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ABSTRACT: Changes in absolute lung volumes are common in lung disease and
result in significant impacts on gas exchange, respiratory muscle function, the sensa-
tion of dyspnoea, and limitations to maximal exercise. Though our knowledge regard-
ing the magnitude and determinants of changes in lung volumes in health and disease
has increased in the past 20 years, a number of important questions remain unan-
swered. Consideration of the limitations of specific methods for measuring lung vol-
umes is essential when analysing published studies regarding absolute lung volumes
in infants, children and adults. Though functional residual capacity is most com-
monly measured in children and adults with the subject awake and at rest, increas-
ingly attention is being directed to making these measurements under clinically more
relevant conditions (e.g. during exercise, sleep, anesthesia, or mechanical ventilation).
The relationships between dynamic changes in functional residual capacity, flow limi-
tation during tidal breaths, sensation of dyspnoea and exercise limitation are impor-
tant to understand, and are the focus of current and future research. Improved
understanding of these relationships may lead to improvements in therapy of patients
with acute and chronic lung disease and are likely to be particularly important for
evaluating the efficacy of and optimal patient selection for new modes of therapy,
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Changes in absolute lung volumes are an important out-
come of many different types of lung disease and dysfunc-
tion. Changes in lung volumes are related to lung dysfunction
and disease impact on lung mechanics, gas exchange, respi-
ratory muscle function, the sensation of dyspnoea, and toler-
ance to maximal exercise.

An understanding of the physiological determinants of
absolute lung volumes is helpful for optimizing the accu-
racy of these measurements, as lung volume measurements
can be affected by test conditions (e.g. posture of the sub-
ject, volume history prior to the measurements). The phys-
iological basis for changes in lung volumes in patients
with lung disease is also important for understanding the
clinical usefulness of these measurements and their role in
evaluating new modes of therapy (e.g. lung volume reduc-
tion surgery) [1].

Though our understanding has improved in the past two
decades, the determinants of pathophysiological changes
in lung volumes remain incompletely defined [2-4].
Alterations in surface tension may have more impact on
lung recoil [5, 6] in patients with a variety of diseases than
previously recognized. Reflexes [7—12] which modify the
net inspiratory and expiratory muscle force are additional
but poorly understood possible determinants of changes in
lung volumes which occur with disease.

As is the case with many aspects of physiology, consid-
eration of the limitations of the methods for measuring
absolute lung volumes is important when reviewing the
literature on changes in lung volumes in disease. Lung
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volumes generally do not differ much in healthy adults
whether measured by gas dilution, gas washout, body
plethysmography, or radiographic techniques, even though
the volumes measured are fundamentally different (com-
municating gas volumes, compressive gas volumes, and
volumes within the boundaries of the thoracic cage, res-
pectively). In infants or in adults with lung disease, how-
ever, these measurements may differ substantially and these
differences must be considered when reviewing the patho-
physiology of lung volume changes. Gas dilution or wash-
out techniques may underestimate absolute lung volumes
in infants [13, 14] and patients with bullous or obstructive
airway disease [15, 16]; body plethysmography may over-
estimate lung volumes if panting is done at inappropri-
ately high frequencies [17].

Physiological determinants of absolute lung volumes
in normal infants, children and adults

Functional residual capacity

"Static" or "relaxed" functional residual capacity (Vr)
refers to an equilibration volume measured at times of no
flow when chest wall muscles are relaxed and the elastic
recoils of the chest wall and lung are equal and opposite in
sign functional residual capacity (FRC) is most commonly
measured at end-expiration during tidal breathing. When
FRC is measured under more dynamic conditions as dur-
ing mechanical ventilation, exercise, or other times when
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respiratory rates are increased, the volumes are frequently
called dynamic FRC or end-expiratory lung volume (EELV).
In normal adults at rest, EELV during tidal breathing usu-
ally equals Vr.

Though the highly compliant thoracic cage of newborn
infants facilitates the birth process, it provides an unstable
structure for maintenance of lung volumes. In contrast to
adults (where FRC usually equals Vr), the FRC during
normal tidal breathing in infants is considerably above Vr.

