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ABSTRACT 

Recent developments in the field of lung mechanics, with special reference 
to epidemiologic studies, are reviewed. The relative inability of standard ventilatory 
tests to detect alterations in the behavior of small intrathoracic airways is noted. 
Resistance measurements reflect predominantly the pressure-flow behavior of 
the large intrathoracic and extrathoracic airways in their resting, noncompressed 
state. Maximal expiratory flows developed during the FVC maneuver reflect a 
complex interplay among airway geometry, airway compressibility, and lung 
elastic recoil. 

Because of the potential dissociation between measurements of resistance 
and maximal expiratory flow, we recommend that tests involving both aspects 
be utilized in epidemiologic studies of obstructive pulmonary disease. Two 
feasible techniques for measuring the behavior of airways in the noncompressed 
state are the body plethysmograph and the oscillation method of obtaining 
respiratory resistance. Flow-volume curves of the FVC maneuver provide the 
simplest and best current method for evaluating the compressed airway state. 
Several techniques that give promise of providing important information about the 

* This work was supported in part by Research Grant HE 12229 from the 
National Institutes of Health, Public Health Service. All opinions expressed in this 
chapter are those of the authors and not necessarily those of the Public Health 
Service. 

** Chief, Cardiopulmonary Unit, Appalachian Laboratories for Occupational 
Respiratory Diseases, U.S. Public Health Service; Assistant Professor, Cardio­
pulmonary Division, West Virginia University School of Medicine, Morgantown, 
West Virginia. 

*** Consultant, Section of Physiology, Mayo Clinic; Associate Professor of 
Physiology, Mayo Graduate School of Medicine ; Rochester, Minnesota. 



596 N.L. LAPP, R.E. HYATT 

peripheral airways are the behavior of the terminal part of flow-volume curves, 
resistance at lung volumes below functional residual capacity, and nitrogen­
washout cruves. 

Respiratory function tests ; respiratory mechanics ; airway resistance ; 
epidemiologic studies. 

Epidemiologic studies are designed to measure the frequency and 
distribution of « disease » and of factors associated with the « disease ». 
Such studies are usually conducted in situations in which facilities are 
less ideal than they are in a research laboratory. Thus, it has been 
customary in studies involving measurement of pulmonary mechanics to 
select a simple test that can be conveniently applied to large populations. 

This emphasis on simplicity and convenience has led to the widespread 
use of the peak ftowmeter and spirometer in epideJIDiologic studies of 
obstructive pulmonary disease. Although valuable information has been 
gained from the use of these tests, recent studies suggest that potentially 
important information may be missed by not employing a more diversified 
testing program. 

Our purpose will be to review certain recent advances in pulmonary 
mechanics. Based on these considerations, we shall suggest a testing 
program that appears both feasible and capable of describing in detail 
abnormal lung mechanics. Some of the tests require complex equipment, 
but the feasibility of utilizing such methods in the field has been 
demonstrated [24]. Because estimation of pleural pressure by an intra­
esophageal balloon is not feasible in a population study, only methods 
that require measurements of volume, airflow, and pressure at the airway 
or body surface will be considered. 

There are two considerations, based on relatively recent observations, 
that we believe are crucial to the problem. One is the importance of 
quantifying lung mechanics when the intrathoracic airways are dynamic­
ally compressed, as well as when they are not compressed. The other is 
the realization that standard tests of ventilatory capacity may provide 
very little information as to the status of the small peripheral airways. 

TESTS OF THE NONCOMPRESSED AND DYNAMICALLY COMPRESSED AIRWAYS 

When the airways are not compressed, the pressure acting on the 
inner wall of the airways (PI) is greater than the pressure acting on the 
outer wall (Po). The airways therefore have a diameter at least as large 
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as when lung elastic recoil is zero. This is the condition of the airways 
when the standard measurements of airway resistance are made. The 
dynamically compressed airway state implies that maximal expiratory 
flow has been achieved and that there are intrathoracic airways where 
the Po is greater than PI (18). Such airways are smaller than they would 
be when the elastic recoil state is zero. This is the situation during the 
usual forced expiratory vital capacity (FVC) maneuver. 

