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Clinicians are familiar with the prevalent and interacting diseases commonly

encountered in geriatric patients but are less aware of the specific normal

physiologic changes that may determine the presence or absence of reported

symptoms, level of function, or an apparently aberrant test result. Many geriatric

patients have interactions between the respiratory system and other organ

systems. Even with healthy lungs the common age-associated morbidity of

spinal osteoporosis with loss of height profoundly influences lung volume,

oxygenation, and exercise capacity. Neurologic conditions may affect the

swallowing mechanism, leading to aspiration of oropharyngeal contents, which

presents as signs and symptoms localized to the upper airways, lung parenchyma,

or as unsuspected radiographic findings [1]. Likewise, the only indicators of heart

failure or esophageal reflux disease may be reported or observed dyspnea [2] or a

cough [3]. The most obvious reason to define the normal age-related changes of

the respiratory system, those that occur predictably after normal development in

the absence of established disease or toxic exposure, is to accurately interpret

symptoms, signs, and diagnostic studies in older adults and to avoid inappropriate

attempts to medicalize normal phenomena [4,5].

For the respiratory system, more than other organ systems, there are many

limitations to distinguishing a solely age-related change in physiology, accurately

predicting a rate of decline or defining age-appropriate norms. Current knowl-

edge is limited by the lack of representation of the oldest adults in the data sets of

physiology researchers [6–10]. Some studies have determined a regression

equation for age-related decline from a cohort whose oldest participant would

not be eligible for Medicare [11–13] or from the data of one 80-year-old par-

ticipant [14,15]. Whereas most geriatric patients are women, early aging studies

included only men [7,16–18]. In general, physiology studies have found greater

variability and skew in a given measurement between older participants compared

with a given measurement between younger patients [8,9,19–21]. Even in the
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absence of disease older adults are more different from each other than are

younger adults, contributing to difficulties in establishing a normal range for

advanced age. Furthermore, conclusions have been made about normal aging

from cohorts that did not exclude participants with occult disease, cigarette ex-

posure, or symptoms indicative of subclinical illness [12,16,22–26]. In support

of rigorous exclusion criteria the Cardiovascular Health Study found that hy-

pertension, lower extremity edema, and diabetes were independently associated

with a lower level of lung function and participants with these characteristics

were eliminated from the ‘‘healthy group’’ for defining normal limits of lung func-

tion [4].

An assessment of inherent methodologic biases is necessary for clinical

application of a study’s result. Cross-sectional studies use age as the independent

variable and the physiologic measure as the dependent variable. Defining a line

from the data points represents differences in the level of the physiologic

measure at different ages; however, it is not a measure of a rate of change with

time and therefore the normal aging process [13,20,27]. Determining the best-fit

line across the age range of the participants infers that all differences between the

younger and geriatric participants are caused by the process of aging when they

may be from delayed development in childhood or toxic exposures in youth [7,

28,29]. This cohort effect is the most significant bias of cross-sectional studies.

People born within a defined time period are exposed to a set of influences such

as childhood infectious epidemics, nutritional deficiencies, occupational hazards,

and environmental pollution, which may differ in successive generations. The

effect of these adverse influences on maximal development in youth and a later

rate of decline cannot be separated from the aging process in cross-sectional

surveys [30,31]. In addition, the older members of the cohort are healthy enough

to have survived and participated, whereas those born in the same time period

who were lost as potential participants because of a rapid decline in organ

function are unrealized to the researchers. This survivor effect underestimates the

age-specific rate of change [8,20,21,31]. In contrast, longitudinal assessment

detects change for a given individual between measure periods and is the only

way of quantifying nonlinear rates of change and different rates of change at

different ages [13,21,31,32]. The limitations of longitudinal methods are period

effects of changes in technology and instrument calibration [21,31], revisions in

disease definition, and attrition of participants [20,21,29].

There are significant differences in reporting and clinical interpretation of

lung function tests compared with other common diagnostic tests. Measurement

of bone mineral density is reported as an absolute value. The interpretation is

based on the patient’s distance from the mean in standard deviations compared

with two different curves: one of 30-year-old women and another of age-matched

women. In most instances, the diagnosis of disease and prescription of treatment

is based on comparison to 30-year-old women. For example, bone mineral den-

sity below a threshold in an older woman is not accepted as normal because it has

predictive value for the clinical outcome of subsequent fracture. This is different

from lung function tests, which are a set of performance-based measures also
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reported as absolute values but interpreted as a percentage of predicted per-

formance for the interrelated characteristics of gender, height, and age. The

predicted value is not a biologic norm but, like bone mineral density, is simply

the mean value derived from testing a selected cohort of healthy people

[4,28,33]. The use of a fixed percent predicted instead of standard deviation

will overclassify those farther from the mean (100% of predicted) as abnormal

when in fact these patients’ values may still be within two standard deviations.

