ± 1.6*† 14.7 ± 3.5†# 

Values are reported as mean ± SD. DLCO, lung diffusing capacity for carbon monoxide; DLNO, lung diffusing capacity for nitric oxide; ϲϱϭ 
DmCO, alveolar-capillary membrane conductance; VC, pulmonary-capillary blood volume; Qࡆ , cardiac output. Significance set at P < 0.05; ϲϱϮ 
*significantly different vs. Young, †significantly different vs. Young Highly-Fit, #significantly different vs. Old.ϲϱϯ 
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