It has been generally assumed that measurements of airway resist­
ance (RA) or pulmonary resistance (RL) made during resting or panting 
respiration provide the san~e information regarding pulmonary mechanics 
as does the FVC, regardless of how the FVC is quantified (10]. In 
general, changes in the two parair,eters frequently go together, that is, 
maximal flow will be decreased when RA or RL is increased. However, 
some important exceptions to this linkage have been encountered. 

Decreased Maximal Flow and Normal Resistance. - This combin­
ation has been noted in some patients with chronic obstructive lung 
disease [9], in several persons with :1.1-antitrypsin deficiency (HYATT, 
R. E. : Unpublished data) and in patients with asymptomatic asthma (17). 
PARK and associates [22] found that RA was normal but that maximal 
flow was decreased in hamsters with papain-induced emphysema. And 
there are reports (3, 28] of experimental bronchoconstriction leading to 
little change in RA but to definite decreases in maximal flow. 

Elevated Resistance With Normal Maximal Flows. - This situation 
may be encountered in subjects who have obstructing lesions of the 
major airways [19]. Careful examination of flow-volume relationships 
often suggests the abnormality, whereas the results of the usual FVC 
test are often normal. 

That such dissociations between resistance and maximal flow may 
occur is not surprising. Resistance measuremeints reflect predominately the 
pressure-flow behavior of the large intrathoracic and extrathoracic airways 
in . their resting, noncom pressed state. The maximal expiratory flows 
developed during the FVC clearly reflect a complex interplay among 
airway geometry, airway compliance or compressibility, and lung elastic 
recoil [5]. 

, ,. In . .view of these consideration~; it would appear mandatory to test 
the airways when they are not compressed as well as when · compressed. 
Only after further experience is obtained will the significance . of 
dissociations between resistance and maximal flow be fully understood. 

Two teichniques are feasible in epidemiologic studies for measuring 
the noncompressed state. One is the body plethysmograph, which can be 
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used to provide data on resistance as a function of lung inflation as well 
as measures of tL)tal lung capacity (TLC) ; its use in field studies has 
already been cited [24}. 

The other approach is to measure total respiratory resistance (Rrs) 
by the oscillation technique [6, 7, 12]. This measurement reflects RA 
primarily [ 4, 7]. By integrating flow, one can relate Rrs to lung inflation 
and thence to absolute thoracic gas volume if an independent measurement 
of TLC is made. One way of accomplishing the latter is by the chest 
radiograph. Several methods have been described for estimating TLC 
from full inspiration films [2, 20, 21 ], and high correlations with 
independent measures of TLC have been obtained. 

The compressed airway state is best evaluated by the use of the> 
regular FVC. The subject inhales to TLC and exhales as hard and fast 
and completely as possible. We would recommend obtaining -flow­
volume curves [11] of this maneuver. If the efforts are stored on an 
oscilloscope, it is easy to judge if reproducible tests have been obtained 
(Fig. 1). Superimposing timed pulses on the flow tracing permits easy 
measurement of the various forced expiratory volumes such as the 
1-second forced expiratory volume (FEV1) (Fig. 1). Measuring the 
expiratory flow at 50 % of the vital capacity should provide basically 
the same information as does the maximal midexpiratory flow [14). One 
can estimate peak expiratory flow from the loop and also have available 
the entire curve for any additional measurements that might seem 
pertinent, such as the slope [10, 13). Flow-volume data are best evaluated 
when related to absolute lung volumes [10]. 

TESTS QUANTIFYING THE PERIPHERAL AIRWAYS 

MACKLEM and MEAD [15) have partitioned the resistance of the 
intrathoracic airways into central and peripheral components. The 
peripheral component (Rp) includes the resistance from alveoli to airways 
of approximately the ninth to the twelfth generation. The central 
component (Re) measures airways from this level to the intrathoracic 
trachea. The total resistance (RT) is the sum of Rp and Re. These authors 
found that Rp normally accounted for only about 15 % of RT at low 
lung volumes and was negligible at volumes above 80 % of the vital 
capacity. They predicted that rather widespread involvement of peripheral 
airways could occur with little alteration in total airway resistance. 
Recent studies have proved this prediction correct. 