This situation occurs with advanced age and shorter height [6,8,9,27,28,33].

Last, even after adjusting for shorter height in older adults, worse absolute values

on lung function tests are, to a degree, accepted as a normal age-related

phenomenon because they have not been linked to a treatable clinical outcome.

There is evidence for age-related cellular, histologic, and structural changes in

the respiratory system, which contribute to the detectable changes in organ sys-

tem function. Some of these changes may result in alteration of symptoms, diag-

nostic criteria, response to treatment, and also impact the overall functioning of

an older adult. This article reviews the data on the normal age-related changes of

the respiratory system in the absence of disease.

Structure

Cellular

A small cross-sectional study of subjects with normal spirometry found age-

related differences in the cell populations of bronchoalveolar lavage (BAL)

fluid, presumably reflective of changes in the epithelial lining of the lungs.

The older subjects (mean age, 74 years; range, 70–80 years) had a higher

percentage of neutrophils (40% versus 10%, P < 0.005) and a lower percentage

of macrophages (32% versus 67%, P<0.0001) as compared with the younger

group (mean age, 27 years; range, 19–34 years) [34]. Another study found

a similar age-associated increase in neutrophils in BAL samples, with higher

levels of interleukin-8, neutrophil elastase, and a variety of antiproteases

[35]. The clinical relevance of cellular and inflammatory differences with

age remains to be determined, but these differences may contribute to an

altered risk for lower respiratory tract infection and to histologic changes of

lung parenchyma.

Tissue composition

There are two age-related changes in tissue composition that may have a

significant effect on compliance (ie, change in volume for a given change in

pressure) of the lung and thorax [36,37]. A study of 45 right middle lobe autopsy

samples of patients who were described as ‘‘did not die of lung disease,’’ found

an age-related increase in the ratio of elastin to collagen (r = 0.73) measured in

grams per dry weight [38]. Although alterations in the quantity of connective
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tissue does not imply an alteration in the structure and alignment of these fibers,

a decrease in collagen content may contribute to increased lung compliance,

reduced expiratory airway diameter, or airflow limitation. Another gross change

in tissue composition is calcification of the cartilaginous articulations of the

spine, ribs, and sternum, which is associated with age on chest radiographs [39].

Unfortunately, these changes in tissue composition have not been linked to in

vivo studies of compliance.

Anatomic

The term senile emphysema, found in the medical literature of the early

20th century [18,24], was used to describe changes in the shape and com-

pliance of the thorax [24] and consistent observations of airspace enlargement

with age [40]. The influence of smoking, occupational illness, and inhaled

pollutants on lung histology were not considered when these changes were

attributed to normal aging. The term senile emphysema was formally aban-

doned because the age-appropriate upper limit of normal for airspace diameter

had not been defined and because a tendency toward emphysematous his-

tology could not be related to the clinical entity of chronic obstructive lung

disease [41].

A qualitative progression to histologic emphysematous changes will never

be proven with longitudinal study because this would require serial biopsies, but

similar descriptions persist in cross-sectional studies done with improved

exclusion criteria. A study of airspace size relative to age in subjects aged

21 to 93 years found airspace enlargement in the older subjects [42]. Although

this study did not characterize occupational exposure, a lifelong history of

nonsmoking was determined from medical records or relatives of the patients

represented by 16 autopsy specimens and 22 surgical specimens. The surgical

samples were obtained during resection of tumors, which were primary or sec-

ondary malignancies (10), carcinoid (5), congenital, or benign lesions (7). Twelve

samples from the autopsy specimens were taken from the apex to the base of

the lung and six blocks were analyzed from each lobe of the surgical specimens.

An electronic scanner was used to measure the airspace surface area to volume

ratio, which was found to be negatively correlated with age (r = � 0.78,

P < 0.001).

