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ABSTRACT: Definitions of human lung volumes and the mechanisms that set them
are reviewed in the context of pulmonary function testing, with attention to the dis-
tinction between functional residual capacity (FRC) and the static relaxation volume
of the respiratory system, and to the circumstances in which FRC and residual vol-
ume are set by dynamic rather than by static mechanisms. Related terms, conven-
tions, and issues are addressed, including some common semantic and conceptual
difficulties, with attention to "gas trapping", "hyperinflation", and "restriction".
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This article reviews definitions of human lung volumes
and the mechanisms that set them, in the context of pul-
monary function testing. It uses and reconciles existing
conventions and terminology [1, 2] and notes some com-
mon semantic and conceptual difficulties.

"Lung volume" generally means the volume of gas or of
gas-containing spaces in the lung, or one or more of the
"lung volume compartments" which they comprise. Gas in
the lung is considered to be at body temperature, saturated
with water vapour, and (for many purposes) at ambient
pressure.

To start, three primary lung volumes, set independently
by different mechanisms will be considered: total lung
capacity (TLC), residual volume (RV), and functional re-
sidual capacity (FRC).

Total lung capacity

TLC in cooperating humans is the greatest lung volume
achieved by maximum voluntary inspiration. It is set by a
static balance between inspiratory muscle forces and elas-
tic recoil forces arising in the respiratory system. At TLC,
these two sets of forces are equal and opposite in sign.
Thus, TLC can be thought of as lying at the intersection
of the static volume±pressure curves of the relaxed respi-
ratory system and the maximally active inspiratory mus-
cles (fig. 1) [3]. It is the lung, rather than the chest wall,
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Fig. 1. ± Volume±pressure relationships illustrating the range of stat-
ic pressures available to produce volume change in the respiratory
system. The shaded area indicates the range of muscle pressures. VC:
vital capacity (%). Pmus: pressure generated by muscles (cmH2O). Prs,st:
static recoil pressure of relaxed respiratory system. The solid sigmoid
line represents pressures equal and opposite to Prs,st, i.e. the pressures
which must be applied to the respiratory system (e.g. by the respira-
tory muscles) to achieve a given volume. Total lung capacity (100% VC)
is at the intersection of this line and the line representing maxi-
mum inspiratory (Max insp.) effort. Residual volume (0% VC) is at the
intersection of the solid sigmoid line and line representing maxi-
mum expiratory (Max exp.) effort. (Reproduced with permission from
[3].)
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that normally contributes most of the elastic recoil forces
of the respiratory system at TLC (fig. 2) [4].

Residual volume

RV in cooperating humans is the lowest lung volume
achieved by maximum voluntary expiration. In most hea-
lthy young adults it is set by a static balance between ex-
piratory muscle forces and elastic recoil forces arising in
the respiratory system. When this static mechanism is op-
erating, these two sets of forces are equal and opposite in
sign, and RV can be thought of as lying at the intersection
of the static volume±pressure curves of the maximally
active expiratory muscles and the relaxed respiratory sys-
tem (fig. 1) [3]. It is the chest wall, rather than the lung,
that normally contributes most of the elastic recoil forces
aof the respiratory system at RV (fig. 2) [4].

Dynamic RV

RV is often set, however, by a different mechanism,
dynamic rather than static. When maximum expiratory
flows are very low near RV, forced expiratory manoeuvres
may be interrupted (e.g. because of instructions or limited
breath-holding ability) before expiration is "complete", i.e.
while flow is still occurring. This means that RV is greater
than the lung volume to which the expiratory muscles
could have driven the system, i.e. the volume at which a
static balance would have been achieved between muscle
and elastic recoil forces.

In normal humans over the age of ~35 yrs, it is this
dynamic mechanism, rather than the static one described
above, that sets RV [5], apparently because of the normal
loss of lung elasticity with age and associated decreases in
maximum expiratory flow. These presumably account for
the progressive increase in RV with further ageing in nor-
mal humans [4]. The same dynamic mechanism can also
operate to set RV in younger normal subjects who are able

to reach very low lung volumes (at which maximum ex-
piratory flows are very low), for example those with unus-
ually strong expiratory muscles or with compliant chest
walls (e.g. infants).