LUNG MECHANICS JN EPIDEMIOLOGIC STUDIES 599 

" 
''.~ 

Q..> 

A 

.,., 
"- 10 

-..J 

"i!I::.~ 
5 <:> 

;;::::: 

~ 0 <:> ...._ 
15 5 (L) <:::. ...... I· - c 

c::,_ 

""' l.i...J 10 

5 

0 
Volume (L) 

FIG. 1 

Flow-volume curves redrawn from face of storage oscilloscope obtained from 
data on three young males. Time pulses of 0.25 second are superimposed on flow 
trace. Arrows indicate FEV1. From left to right, values for FVC and FEV1 are 
as follows : 

Subject A Subject B Subject C 
FVC FEV1 FVC FEV1 FVC FEV1 
4.44 3.55 4.61 3.84 5.03 3.52 
4.41 3.55 4.46 3.60 5.03 3.48 
4.45 3.58 4.61 3.73 4.90 3.52 

HOGG and associates (8] partitioned resistance in the manner of 
MACKLEM and MEAD in lungs in which evidence of chronic obstructive 
disease was obtained at autopsy. In two cases, significant disease verified 
by pathologic examination showed little increase in RT but a fourfold 
increase in Rp. These investigators concluded that « It is thus entirely 
possible for a patient with chronic cough and sputum to have considerable 
small-airway obstruction and an increase in Rp and yet have virtually 
normal total airway resistance"· Similarly experiments by Ann WooL-
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COOK and her co-workers [29], studying the effects of vagal stimulation 
in the dog, suggest that RT may give very little information about the 
caliber of small airways. 

There are additional studies that indirectly suggest the importance 
of predominant small-airway involvement. Ross1NG [25] studied the 
effects on dogs of chronic exposure to phosgene. The pathologic changes 
involved primarily the terminal bronchiole and respiratory bronchiole [26]. 
In some animals, abnormalities in the nitrogen washout preceded eleva­
tions of pulmonary resistance, and these abnormalities persisted after 
resistance had returned to normal. WOOLCOCK and associates [30] 
suggested that when resistance and lung static recoil are normal, 
frequency dependence of dynamic compliance (CL) is strong evidence for 
peripheral airway involvement. Five subjects with clinical chronic 
bronchitis showed definite frequency dependence of CL despite relatively 
normal results of ventilatory studies. HOGG and associates [8] emphasized 
the potentially adverse effects of small-airway disease on gas exchange. 
ANTHONISEN and co-workers [ 1], studying a similar group of bronchitic 
patients with the Xenon-13 3 technique, found evidence of decreased 
ventilation and depressed ventilation-to-perfusion ratios in some lung 
regions and most commonly in the basal areas. Their patients showed 
frequency dependence of compliance but preservation of ventilatory 
capacity. And McFADDEN and LYONS [16], studying asymptomatic 
asthmatic subjects, demonstrated frequency dependence of CL and mal­
distribution of ventilation despite normal RA and FEV1. 

Therefore, the premise that measures of total airway resistance may 
not reflect the state of peripheral airways seems well established. In 
addition, primary involven:ent of these small airways is associated with 
significant pulmonary disease. However, because the retrograde-catheter 
technique or partitioning resistance into Rp and Re cannot be employed 
in man, are there practical ways that the epidemiologist may evaluate 
these airways ? 

Although no definitive answer can be given at this time, there are 
several techniques that give promise of providing the necessary inform­
ation. Since the predominant effect of Rp is seen at low lung volumes [15], 
resistance data should be measured over the entire vital capacity volume, 
with special attention paid to the resistance at volumes below functional 
residual capacity. 

The work of SCHILDER, ROBERTS, and FRY suggests that [27] the 
terminal portion of the expiratory flow-volume curve, that is, the part 
near residual volume, may predominantly reflect small-airway behavior. 
This suggestion is supported by the study of PETERS and FERRIS [23], 
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which showed that decreases in maximal expiratory flow over the lower 
25 % of the vital capacity correlated well with the level of cigarette 
consumption. Maximal flows at greater lung volumes did not show as 
high a correlation. 

Other methods worthy of consideration are the nitrogen-washout 
technique [25] and the Xenon-133 method [1] for the reasons noted 
previously. 