There is also radiologic evidence for emphysematous change with age. A

sample of 88 asymptomatic subjects aged 20 to 80 years who had no history

of pulmonary disease or pulmonary symptoms were studied with inspiratory and

expiratory CT [43]. Half of the participants also had lung function tests. There

was a higher frequency of air trapping with age and the percentage of lung vol-

ume involved was moderately and significantly correlated with age (r = 0.523,

P < 0.001) and negatively correlated with the ratio of forced expiratory volume in

1 second (FEV1) to forced vital capacity (FVC; r = � 0.438, P<0.002).

Conclusions from these results are limited because some of the participants were

smokers and smoking history was not reported by age.
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Function

There are complex interrelated changes in lung and chest wall mechanics and

muscle function, which contribute to changes in lung volumes and ventilatory

flow rates. Studies of lung function in relation to age are carried out for two

purposes: to determine reference values for pulmonary function laboratories

[4,6,9] and for a scientific definition of the normal rate of change with the aging

process [13,20,29,32]. Studies to ‘‘predict’’ performance for clinical testing

derive regression equations from a cross-section of the healthiest members of a

population who represent a normal level of function at a given age [7,28]. In

comparison, those studies done to determine the rate of change with normal aging

are done by serial longitudinal assessment. These data are not used as the com-

parison standard in clinical testing because longitudinal studies use individual

rates of change to calculate a mean for specific birth cohorts [31].

Ventilation depends on neurologic control and muscle strength to move the rib

cage during inspiration and elastic recoil of the lungs during expiration. The

diaphragm, scalenes, and external intercostal muscles are used during ambient

inspiration. Effortful inspiration during exercise or inspiration to total lung ca-

pacity (TLC) additionally recruits accessory muscles, such as the sternocleido-

mastoid and trapezii. In contrast, expiration during ambient breathing is mostly a

function of the passive recoil of the lungs, but expiration below functional residual

capacity (FRC) involves the abdominal recti and internal intercostal muscles.

In clinical practice lung function tests might be ordered in an elderly patient

with persistent dyspnea, despite maximal treatment of cardiac disease, to clarify

symptoms observed in a patient with dementia [44] or to assess the risk of

bronchoconstriction with b-adrenergic antagonists in a patient with a remote

history of wheezing [45]. They might also be ordered to diagnose asthma in a

patient with an isolated symptom of cough [3] or to monitor adverse effects of

drugs with pulmonary toxicity [46]. Lung function tests would be less helpful in

following the progression of chronic lung disease because of marked lack of

precision of the measurements and little ability to influence a symptom-driven

treatment plan [28,47].

Muscle function

Because of simultaneous changes in the mechanical properties of the lung and

chest wall and the interdependence of muscle groups, it is difficult to precisely

quantify age-related changes of specific respiratory muscles [48]. Estimates are

additionally confounded by nutrition, fitness, and lung volumes [48,49].

Maximal inspiratory pressure (MIP), pressure at the mouth against a closed

valve, is clinically used to assess muscle strength, primarily of the diaphragm in

patients with neurologic and muscular diseases. All studies that included

participants of advanced age have been done to establish reference values and

not to evaluate the normal aging process. These cross-sectional surveys have

revealed high interindividual variability probably because of the interactions of
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patient performance and technician instruction. A study of 504 subjects without

acute or chronic illness who ranged in age from 18 to 82 years, all of whom had

normal spirometry and body mass index, found age to be an independent

predictor of MIP (r = � 0.24, P < 0.05) [25]. This study included smokers and

concluded that the acceptable normal range is wide.

Muscle strength is also assessed by maximal voluntary ventilation (MVV),

which is breathing at maximal tidal volume (VT) and respiratory rate for

12 seconds. MVV has been shown to be lower in older endurance athletes

(mean age, 65 years) compared with younger men of similar fitness (mean age,

24 years) [50]. A significantly lower value in MVV adjusted for height was also

found in a cross-sectional analysis of male participants from the Baltimore

Longitudinal Study [17] and a mean decrease of 12% was detected over a 6-year

longitudinal study of 18 highly fit older people [20].

Lung-thorax mechanics

Compliance of the total respiratory system has two components with opposing

effects. Compliance of the lungs determines the force and rate of expiration and

compliance of the thorax determines the elastic work of breathing during in-

spiration. These forces are equal and opposite at FRC and therefore determine

this volume. Lung compliance is the change in volume relative to the difference

between alveolar and pleural pressure (ie, the transpulmonary pressure). Thoracic

compliance is the change in volume relative to the difference between pleural and

body surface pressure [37].