Measurements of Vr in infants are commonly as low as
10-15% of total lung capacity (TLC) in contrast with val-
ues of Vr of 30-35% of TLC in adults [18, 19]. The chest
walls of human infants stiffen within days of birth [20].

At the low volumes of Vr in normal infants, peripheral
airway resistance is relatively high, the time constants for
lung emptying are lengthened, and gas exchange may eas-
ily be impaired. EELVs are maintained above Vr in infants
by the combination of reduced expiratory flows from in-
creased laryngeal resistance [21, 22], maintenance of some
diaphragmatic inspiratory muscle tone during expiration
[8] and rapid respiratory rates with initiation of inspiration
well before expiration reaches Vr [19, 23]. This elevation
of EELV has the advantages of reduced airway resistance,
less likelihood of airway collapse and atelectasis, and in-
creased O, stores.

During the growth of infants, the diameters of distal air-
ways increase and elasticity of the chest wall decreases
resulting in expiration becoming more passive between
the ages of 6—12 months [23]. In normal adults at rest,
changes in laryngeal resistance during tidal breathing may
affect expiratory flows but are generally not considered to
alter FRC. There is, however, evidence that upper airways
may indeed play a role in defining FRC in normal adults
at rest. Residual volume (RV), FRC, and TLC have been
reported to increase after 6-8 weeks of intradental wiring
(an intervention which forces airflow through the higher
resistance in the nares) [24]. Conversely, FRC was obser-
ved to decrease after airflow was forced through the lower
resistance oral passage following packing of the nasal pas-
sages to control haemorrhage. FRC was also noted to
decrease following a decrease in nasal resistance resulting
from surgery to relieve partial nasal obstruction [24].

In the first few minutes to hours after birth, the disap-
pearance of foetal lung fluid is an important determinant
of lung volumes [19]. It is likely that this shift in fluid
contributes to the differences in lung volumes measured
by different techniques during this period. Immediately
after birth, in addition to increasing the EELV, glottal
braking during expiration provides the additional advan-
tage of promoting reabsorption of lung fluid during the
first few minutes of life [25]. In children, FRC increases
commensurate with increases in height; in adults, FRC
changes minimally with ageing [26].

Residual volume

RV is defined as the absolute lung volume achieved
after as much gas has been exhaled as is possible. Measure-
ments of RV (or TLC) in infants are not possible because
of the difficulties of reliably achieving maximal inspira-
tory and expiratory efforts. Absolute volume measure-

ments in infants therefore are usually limited to the Vr or
the FRC during tidal breathing.

In young healthy adults, RV is determined by the bal-
ance between expiratory muscle force (plus a small contri-
bution from lung recoil) and the outward elastic recoil of
the chest wall; if expiratory force is augmented by ad-
ditional compressive pressure applied on the chest wall,
the RV decreases [27]. Contractions of the diaphragms that
have been observed to occur near the end of expiratory
manoeuvres to RV may also limit the net expiratory force
at RV [11].

In older normal adults, airway closure and flow limita-
tion associated with decreases in elastic recoil with ageing
contribute to the increase in RV noted with ageing [3]. In
contrast with younger adults, when external compressive
force is applied to the thoracic cage of older adults, RV
decreases less or not at all [27].

Total lung capacity

TLC is determined by the balance of inward elastic for-
ces of the chest wall and lung parenchyma and the out-
ward forces generated by inspiratory muscles during a
maximal inspiratory effort. Glottic closure or contraction
of the antagonistic abdominal muscles may occur as TLC
is approached and contributes to limitations in TLC in some
subjects. These reactions can be overcome with training
and may reflect unconscious aberrant responses to "unnat-
ural" respiratory manoeuvres, rather than true determi-
nants of TLC [7].

Increases in TLC in children relate to the increase in
height [26] and concomitant increase in thoracic cage vol-
umes during growth; in healthy adults, TLC does not
change with ageing [26].

Lung volume changes during exercise

In normal adults, EELV during exercise differs from
FRC at rest. During exercise, in younger adults without
obstructive airway disease, increased activity of expira-
tory muscles [28] drives the EELV below FRC at rest [29].
This change shifts diaphragm function to a more optimal
portion of the length-tension curve. It also has the advan-
tage of increasing the outward recoil of the compressed
thoracic cage at end-expiration which assists the inspira-
tory muscles during the subsequent inspiration, thereby
shifting some of the work of breathing during exercise
from inspiratory to expiratory muscles. In older normal
adults, the changes in EELV are more variable and are
related to limitations in maximal expiratory flows [30].
Elderly subjects with a progressive decrease in EELV with
exercise have significantly higher maximal midflows than
elderly subjects with progressive increases in EELV [30].
There is a paucity of studies on EELVs during exercise in
children.