Although certain of the procedures we are suggesting are expensive, 
they can be adapted to field studies. We believe there is sufficient evidence 
pointing to the importance of the peripheral airways that every effort 
should be made to quantify their behavior in any serious epidemiologic 
study of respiratory disease. In addition, it will be extremely important to 
conduct more studies such as those described by ANTHONISEN and 
associates [1] and Ann WOOLCOCK and co-workers [30]. Such studies 
should include, however, detailed data on the resistance-thoracic gas 
volume relationship, especially at low lung volumes, the behavior of the 
terminal portion of the flow-volume curve, and the nitrogen-washout 
curve. Eventually, it may be possible to develop simple tests that quantify 
the status of the peripheral airways. 

REFERENCES 

I. ANTHONTSEN (N.R.), BASS (H.), ORIOL (A.), PLACE (R.E.G.), BATES (D.V.). -
Regional lung function in patients with chronic bronchitis. 
Clin . Sci., 1968, 35, 495-511. 

2. BARNHARD (H.J .), PIERCE (T .A .), JOYCE (T.W.), BATES (J.H.). - Roentgenogra­
phic determination of total lung capacity : A new method evaluated in 
health, emphysema and congestive heart failure. 
Amer. f. Med., 1960, 28, 51-60. 

3. BoUHUYS (A.), JONSON (B.). - Alveolar pressure, airflow rate, and lung 
inflation in man. 
f. Appl. Physiol., 1967, 22, 1086-1100. 

4. FISHER (A.B.), Dusms (A.B.), HYDE (R.W.). - Evaluation of the forced 
oscillation technique for the determination of resistance to breathing. 
f. Clin. Invest., 1968, 47, 2045-2057. 

5. FRY (D.L.). - A preliminary lung model for simulating the aerodynamics of 
the bronchial tree. 
Comput. Biomed. Res., 1968, 2, 111-134. 

6. GOLDMAN (M.), KNUDSON (R.J.), MEAD (J.), PETERSEN (N.), ScHWABER (J.R.), 
WOHL (M.E.). - A simplified measurement of respiratory resistance by 
forced oscillation. 
(In press.) 



N.L. LAPP, R.E. HYATT 

7. GRIMBY (G.), TAKISHIMA (T.), GRAHAM (W.), MACKLEM (P.), MEAD (J.). -
Frequency dependence of flow resistance in patients with obstructive 
lung disease. 
f. Clin. Invest., 1968, 47, 1455-1465. 

8. HOGG (J.G.), MACKLEM (P.T.), THURLBECK (W.M.). - Site and nature of 
airway obstruction in chronic obstructive lung disease. 
New Eng. /. Med., 1968, 278, 1355-1360. 

9. HYATT (R.E.). - The interrelationships of pressure, flow, and volume during 
various respiratory maneuvers in normal and emphysematous subjects. 
Amer. Rev. Resp. Dis., 1961, 83, 676-683. 

10. HYATT (R.E.). - Dynamic lung volumes. In : FENN (W.0.), and RAHN (H.): 
Handbook of Physiology : A Critical, Comprehensive Presentation of Physio­
logical Knowledge and Concepts. Section 3: Respiration. Washington, D.C., 
American Physiological Society, 1965, vol. 2, pp. 1381-1397. 

11. HYATT (R.E.), SCHILDER (D.P.), FRY (D.L.). - Relationship between maximum 
expiratory flow and degree of lung inflation. 
/ . Appl. Physiol., 1958, 13, 331-336. 

12. HYATT (R.E.), ZIMMERMAN (l.R.), PETERS (G.M.), SULLIVAN (W.J.) . - Direct 
readout of total respiratory resistance. 
(Submitted for publication.) 

13. LAPP (N.L.) , HYATT (R.E.). - Some factors affecting the relationship of 
maximal expiratory flow to lung volume in health and disease. 
Dis. Chest, 1967, 51, 475-481. 

14. LEUALLEN (E.C.), FOWLER (W.S.). - Maximal midexpiratory flow. 
Amer. Rev. Tuberc., 1955, 72, 783-800. 

15. MACKLEM (P.T.), MEAD (J.). - Resistance of central and peripheral airways 
measured by a retrograde catheter. 
/ . Appl. Physiol., 1967, 22, 395-401. 