It is this dynamic mechanism that also usually sets RV in
people with obstructive lung diseases. In severe obstruc-
tion, maximum expiratory flows are very low throughout
forced expiration and, because of limitations on the dur-
ation of the manoeuvre, e.g. by the expectations of the
investigator or by subject discomfort, RV can be increased
by several litres. For the same reasons, subjects often re-
ach much lower lung volumes by forced expiration from
FRC than from TLC. Therefore, in measuring RV, it is
appropriate to specify the starting volume of the mano-
euvre. Near RV, with maximum expiratory flows of, say,
40 mL.s-1, prolonging the effort by 5 s decreases RV by
200 mL. Such time-dependent variation in RV may be
great enough to confuse interpretation of some tests, e.g. of
bronchodilator effects.

Under these conditions (severe obstructive lung dise-
ase), RV can also vary with the intensity of the expiratory
effort, which means that this dynamic RV mechanism may
explain in part why the forced expiratory vital capacity
(FVC) is sometimes less than the slow expiratory vital
capacity (VC) in people with dynamically-determined RV.
Throughout strongly forced expiratory manoeuvres, intra-
thoracic pressures are greater and therefore (because of gas
compression in the lung) lung volumes and lung recoil
forces are lower at all instants than they are during the slow
VC manoeuvre. There may also be true negative effort
dependence of maximum expiratory flows [6]. For both of
these reasons, expiratory flow rates can be less throughout
a forced than a slow manoeuvre from the same starting
volume, so that in manoeuvres of the same duration, less
gas is exhaled in the forced expiration and RV is greater.

There is an interesting sidelight in the concept and
definition of RV that is particularly seen in people with
severe obstruction. If RV is high and expiratory flows at
RV are low, then expiratory muscles may still be able to
exert substantial forces at RV, and alveolar pressure (PA) at
RV can be high. The high PA is associated with alveolar
gas compression, which means that the actual lung volume
at that instant can be substantially less than it is when the
subject relaxes or when the RV is calculated by subtracting
the expiratory reserve volume (ERV; measured spirome-
trically) from the FRC.

Summary

TLC and RVare determined by different sets of muscles,
acting predominantly on different structures. Because they
are set independently by different mechanisms, they can
vary independently of one another. TLC is sensitive to
changes in the properties of the inspiratory muscles and the
lungs, while RV, when it is set by static mechanisms, is
sensitive to changes in the properties of the expiratory
muscles and the chest wall. In contrast, when RV is dyna-
mically determined, it is influenced by the mechanisms of
expiratory flow limitation.

Near TLC, the volume±pressure curves of lung and in-
spiratory muscles are relatively flat, and near RV the cur-
ves of chest wall and expiratory muscles are relatively flat
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Fig. 2. ± Volume±pressure curves of the relaxed respiratory system for
the lung (Pl; ± ± ±), chest wall (Pcw; ...........) and respiratory system
(ÐÐÐ) in an adult. At total lung capacity in this figure, Pl=30 cmH2O
and Pcw=10 cmH2O. At residual volume, Pl=0 cmH2O and Pcw=-40
cmH2O. (Reproduced with permission from [4].)
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(fig. 1); thus, the volume extremes are rather insensitive
to changes in muscle or elastic properties alone.

TLC and RV are relatively insensitive to subjects' or-
ientation in gravity, because gravitational forces are small
in relation to the larger forces of muscles and elastic recoil
that operate at the volume extremes. TLC and RV are also
remarkably insensitive to body posture and use of the
limbs [7].

Other definitions and mechanisms for TLC and RV

So far, TLC and RV have been considered in subjects
who voluntarily achieve lung volume extremes. But how
shall we define and reach RV and TLC in subjects unable
to cooperate, e.g. infants or anaesthetized humans?

Relaxed subjects can be driven to lung volume extremes
by application of external pressures to the respiratory
system, at the airway opening and/or the body surface.
TLC and RV can then be defined as the lung volumes
reached by the external application of specified transre-
spiratory system pressures, e.g. �30 cmH2O, respectively.
The procedures and pressures used, and the relation of the
resulting volume extremes to those achieved by voluntary
efforts, are not well established. Respiratory muscle acti-
vity, if present, may make the results of such procedures
uninterpretable. Even modest pressures, e.g. 30 cmH2O,
applied at the airway may drive relaxed people with
emphysema well above their voluntary TLC [8]. High ex-
ternally-applied pressures may carry the risk of lung dis-
ruption, and both high and low pressures, if sustained, may
interfere with gas exchange and the circulation.

TLC and RV can also be defined by maximum and min-
imum lung volumes achieved during spontaneous activ-
ities like sighing, crying, or hyperpnoea. The results may
be quite variable and, again, the relation of these to other
measures is not well established.