In healthy adults, TLC does not change with exercise
[29, 31]. The elevations of RV that have been observed in
some [31] but not all [30] studies largely reflect limita-
tions in time available for prolonged expiration during the
tachypnea that accompanies exercise.
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Lung volume changes during sleep

Observations regarding changes in FRC in infants dur-
ing sleep have been inconsistent. Some studies show de-
creases in FRC up to 30% [18, 32], some only observed
decreases when the rib cage and abdominal motion were
out of phase [33], and others saw no changes [34].

In preterm infants, decreases in FRC during sleep seem
to be secondary to decreases in inspiratory muscle tone dur-
ing sleep [8] and decreases in lung volume after apnoeas,
changes which are reversed by sighs that frequently fol-
low apnoeas [33]. A decrease in laryngeal braking during
expiration may also play a role. In adults, mean decreases
in FRC of 10-17% have been reported during sleep [35,
36].

Postural effects on lung volumes

In normal adults, posture can affect absolute lung vol-
umes. The magnitude of changes observed in different
postures, however, differs considerably between different
studies, probably reflecting differences in the pressure and
volume history prior to measurements and the time course
of measurements. FRC is the most affected volume; FRC
is approximately 15% higher standing than sitting and 20—
25% lower when measured in the supine position as com-
pared with sitting [37]. TLCs are approximately 5% higher
standing than sitting and ~2—7% lower than sitting in the
supine position [37, 38]. Changes in RV are problematic;
RV increases of ~25% have been observed when posture
changes from sitting to standing [37]; most, but not all,
studies show a decrease (e.g. 0-20%) when posture is
changed from sitting to supine [37, 38]. The net impact on
vital capacity (VC) in most studies is a decrease in VC
when posture is changed from sitting to supine. In normal
adults (aged 21-69 yrs), FVC decreased by an average of
7.5% when posture was changed from sitting to supine;
95% of the subjects had decreases of <20% [39], changes
primarily attributed to shifts in blood from the legs to the
thorax [40].

Changes in lung volumes in lung disease

There are two general patterns of lung volume changes
in disease: restriction and hyperinflation. These terms are
widely used because they facilitate the recognition of cha-
racteristic patterns of lung disease.

Restriction

Restriction is a condition in which TLC is reduced,
either as compared with predicted normal values or a pati-
ent's own baseline value of TLC when dysfunction was
not present. VC is also usually reduced. Although these
reductions of TLC and VC are most commonly accompa-
nied by decreases in FRC and RV, decreases in FRC and/
or RV are not required to meet the definition of restrictive
disease, as FRC or RV may be normal or even elevated in
some patients with diseases otherwise categorized as
restrictive.

Though frequently interrelated, causes of restriction can
be attributed to six basic categories: lung growth, gas vol-
ume displacement, lung elastic recoil, pleural, neuromus-
cular, and thoracic cage abnormalities.

Alterations in lung growth

In infants and children, the main determinant of lung
volume is the state of lung growth [20, 41-44]. In utero,
any of the components of the respiratory system may be
affected by deviations from the normal process of foetal
maturation. The timing of deviations from this normal
process will define the resultant changes in lung structure
and function. The lung appears in the fourth week of ges-
tation as a diverticulum of the foregut and airway branch-
ing is finished by the sixteenth week of gestation; early
foetal abnormalities will impact on airway growth [20].
The alveoli first appear at 29 weeks of gestation; the num-
ber of alveoli increases later in gestation and continues to
increase during early infancy [45].