Early studies with significant methodologic limitations have shown a lower

thoracic and higher lung compliance with older age in convenience samples that

included smokers [12,24]. These results were later confirmed in several studies

that rigorously excluded occult disease and smokers [14,51,52]. Specifical-

ly, a subgroup of 42 male participants from the Baltimore Longitudinal Study,

aged 24 to 78 years, had a lower total lung-thorax and thoracic compliance,

which was considered to be the cause of the higher FRC and residual volume

(RV) with age [17]. Another study compared six women aged 60 to 69 years with

men and women in their 20s and similarly found a higher lung compliance in the

older women [53]. Several researchers have suggested that a higher lung com-

pliance is the main contributing factor to age-related changes in expiratory flow

rates [52,53].

Lung volumes and ventilatory flow rates

The cohort effect for lung volumes is exemplified by the observation that

FEV1 and vital capacity (VC) have generally improved with spirometric study of

successive cohorts from the early 20th century [7,13]. This is analogous to an

increase in life expectancy during the same time period and is because of

improved nutrition and reduced exposure to infection and environmental toxins,

all of which determine maximal growth during youth and rate of decline during
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adulthood. Because of this, the American Thoracic Society and others have sug-

gested that prediction equations for determining norms of lung function tests be

revised for future cohorts [9,28,29].

There are problems with precision and accuracy in lung function tests.

Precision is affected by instrument calibration, patient performance, and the

influence of a technician, which result in measurable day-to-day variation and a

learning effect. The accuracy of lung function tests is unknown. There has never

been a study of interobserver agreement for the interpretation of lung function tests

with calculation of k scores and there are no known positive predictive values for

determining the diagnoses of obstructive or restrictive lung diseases [28].

Studies have shown remarkable consistency in the qualitative changes of lung

volumes with age. Because all lung volumes are dependent on body size, par-

ticularly height and chest circumference, they increase during childhood to the

point of maximal development. After adjustment for height TLC does not

change as an individual ages [20]. Both FRC and RV are greater in cross-

sectional studies [17,52,53], and an increase in RV can be measured longitudi-

nally even in highly fit older people [20]. Dynamic lung volumes are commonly

assessed with spirometry, which clinically reflects airway function but is also

dependent on volume. There is thought to be a period of plateau in VC and FEV1

during early adulthood followed by a decline. Similar to the previously noted

cohort effect for greater VC, the age at which FEV1 begins to decline has been

shifted to older ages with study of successive birth cohorts. Cross-sectional

studies estimate the beginning of the decline to the early 20s [6,8], but lon-

gitudinal data from well-defined cohorts found that FEV1 does not begin to

decline until about the age of 36 years for both men and women [29,32]. The

decline in FVC is estimated to start in the mid-30s [13,33], with the most precise

estimate being 39 years (95% confidence interval [CI], 34–43 years) [13]. The

ratio of FEV1 to FVC is lower in older healthy people [6,8,53]; therefore, the use

of 80% as the lower limit of normal will result in overdiagnosis of obstructive

airway disease in older adults [5,28]. Data collected from the Cardiovascular

Health Study have suggested that the lower limit of normal for FEV1/FVC

should be 64% to 56% for persons aged 65 to 85 years [4].

Because longitudinal data show that the rate of decline is nonlinear [29,33],

many researchers suggest that a single regression equation is not sufficient

to describe all phases of development and aging [8,29]. There is possibly an

accelerated rate of decline in FEV1 after age 70 [8,20], but little reliable data

after this age. Determining a precise rate of change is difficult because of

marked intraindividual variability [5,8,28,31,33,46], estimated at 125 mL be-

tween tests [30], which is considered to ‘‘far exceed its expected annual decline’’

[29]. Because a loss of an equal quantity of lung volume or flow rate has an

entirely different clinical implication for persons beginning with a higher or

lower level, Dockery et al [33] have suggested that the rate of decline in FEV1

or FVC might be best expressed as the proportion of the maximal attainable for

a given height rather than as a constant annual rate of decline for persons of

all sizes.
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Dyspnea and control of breathing

The sensation of dyspnea and control of breathing are complex phenomena

involving the mechanical properties of the lung and chest wall, central carbon

dioxide (CO2) and hydrogen ion chemoreceptors, peripheral oxygen (O2) chemo-

receptors, and central nervous system integration.