A third mechanism should be noted that can set RV, in
addition to the static and dynamic ones already mentioned.
When small laboratory animals with compliant chest walls
are subjected to negative transrespiratory system pressures,
it is possible to reach lung volumes so low that all airways
are closed. RV can then be defined as the volume of gas
trapped in airspaces behind closed airways. Though this
condition (closure of all airways) has not been demon-
strated in humans, it probably can occur, e.g. in infants
subjected to negative transrespiratory system pressures or
in adults with severe airway obstruction, especially with
bronchoconstriction. Lastly, it is unknown whether closure
of some, but not all airways, influences RV set by the static
mechanisms discussed above. Incomplete understanding
of the physiology of RV impedes interpretation not only of
its abnormalities but also of such indices as RV/TLC and
the ratio of forced expiratory volume in one second (FEV1)
to FVC (FEV1/FVC).

Functional residual capacity and relaxation volume
and the confusion that exists between them

Functional residual capacity

FRC, by long-established convention [1], means the vol-
ume of gas in the lungs at end-expiration, implicitly during

tidal breathing, not only at rest, and without reference to
the mechanism that sets it. FRC during quiet breathing at
rest is the thoracic gas volume most often measured to
establish absolute lung volumes. The method used to mea-
sure it should be indicated, for example by a subscript:
FRCHe for measurements based on helium dilution.

Relaxation volume

The relaxation volume (Vr) is the static equilibrium vol-
ume of the relaxed respiratory system, the volume at which
the elastic recoil pressures of lung and relaxed chest wall
are equal and opposite in sign; i.e. the net elastic recoil
pressure of the total respiratory system (Prs,el), is zero (fig.
2).

Relation between FRC and Vr

During quiet breathing at rest, people may be relaxed or
nearly so during expiration. In normal adults, FRC then
ordinarily approximates the Vr. FRC and Vr then may vary
together, as for example when a subject changes between
upright and supine positions.

However, FRC and Vr are not synonymous terms and,
while the two volumes are sometimes equal, more often
they are not; i.e. active or passive mechanisms often oper-
ate to make FRC different from Vr. In normal people dur-
ing exercise, for example, activity of expiratory muscles
commonly drives FRC below the Vr [9, 10], although this
is not always seen [11]. In obstructive lung diseases, re-
laxed expiration may still be "incomplete" when it is in-
terrupted by the next inspiration; then FRC exceeds Vr.

Vr is determined by the passive elastic properties of
the lung and chest wall, which vary with age. Thus in
newborns, the chest wall is very compliant so the Vr is low;
FRC then is often maintained above Vr by active mech-
anisms like inspiratory muscle activity and glottal braking
(slowing) of expiration. In adulthood, lung recoil normally
decreases with aging but the changes are small, so the static
Vr and the resting FRC do not ordinarily increase thro-
ughout life.

FRC can increase markedly in obstructive lung diseases.
This has sometimes been attributed to an increase in the
static Vr due to loss of lung recoil, but the static Vr has
seldom, if ever, been measured in these conditions. Fur-
thermore, even if lung recoil were reduced to zero, Vr

would increase only to the resting volume of the relaxed
chest wall, and would remain sensitive to position (e.g. up-
right versus supine). Large increases of FRC in obstructive
lung diseases are better explained by dynamic mechanisms
(e.g. expiratory flow limitation) than by static ones. That
is, in advanced chronic obstructive pulmonary disease
(COPD), expiratory flow may continue throughout relaxed
expirations, to be interrupted by the next inspiration; thus
Prs,el at FRC is greater than zero, and FRC exceeds Vr.
When FRC is thus increased, the work of inspiration is
increased while inspiratory muscles may have to operate
at disadvantageous lengths and mechanical arrangements
[12, 13]. Gas exchange, alveolar ventilation and circulatory
mechanics may be impaired by relatively high intrathoracic
pressures persisting throughout expiration [14±16].
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In recent years some authors, apparently taking FRC to
be synonymous with Vr and needing a term for the end-
tidal lung volume without reference to its determinants,
have introduced several new terms such as "end-expira-
tory volume" (EEV) and "end-expiratory lung volume"
(EELV). But this is exactly the conventional meaning of
FRC. To avoid an undesirable multiplicity of unnecessary
terms, we suggest that FRC be retained in its conventional
meaning.

Other lung volumes

Tidal volume

Tidal volume (VT) is the volume exchanged in a sin-
gle breath. This seems simple enough, but even in a single
breath, inspired and expired volumes often differ, and for
some purposes the average of several VT is useful. Thus, it
is usually good to specify how VT was defined and meas-
ured.