16. McFADDEN (E.R.) Jr., LYONS (H.A.). 
ation in bronchial asthma. 
/ . Appl. Physiol., 1968, 25, 365. 

Airway resistance and uneven ventil-

17. McFADDEN (E.R.) Jr., LYONS (H.A.). - Serial studies of factors influencing 
airway dynamics during recovery from acute asthma attacks. 
/. Appl. Physiol., 1969, 27, 452-459. 

18. M~ (J.), TURNER (J.M.), MACKLEM (P.T.), LITTLE (J.B.) . - Significance 
of the relationship between lung recoil and maximum expiratory flow. 
f. Appl. Physiol., 1967, 22, 95-108. 

19. MJLJ..ER (R.D.), HYATT (R.E.). - Obstructing lesions of the larynx and 
trachea: Clinical and physiolpgjcal characteristics. 
Mayo Clin. Proc., 1969, 44, 145-16l. 

2-0. N!CKl.AUS (T.M.), WATANABE (S.), Mnce:t:LL (M.M.), RENZETTI (A.D.), -
Roentgenologic, physiologic and structural estimations of total lung capacity 
in normal and emphysematous subjects. 
Amer. / . Med., 1967, 42, 547-553. 

21. O'SHEA (J.), LAPP (N.L.), RussAKOFF (A.D.), MORGAN (W.K.C.). - The 
determination of lung volumes from chest films. 
Thorax (in press). 



LUNG MECHANICS IN EPIDEMIOLOGIC STUDIES 603 

22. PARK (S.S.), GoLDRING (l.P.), SHIM (C.S.), WILLIAMS (M.H.) Jr. - Mechanical 
properties of the lung in experimental pulmonary emphysema. 
/ . Appl. Physio/., 1969, 26, 738-744. 

23. PETERS (J.M.), FERRIS (B .G.) Jr. - Smoking, pulmonary function, and 
respiratory symptoms in a college-age group. 
Amer. Rev. Resp. Dis., 1967, 95, 774-782. 

N. PRINDLE (R.A.), WRIGHT (G.W.), McCALDIN (R.0.), MARCUS (S.C.), LLOYD 
(T.C.), BYE (W.E.). - Comparison of pulmonary function and other para­
meters in two communities with widely different air pollution levels. 
Amer. / . Public Health, 1963, 53, 200-216. 

25. Ross1NG (R.G.). - Physiologic effects of chronic exposure to phosgene in 
dogs. 
Amer. /. Physiol., 1964, 207, 265-272. 

26. RossING (R.G.}, CLAY (J.R.}. - Pathogenesis of emphysema: Experimental 
observations. 
Dis. Chest , 1965 , 48, 255-261. 

27. SCHILDER (D.P.), ROBERTS (A.), FRY (D.L.). - Effect of gas density and 
viscosity on the maximal expiratory flow-volume relationship. 
/. Clin. Invest. , 1963, 42, 1705-1713. 

28. WADDELL (J .A.), PERMUTT (S.), BROMBERGER-BARNEA (B.) , RILEY (R.L.). -
The effect of increased bronchial tone on isovolume pressure flow curves. 
(Abstr.) 
Physiologist, 1965, 8, 297. 

29. WOOLCOCK (Ann J.), MACKLEM (P.T.), Hocm (J.C.), WILSON (N.J.) , NADEL 
(J.A.), FRANK (N.R.) , BRAIN (J.) . - Effect of vagal stimulation on central 
and peripheral airways in dogs. 
/. Appl. Physiol., 1969, 26, 806-813. 

30. WOOLCOCK (Ann J.), VINCENT (N.J.), MACKLEM (P.T.). - Frequency depen­
dence of compliance as a test for obstruction in the small airways. 
/ . C/in. Invest. , 1969, 48, 1097-1106. 