Nonasthmatic older participants (mean age, 67 years; range, 60–76 years) were

compared with younger participants (mean age, 28 years; range, 20–36 years)

using a 4-point scale for perception of bronchoconstriction with methacholine

challenge testing [54]. Despite similar levels of decline in FEV1 between the

older and younger participants (16.3% ± 1.3% versus 13.7% ± 1.7%), the older

group ranked less discomfort than the young group for the sensation of dysp-

nea (1.53 ± 0.17 versus 2.76 ± 0.22, P = 0.004). This study also demonstrated

the same findings for groups of younger and older asthmatics. Whereas the

mechanism for this difference is unknown, the clinical implications are that old-

er people may not perceive or report symptoms of dyspnea even with signifi-

cant bronchoconstriction.

A study designed to determine the mechanism for previously reported lower

ventilatory response to hypoxia and hypercapnia with age [55] also measured

age-related changes in compliance and muscle strength [14]. Significant differ-

ences were found in a comparison of 10 older adults (mean age, 73 years; range,

65–79 years) to 9 younger adults (mean age, 24 years; range, 22–29 years).

None of the participants had cardiopulmonary or cerebrovascular disease and all

were lifelong nonsmokers with normal physical examinations, lung function

tests, and chest radiographs. Using rebreathing methods with measurement of

end-tidal CO2, oximetry, and occlusion pressure at the mouth as a measure of

neuromuscular output, participants were studied under two test conditions:

progressive hypoxia to a saturation of 70% to 75%, with end-tidal CO2 held

constant at the individual’s resting value, and progressive hypercapnia to an end-

tidal CO2 of 65 mm Hg under hyperoxic conditions. There were several

differences between the older and younger participants. Despite equivalent mean

body surface areas, the mean VC was significantly lower in the older subjects

(3.34 ± 0.89 L versus 4.30 ± 0.91 L, P < 0.001). Lung and chest wall compliance

were not assessed separately, but total respiratory compliance was lower in the

older group (72.8 ± 22.5 L/cm H2O versus 99.3 ± 32.7 L/cm H2O, P < 0.001).

The same was found for MIP (70.1 ± 12.1 cm H2O versus 92.5 ± 19.8 cm H2O,

P < 0.001). The older participants had a significantly lower ventilatory response

to both hypoxia and hypercapnia. At an oxygen saturation of 75%, the mean

minute ventilation (VE) was 20.9 ± 2.3 L/minute in the older subjects compared

with 30.3 ± 2.8 L/minute in the younger subjects (P < 0.01), with mean

inspiratory occlusion pressures of 3.4 ± 0.5 cm H2O and 7.0 ± 1.2 cm H2O

(P < 0.005), respectively. The mean VE at an end-tidal CO2 of 65 mm Hg was

1.15 ± 0.16 L/minute in the older participants compared with 2.17 ± 0.38 L/

minute in the younger participants (P < 0.01), with mean occlusion pressure of

5.6 ± 0.8 cm H2O and 9.7 ± 0.9 cm H2O, respectively (P < 0.01). There was no
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difference in respiratory rate between the groups to either of the test conditions.

The researchers concluded that the lower total compliance and lower muscle

strength in the older participants were not large enough to explain the differences

in response to hypoxia and hypercapnia. Because the occlusion pressure response

to both hypercapnia and hypoxemia were reduced by a similar magnitude an

alteration in central nervous system efferent control was thought to be from the

lower response of the older participants. The clinical significance of these results

is unknown.

Cough reflex

Distinct from the symptom of cough is the function of a reflex cough. A small-

scale study comparing a group of 20 older participants (mean age, 83 years) with

20 younger subjects (mean age, 27 years) used nebulized distilled water as a

cough stimulant and saline as a control [56]. All participants were lifelong

nonsmokers with technically adequate FEV1 performance on spirometry and

without recent upper respiratory infection. The reflex was quantified as cough

frequency during the 30 seconds after the inhalation. The mean cough frequency

for the older group was 5.87 (95% CI, 2.82–8.92) compared with 15.4 (95% CI,

11.0–19.8) in the younger group. Several possible mechanisms for a lower

frequency of reflex cough with age were suggested: a higher stimulus threshold

of the laryngeal and bronchial vagal afferents, an altered central perception of

bronchoconstriction, or alterations in central integration of the cough mechanism.

The clinical significance of these results remains to be determined.