Lung volumes

Lung volumes defined by reference to TLC, FRC and
RV include:

Vital capacity (VC) = TLC - RV
Inspiratory capacity (IC) = TLC - FRC
Expiratory reserve volume (ERV) = FRC - RV
Inspiratory reserve volume (IRV) = TLC - (FRC + VT)

These four volumes (or "volume compartments") are
ordinarily measured directly, e.g. spirometrically; i.e. they
are not calculated from the terms on the right, though the
forms of the equations might suggest this. The VC can be
measured by full expiration from TLC or by full inspiration
from RV (after expiration from FRC). In obstructive
diseases particularly these inspiratory (IVC) and expiratory
(EVC) VC may differ. Because TLC is a relatively rep-
eatable volume, insensitive to the prior "volume history"
of the lungs, the different VC will be associated with
different RV, if RV is taken to equal TLC-VC. ERV is best
measured directly by full expiration from FRC.

Other terms, conventions and issues

The terms "absolute lung volume" (VL) and "thoracic
gas volume" (TGV) are synonymous and refer to the total
volume of gas in the lungs under conditions of interest,
which may or may not be named lung volume compart-
ments such as RV, FRC or TLC. VL can be measured
plethysmographically or by gas dilution or radiological
techniques (with potential errors not addressed here) but it
cannot be measured spirometrically, in contrast to lung
volume changes or compartments such as VC and ERV
which can.

By convention, lung "capacities" consist of two or more
"volumes". Thus, four lung volumes are used here to make
up four capacities:

Function residual capacity (FRC) = RV + ERV

Inspiratory capacity (IC) = VT + IRV
Total lung capacity (TLC) = RV + ERV + VT + IRV
Vital capacity (VC) = ERV + VT + IRV

This is a simple and useful convention, but it also pre-
sents conceptual traps often reflected in the literature. FRC
is written, for example, as FRC = RV + ERV. This is true
by definition, but the form of the equation suggests to some
that RV and ERV are independent variables and FRC a
dependent variable, so that, for example, if the FRC is
abnormally high, the cause must be sought and understood
in terms of high RV or ERV or both. But that is untrue; the
answers lie in the mechanisms that determine FRC directly,
as reviewed above.

As a second example, TLC is written as TLC = RV +
ERV + VT + IRV. Again, this is true by definition, but ag-
ain, abnormalities of this "capacity" are not to be explained
by examining its four component volume compartments;
biologically, it is not dependent on them. Instead, the
answers lie in abnormalities of the muscle and elastic recoil
forces that set static limits to maximum inspiration, i.e. that
directly determine TLC as a biologically independent var-
iable.

"Gas trapping" has several meanings, so the term should
be defined when it is used. Gas may be "trapped" behind
closed airways in the lung periphery, no longer in com-
munication or exchanging normally with respired gas. Gas
may also be "trapped" in the whole lung, or in lung reg-
ions, by dynamic mechanisms not involving airway
closure, for example, when they empty slowly in relation
to the time available for expiration. This can lead not only
to abnormalities of gas exchange but also to dynamic
increases in local or overall RV and FRC, and to such phe-
nomena as "dynamic hyperinflation" or "auto positive end-
expiratory pressure (PEEP)" [12±15, 17, 18]. These two
forms of "gas trapping" (i.e. with closed and with open
airways) may coexist.

"Hyperinflation" also has several meanings, which sho-
uld be made explicit when the term is used. In general it
means that the volume of the lung, or of a lung region, is
greater than normal, expected, or predicted, e.g. at RV,
FRC or TLC. Thus, when the term "hyperinflation" is us-
ed, the volume or region in question should be specified,
e.g. hyperinflation at TLC, RV, left lower lobe. The me-
chanisms are many, including local and general airway
obstruction, loss of lung recoil, increased ventilation, and
both muscular and skeletal adaptations in the chest wall.
Clinical or physiological criteria may be used, or radio-
graphic ones; actual volumes are often unknown and in-
deed the evidence for abnormality uncertain.