A number of pathological processes can interfere with
normal lung growth during intrauterine development or
after birth. During fetal development, space occupying
abnormalities in the chest can interfere with lung growth
and reduce lung volume. Examples include congenital
diaphragmatic hernias, accumulation of pleural fluid, and
large tumours, or less commonly in malformations of the
chest wall such as thoracic dystrophy and in neuromuscu-
lar diseases that interfere with chest wall development
[46-48]. Intrauterine lung growth is also dependent on a
normal production and volume of amniotic fluid. Hence,
oligohydramnios associated with renal anomalies or am-
niotic fluid loss due to a premature rupture of the foetal
membranes is frequently associated with varying degrees
of pulmonary hypoplasia [49, 50]. The severity of the lung
hypoplasia depends on the time in gestation, the severity
and the duration of the decrease in amniotic fluid volume.
Amniocentesis [51] and administration of corticosteroids
[52] are other factors that can affect infant lung volumes.

Although premature delivery will not adversely impact
on the multiplication of alveoli, if mechanical ventilation
is required, growth of the number of alveoli is slower than
normal and there is an increase in collagen and elastin in
the lung [53], with the result that the alveolar surface area
is below normal and lower than expected for a given lung
volume.

Gas volume displacement

Reductions in the volumes of airspaces (alveoli and al-
veolar ducts) occur as a result of compression or displace-
ment of airspaces by fluids or abnormal tissue. At birth,
the lung is filled with fluid that is, in normal circum-
stances, reabsorbed into the pulmonary circulation and
lymphatics within a few hours, changes which are facili-
tated by the squeezing of the chest wall during vaginal
delivery and positive airway pressures resultant from lary-
ngeal braking during tidal breathing [25]. Under certain
conditions, including birth by Caesarean section, pulmo-
nary artery hypertension and heart failure, this reabsorp-
tion is delayed, interfering with the normal expansion of
lung volumes [54-56]. The same can occur when pulmo-
nary blood volume is increased due to obstruction of the
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pulmonary venous return, increased pulmonary blood flow
due to left to right cardiac shunting or when hypervolemia
occurs due to late clamping of the umbilical cord [57].

Additional specific causes of gas volume displacement
include: 1) pulmonary oedema [58]; 2) inflammatory flu-
ids and tissue in the alveoli or interstitium, as occurs in
pneumonia [58] or an inflammatory interstitial process; 3)
interstitial fibrosis; 4) engorgement of the pulmonary vas-
cular bed and cardiomegaly as seen in congestive heart
failure (CHF); 5) hypertrophy, hyperplasia, and fibrosis of
the pulmonary vascular bed as has been reported in chro-
nic pulmonary hypertension [59]; 6) tumours either within
the lungs or impinging on the lungs from the pleura or
mediastinum; 7) large pleural fluid accumulation; and 8)
pneumothorax.

Decreases in lung compliance, increases in lung recoil

Reductions in the distensibility of the lungs and increa-
ses in elastic recoil can result in substantial decreases in
TLC and lesser decreases in FRC and RV. The specific
determinants include both tissue elasticity and surface ten-
sion. Data from a variety of mammals [5] indicate that
surface forces are the major determinants of variations in
lung distensibility in air-filled alveoli, although alveolar
micromechanics studies indicate that the surface tension is
more important at lower than higher lung volumes [60].
The exact role of surface tension in changes of lung vol-
umes, and the relationship between decreases in alveolar
size and surface tension in parenchymal lung disease re-
mains controversial.

Leakage of plasma proteins into the alveolar space or
the presence of substances associated with inflammation
or lung injury may alter the surface tension of the alveoli
with resultant additional impact on the distensibility of the
lung [61-63]. Increased surface tension as a contributing
cause of increased elastic recoil of the lung has been ob-
served in rats with bleomycin-induced pulmonary fibrosis
[64]. Accumulation of fluid can also affect lung distensi-
bility by the complex effects of deformations of parenchy-
mal boundaries [65].

In the newborn, the most common cause of respiratory
failure is respiratory distress syndrome (RDS) that is char-
acterized by diffuse alveolar collapse and decreased FRC
[66-72]. The main underlying mechanism for the alveolar
collapse is a decreased production and inactivation of sur-
factant in the alveolar surface. The collapsing tendency of
the alveoli is coupled with an increased chest wall comp-
liance due to prematurity, leading to a marked and pro-
gressive reduction in lung volume [73]. Administration of
exogenous surfactant to infants with RDS results in a
rapid increase in lung volume [74].