Gas exchange

Exchange of CO2 and O2 is dependent on alveolar ventilation, alveolar

perfusion, and diffusion through the alveolar-capillary membrane. Changes in

ventilation-perfusion matching, shunt perfusion, and the components of the

alveolar-capillary membrane tend to promote a lower arterial partial pressure of

oxygen (PaO2) and a wider alveolar-arterial oxygen gradient (A-a DO2) with age.

Ventilation-perfusion matching

Cross-sectional studies show an age-associated larger dead-space ventilation

[18,57] and a larger physiologic shunt measured as closing volume by single-breath

nitrogen washout [9,51]. Likewise, dead-space ventilation and shunt perfusion

have been demonstrated to increase progressively with age in longitudinal

assessment [20].

Dead-space ventilation was reported in a case series of 18 apparently disease-

free men aged between 62 and 82 years who had a mean VC of 2.53 L (range,

1.35–3.7 L). These subjects had normal mean values for arterial partial pressure of

carbon dioxide (PCO2) (38 mm Hg) and PaO2 (108 mm Hg). Whereas the mean
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VTwas normal (491 L; range, 390–696 L), the respiratory rate and mean VE were

both high, 19 per minute (range, 12–28/minute) and 9.32 L (range, 5.95–13.33 L),

respectively. Total dead space measured by exhaled CO2 was higher, 235 mL

compared with a predicted value for young adults of 150 mL [18]. Another study

selected ‘‘normal’’ hospitalized patients who had cardiovascular and dyspeptic

diseases and calculated that the percentage of VT that is physiologic dead space

was greater in participants aged 61 to 75 years (32%) compared with younger

participants aged 15 to 20 years (13%) [26]. When these same subjects were given

100% oxygen, the older participants also had a greater measured shunt fraction

compared with the younger subjects. A longitudinal study discussed later mea-

sured a progressive increase in dead-space ventilation during exercise in highly fit

elderly subjects over a 6-year period [20].

The alveolar-capillary membrane

The alveolar-capillary membrane, the anatomic pathway through which oxy-

gen and carbon dioxide must diffuse, is studied by use of the diffusing capacity of

carbon monoxide (DLCO). Diffusion of gases is directly proportional to alveolar

cross-sectional area and inversely proportional to the diffusion distance or

thickness of the alveolar-capillary membrane. Because DLCO is dependent on

alveolar ventilation and lung volume, it is measured at TLC and normalized for

alveolar ventilation (DLCO/VA). The best evidence of the effects of age on DLCO is

from a cross-sectional study, which rigorously excluded participants with occult

disease and included six older participants aged 69 to 85 years. This study found a

lower DLCO/VA in older participants [10]. Because the value is normalized for VA

it suggests that the lower level is caused by alterations in components of the

alveolar-capillary membrane other than loss of alveolar surface area, but these data

are limited because of a small number of subjects.

Blood gas values

The previously described data suggest there is a physiologic basis for a lower

PaO2 and wider A-a DO2 with age. Even the studies that did not exclude occult

illness have not shown any age-related difference in CO2 exchange with age;

therefore, respiratory acidosis is always a pathologic finding [15,18,26].

A precise estimate and rate of decline in arterial PaO2 or precise age-corrected

value cannot be determined from the limited cross-sectional studies. There are

several published formulas to adjust PaO2 and A-a DO2 for age, which have been

widely reproduced in print and electronic handbooks [58,59]. The review and use of

the original data that generated these formulas reveals several shortcomings. The

following results for age-adjusted PO2would be obtained for an 85-year-old person:

1: PO2 ¼ 104:2� 0:27 ðageÞ ¼ 81 mm Hg ½26�
2: PO2 ¼ 100:1� 0:325 ðageÞ ¼ 72 mm Hg ½60�
3: PO2 ¼ 109� 0:43 ðageÞ ¼ 75 mm Hg ½15�
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The first equation is from a study that enrolled patients hospitalized with

cardiovascular disease aged 15 to 75 years. The second equation is unreferenced

in a review article [60], which indicates that the lower limit of normal would be 90%

of the calculated value—in this case, a PaO2 of 64 mm Hg. The third study used a

rural population and rigorously excluded participants with clinical, laboratory, or

radiologic evidence of heart, lung, thyroid, hematologic, and liver disease, but

included an unknown number of participants older than 60 years [15]. Similarly,

using formulas to determine an age-adjusted A-a DO2 would yield the following

results for an 85-year-old person:

1: A-a DO2 ¼ 2:5þ 0:21 ðageÞ ¼ 20 ½26�
2: A-a DO2 ¼ 4þ ðage=4Þ ¼ 25 ½61�
3: A-a DO2 ¼ 1:4þ 0:43 ðageÞ ¼ 37:9 ½15�

The reference for the first formula is from the previously mentioned study that

did not exclude people with overt or occult cardiopulmonary diseases. The second

is an unreferenced response in a question-and-answer section of a medical journal,

which implies that the formula is valid between the ages of 20 and 60 years [61]. In

clinical practice an arterial blood gas test is performed in a patient with illness in

anticipation of an abnormal value. The study by Sorbini et al [15], which reported

on a population not exposed to urban pollution, clearly supports a lower

oxygenation with age but cannot reliably be used to disregard a lower PaO2 or

wider A-a DO2 as age appropriate for a sick or symptomatic individual in the

absence of a previously measured value during health. Whereas the study included

152 male and female participants who ranged in age from 14 to 84 years, there is

apparently a single participant older than 80 years and no confidence intervals are

provided. This equation does not account for the significant individual variation in

normal values at advanced age and may lead to a clinical situation of discounting

pathologic hypoxemia because of age.

Autonomic system

Age-related changes in response to pharmacologic stimulation of the auto-

nomic system of bronchial smooth muscle may alter the presenting symptoms of

lung diseases, affect the predictive value of diagnostic tests, or determine the

efficacy of treatment.

The cholinergic system

Methacholine is used during spirometry to precipitate bronchoconstriction and

support the pretest clinical impression of asthma. The effects of age on the

methacholine bronchoconstrictive response were reported from the control group

from a longitudinal study of asthma [62]. Participants were rigorously excluded

based on characteristics that might result in a hypersensitive response, such as a
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history of asthma, emphysema, chronic bronchitis, allergic rhinitis, eczema, or

smoking; a recent respiratory infection; or a physical examination that yielded

abnormal results. The cumulative dose of methacholine required to reduce FEV1

by 20% for the 148 subjects, who ranged in age from 5 to 86 years, yielded a

hyperbolic curve, with younger and older participants having a greater broncho-

constrictive response to methacholine; however, there was a wide variation at both

ends of the age range. The Normative Aging Study found that 161 of the never-

smoking participants (mean age, 62 years; range, 41–84 years) had a significant

response to methacholine testing without symptoms of wheeze or cough and con-

cluded that a positive methacholine challenge test in an asymptomatic person is

of unknown clinical significance [63]. There are no data to suggest any age-

related difference in response to inhaled anticholinergic medications.

The adrenergic system

For the cardiovascular system an age-related resistance to the chronotropic

effect of b-adrenergic agonists has been demonstrated [64,65]. The models used

to study age-related changes of the b-adrenergic system in lung tissue have

included ex vivo comparisons of blood lymphocytes obtained from younger and

older subjects [66] and study of lung fibroblasts ‘‘aged by replication’’ in vitro

[67]. There has been no direct assessment of an age-associated alteration in the

pharmacodynamic response of bronchial smooth muscle to either b-adrenergic
agonists or antagonists.

Exercise capacity

There is no evidence that the normal changes in lung volumes or FEV1

described previously correlate with an alteration in performance of activities of

daily living or contribute to symptoms in day-to-day life. They may become

relevant in situations of increased ventilatory requirements, such as exercise, or

possibly during the physiologic demands of medical or surgical illness.

Exercise capacity is measured with maximum oxygen consumption (VO2 max),

but this is confounded by fitness and habitual physical activity. One way to

distinguish age-related from fitness-related changes is to study elderly master

athletes. Several studies of this type have shown that training is a stronger de-

terminant to lung function and VO2 max than age [20,50]. A 6-year longitudinal

study of 18 highly fit, nonsmoking men and women aged 62 to 82 years, 8 of

whom were competitive runners, was able to detect the positive effects of fit-

ness but also an age-related decline [20]. The mean VO2 max was 45.3 ± 1.7 mL/

kg per minute at baseline compared with a mean age-predicted value of 20 mL/kg

per minute. Six years later, the mean VO2 max had declined to 40.3 ± 2.1 mL/kg

per minute (P < 0.05). At the 6-year repeat testing, there were no changes in mean

TLC, FRC, FEV1/FVC, or DLCO; however, all participants had an 11% decrease

in VC, and 15 had a 13% increase in RV. All flow rates at the initial evaluation
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were 103% to 109% of predicted values, but over the 6-year period, FEV1

declined by 13% in all participants. The worsening of VC, RV, and FEV1 was

not related to the individual subject’s VO2 max at the baseline, but the magnitude

of the change was directly related to his or her age at the first evaluation.