"Restriction" also has several meanings, which should
be made clear when the term is used. The 1975 American
College of Chest Physician (ACCP)-American Thoracic
Society (ATS) joint committee gave this definition: "Res-
trictive Pattern (restrictive ventilatory defect): Reduction
of vital capacity not explainable by airways obstruction".
Some find this definition unsatisfactory, and substitute the
criterion that there must be a reduction in TLC before a
"restrictive pattern" is said to exist. In this view, reduced
VC unaccompanied by reduced maximal flows can sug-
gest, but does not by itself demonstrate, "restriction", be-
cause TLC could still be normal or high, e.g. with bullous
or cystic disease.
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Note that the term "restriction" as it is used in chest me-
dicine implies nothing about mechanism, e.g. whether ab-
normalities exist in the lung (such as pulmonary fibrosis)
or the chest wall (such as stiffness or muscle weakness) or
even in the nervous system. In everyday use, however,
"restriction" implies being held back, hindered, confined
by external constraints; and so for clarity we think it
desirable to specify neural or muscular abnormalities when
they are responsible for low TLC and to reserve the term
"restriction" for conditions in which the lungs and/or chest
wall are abnormally stiff. Progressive reduction in TLC
over months or years, even if all values lie within the pre-
dicted normal range, is accepted by some clinicians as
evidence that a restrictive process, and perhaps a restric-
tive deficit, exists. For reductions in FRC alone (such as
may occur in obesity and pregnancy) the term "restriction"
should not be used.

References

1. Agostoni E, Mead J. Statics of the respiratory system. In:
Fenn WO, Rahn H, eds. Handbook of Physiology, Vol. 1,
Ch. 13. Washington DC, American Physiology Society,
1964; pp. 387±409.

2. Leith DE, Mead J. Mechanisms determining residual
volume of the lungs in normal subjects. J Appl Physiol
1967; 23: 221±227.

3. Mead J, Agostoni E. Dynamics of breathing. In: Fenn
WO, Rahn H, eds. Handbook of Physiology, Vol. 1, Ch.
14. Washington DC, American Physiology Society, 1964;
pp. 411±427.

4. Pappenheimer JR, Comroe JH Jr, Cournand A, et al. Stan-
dardization of definitions and symbols in respiratory phy-
siology. Fed Proc 1950; 9: 602±615.

5. Pulmonary terms and symbols. Report of the ACCP-ATS
Joint Committee. Chest 1975; 67: 583±593.

6. Mead J, Turner JM, Macklem PT, Little JB. Significance

of the relationship between lung recoil and maximum
expiratory flow. J Appl Physiol 1967; 22: 95±108.

7. Appel M, Childs A, Healey E, Markowitz S, Wong S,
Mead J. Effect of posture on vital capacity. J Appl Physiol
1986; 61: 1882±1884.

8. Sharp JT, Van Lith P, Vej Nughprayoon C, Briney R,
Johnson FN. The thorax in chronic obstructive lung dis-
ease. Am J Med 1968; 44: 39±46.

9. Grimby G, Bunn J, Mead J. Relative contribution of rib
cage and abdomen to ventilation during exercise. J Appl
Physiol 1968; 24: 159±166.

10. Grimby G, Elgefons V, Oxhoj H. Ventilatory levels in
chest wall mechanics during exercise in obstructive lung
disease. Scand J Respir Dis 1973; 54: 45±52.

11. Stubbing DG, Pengelly LD, Morse JLC, Jones NL.
Pulmonary mechanics during exercise in normal males. J
Appl Physiol 1980; 49: 506±510.

12. Gibson GJ. Pulmonary hyperinflation: a clinical over-
view. Eur Respir J 1996; 9: 2640±2649.

13. Macklem PT. Hyperinflation (editorial). Am Rev Respir
Dis 1984; 129: 1±2.

14. Pepp PE, Marini JJ. Occult positive end-expiratory pres-
sure in mechanically ventilated patients with airflow ob-
struction. Am Rev Respir Dis 1982; 126: 166±170.

15. Haluszka J, Chartrand DA, Grassino AE, Milic-Emili J.
Intrinsic PEEP and arterial PCO2 in stable patients with
chronic obstructive pulmonary disease. Am Rev Respir
Dis 1990; 141: 1194±1197.

16. Ranieri VM, Giuliani R, Cinnella G, et al. Physiologic
effects of positive end-expiratory pressure in patients dur-
ing acute ventilatory failure and controlled mechanical
ventilation. Am Rev Respir Dis 1993; 147: 5±13.

17. Christensson P, Arborelius MJ, Kautto R. Volume of gas
trapped in lungs of healthy humans. J Appl Physiol 1981;
51: 172±175.

18. Bedell GN, Marshall R, DuBois AB, Comroe JH. Pleth-
ysmographic determination of the volume of gas trapped
in the lungs. J Clin Invest 1956; 35: 664±670.

472 D.E. LEITH, R. BROWN