RIOSUMIO 

Les recents developpements dans le domaine de la mecanique pulmonaire, 
en particulier dans le domaine des . etudes epidemiologiques, sont passes en 
revue. La relative impuissance des tests de ventilation standard a detecter les 
alterations du comportement des petits conduits aeriens intrathoraciques est 
soulignee. Les mesures de resistance refletcnt surtout Te comportement pression/ 
debit clans les gros conduits respiratoires intrathoraciques et extrathoraciques 
dans leur etat de repos non comprime. Les debits expiratoires maximaux deve­
loppes pendant la manc:euvre d'expiration forcee (FVC) refletent une interaction 
complexe entre la geometrie des voies aeriennes, leur compressibilite et !es forces 
de retraction elastique pulmonaire. 

A cause de possibles diScordances entre les mesures de resistance et de debit 
expiratoire maximum, nous recommandons que des tests comportant ces deux 
aspects soient utilises dans Jes etudes epidemiologiques des maladies pulmonaires 
obstructives. Les deux methodes utilisables pour mesurer le comportement des 
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voies aenennes dans l'etat non comprime sont le plethysmographe corporel et la 
methode des oscillations appliquee a la mesure des resistances respiratoires. Les 
courbes debit/volume, les resistances mesurees aux volumes pulmonaires infe­
rieurs a la capacite residuelle fonctionnelle, et les courbes de rim;:age de l'azote. 

ZUSAMMENFASSUNG 

Es werden neuere Entwicklungen auf dem Gebiet der Atemmechanik mit 
spezieller Bezugnahme auf epidemiologische Gesichtspunkte besprochen. Es ist 
bekannt, dass die atemphysiologischen Standardtests zum Nachweis von Veriinde­
rungen im Verhalten der tieferen intrathorakalen Luftwege wenig geeignet sind. 
Resistance-Messungen geben vor allem das Druck-Fluss-Verhalten der grosseren 
intrathorakalen und extrathorakalen Atemwege im Ruhezustand und bei Fehlen 
ciner Korripression wieder. Die maximale exspiratorische Stromungsgeschwindigkeit 
bci der Bestimmung der forcierten Vitalkapazitat (FVC) ist das Ergebnis eines 
komplexen Zusammenspiels der Geometrie der Luftwege, ihrer Kompressibilitiit 
und des elastischen Zuges des Lungengewebes. 

Da zwischen den Bestimmungen der Resistance und der maximalen exspira­
torischcn Stromungsgeschwindigkeit cin diskordantes Verhalten moglich ist, 
empfehlen wir fiir epidemiologischc Untersuchungen des obstruktiven Syndroms 
Untersuchungsmethoden, die beide Aspekte beriicksichtigen. Zwei brauchbare 
Methodcn zur Untersuchung des Verhaltens der Luftwege im nichtkomprimierten 
Zustand sind die Ganzkorperplethysmographie und die Unterbrechermethode zur 
Bestimmung der Resistance. Fluss-Volumen-Kurven bei der Durchfiihrung der 
FVC-Bestimmung liefern die einfachste und beste Aussage iiber das Verhalten 
der Atemwege bei Kompression. Einige Untersuchungsverfahren, die wesentliche 
Tnformationen iiber die peripheren Luftwege versprechen, sind die Endstiicke der 
Fluss-Volumen-Kurven, Bestimmungen der Resistance bei Lungenvolumina unter­
halb der funktionellen Residualkapazitiit und Stickstoffauswaschungskurven. 

RESUMEN 

Se pasa revista de las novedades que respectan a la mecamca pulmonar en 
particular en el terreno de los estudios epiderniol6gicos. Se resalta la relativa 
impotencia de los tests de ventilaci6n standard para detectar las alteraciones de 
comportamiento de los pequefios conductos aereos intratoracicos. Las rnedidas de 
resistencia reflejan sobre todo el comportamiento presi6n/debito en los gruesos 
conductos respiratorios intratoracicos y extratoracicos sin compresi6n y en estado 
de rcposo. 

Los · debitos espiratorios maximos desarrollados durante la maniobra de 
espiraci6n 'forzada •(FVC) reflejan. una interacci6n compleja entre la geometria1 

de las vias aereas; su compresibilidad y los fuerzas de retracci6n elastica pulmo­
nares. 

Con motivo de las posibles discordancias entre las medidas de resistencia 
y de! debito espiratorio maximum, nosotros recomendamos que sean utilizados 
en los estudios epidemiol6gicos de las enfermedades pulmonares obstructivas los 
tests que abarquen esos dos aspectos. 