At the 6-year evaluation the VE had decreased from 106.4 ± 4.5 L/minute to

98.8 ± 6.2 L/minute at a work intensity of 60% VO2 max and steady-state CO2

production, therefore supporting an increase in dead-space ventilation. The mag-

nitude of these changes was greater than that predicted by the regression equa-

tions from cross-sectional data.

Similar findings were obtained from a study of men, which compared younger

(24 ± 4 years) and older (65 ± 3 years) endurance athletes to untrained younger

(27 ± 3 years) and older (66 ± 5 years) participants on measures of oxygen

consumption and lung volumes [50]. Similar to the longitudinal study, the older

athletes had a mean VO2 max of 50.0 ± 4.9 mL/kg per minute, compared with

27.0 ± 2.2 mL/kg per minute in the untrained older participants (P < 0.05). In

comparison, the younger athletes had a mean VO2 max of 66.8 ± 6.0 mL/kg per

minute, relative to 44.0 ± 4.3 mL/kg per minute for the untrained younger

participants. There was no difference between the two older groups in lung

volumes. Both older groups had lower VC and FEV1 and higher RV compared

with the younger groups. These studies support the theory that training alters, but

does not prevent, the age-specific decline in pulmonary function, but a component

of the usual ‘‘deterioration’’ is a result of deconditioning and sedentary habits.

Summary

An absolute quantified normal rate of change and normal range of functions of

the respiratory system applicable to all older adults as they age is elusive. Like life

expectancy, which is dependent on a cohort effect, the norms of respiratory system

function are related to the birth cohort to which a given individual belongs and

the age at which the parameter is assessed. No single rate of change can express

normal across all age ranges even for those individuals in apparently good health

[29]. Analogous to defining risk factors for a disease, determining that a change in

anatomy or physiology is not disease requires stringent prospective evaluation for

the absence of occult disease and known risk factors for disease prior to con-

cluding that the alteration is inevitable with the normal aging process [19,31].

Additional limitations in quantifying the norms of respiratory function with age

are the lack of participation of the oldest adults in studies and the lack of precision

and accuracy in these performance-based measurements.

The data, although limited, do support a qualitative emphysematous change in

lung histology and lung-thorax mechanics. This change plus altered lung volumes

influence oxygenation and oxygen consumption. There is no evidence that the

changes in the respiratory system with aging impact day-to-day function of older

adults, but they may become evident under circumstances when physiologic

demand reaches the limits of supply. Despite changes in cholinergic and
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adrenergic receptor functioning, there is no evidence to suggest altering pre-

scribing these classes of medications for older people.

Pioneer physiologists asked the original question ‘‘Is there a difference in this

measurement for older people?’’ Researchers in pulmonary medicine, pathology,

radiology, epidemiology, and public health have continued to revise the question

toward the clinical implications while studying the aging process from their

respective viewpoints. Clinicians who need to develop an integrated care plan

should neither rely on formulas to ‘‘normalize’’ a measurement for age nor assume

that a established predictive value of a diagnostic test done in young adults can be

automatically applied to geriatric patients [4]. Rather, the clinical situation should

consider that the variability in normal is greater with older age and that all

diagnostic tests and care plans should be considered in the context of the patient’s

symptoms [5].
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Appendix. Age-related changes in respiratory function

Parameter Change Study design and participant age range

Airspace size Larger Cross-sectional

21–93 y (n = 6 > 80 y) [42]

Maximal

inspiratory pressure

Lower Cross-sectional

18–82 y (n = 34 > 70 y) [25]

19–80 y (n = 10 > 65 y) [14]

Maximal

voluntary ventilation

Decreases Longitudinal

62–82 y (n = 18 for 6-y period) [20]

Lung compliance Higher Cross-sectional

20–82 y (n = 17 > 60 y) [51]

25–75 y (n = 19 > 63 y) [52]

19–80 y (n = 10 > 65 y) [14]

Thoracic compliance Lower Cross-sectional

24–78 y (n = 12 > 60 y) [17]

Total compliance Lower Cross-sectional

24–78 y (n = 12 > 60 y) [17]

24–79 y (n = 10 > 64 y) [14]
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