Interstitial or alveolar accumulation of fluid or fibrous
tissue such as observed in infants with pneumonia, pulmo-
nary oedema or bronchopulmonary dysplasia (BPD) also
can result in a marked reduction in lung compliance and
FRC [58, 75].

Although decreases in lung compliance clearly are an
important cause of reductions in lung volumes, review of
pulmonary volume (PV) curves from some patients with
interstitial disease and reduced TLCs attributed to reduc-
tions in lung compliance shows, that the pleural pressures
at maximal inspiration are not as negative as one would

expect [76-79]. Brabvik et al. [79] speculated that inflam-
matory activity at the site of mechanical receptors may be
responsible for these lower-than-expected maximal trans-
pulmonary pressures; the observations also give support to
the hypotheses offered by Meap et al. [7] on the role for
reflex inhibition of inspiration through activation of expir-
atory muscles.

Specific causes of reduced parenchymal compliance
also include any process which results in abnormal accu-
mulations of tumour cells within the lung interstitium or
visceral pleura, intra-alveolar and interstitial fluid as oc-
curs with CHF, and inflammation and fibrosis in the inter-
stitium. In addition, reductions in lung volumes have been
attributed to reduced distensibility of the pulmonary vas-
cular bed in patients with chronic pulmonary hypertension
and resultant reduction in lung distensibility [59]. Finally,
neuromuscular disease can be associated with reductions
in lung distensibility [80]; the specific mechanisms may
include microatelectasis or the effects of reduced alveolar
size on surface tension [5].

Abnormalities of the pleura

Decreases in lung volume can be caused by reductions
in lung compliance from fibrosis, tumour, or inflammation
involving either the parietal or visceral pleura. Many pleu-
ral processes may also cause compression or limitation of
airspace expansion in the lungs, resulting in reductions in
TLC (reductions which may be magnified in the presence
of inspiratory muscle weakness). Examples include rever-
sible diaphragmatic paresis associated with inflammation
adjacent to the diaphragm, or phrenic nerve dysfunction
secondary to invasion from carcinoma.

Neuromuscular disease

Any disease or injury which causes a decrease in inspir-
atory muscle strength can result in decreases in TLC. In
addition, the resultant chronic reductions in alveolar size
can result in further reductions in lung volumes from the
effects of microatelectasis and alterations in surface ten-
sion forces of the alveoli and airways [80-82].

Diaphragmatic paralysis due to birth or surgical trauma
to the phrenic nerve is seen in neonates and infants and
can result in greater than expected decreases in FRC be-
cause of the elevation of the weakened diaphragm and a
highly compliant chest wall. In addition to generalized
neuromuscular diseases (e.g. myasthenia gravis), more
localized processes such as spinal cord tumours or periph-
eral nerve injuries can result in selective impairment of
function in either inspiratory or expiratory muscles. Dis-
eases or trauma which affect expiratory muscles can result
in increases in RV [80, 82], changes which are often ac-
centuated in the supine position.

Thoracic cage abnormalities

Alterations in the mechanical properties or in the con-
figuration of the chest wall can have a marked influence
on lung volume. The increased compliance of the chest
wall in small preterm infants is an important factor that
favours excessive lung emptying during expiration and is
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partly responsible for the reduced FRC in these infants.
With increasing age and maturity, the rigidity of the chest
wall increases, providing more stability to the respiratory
system [73]. Severe congenital chest wall deformities can
result in reduced FRC.

Reductions of FRC or TLC can occur from any process
which limits expansion of the thoracic cage, including
processes which limit the caudal movements of the dia-
phragms. A number of intra-abdominal processes can push
the diaphragm up or limit its movement down including
ascites, pregnancy, intra-abdominal tumours, severe obes-
ity, and even normal gastric filling from eating [83]. These
reductions will be even more pronounced when the patient
is in the supine or prone positions due to increased cep-
halic pressure on the diaphragms. The impact of abdomi-
nal processes may also be accentuated during sleep when
the contributions of accessory muscles in maintaining
FRC are reduced.

In obesity, the observations of Ray et al. [84] indicate
that TLC is reduced only when obesity is very severe (e.g.
when weight in kg exceeds height in cm), though spiro-
metric data from population studies show modest red-
uctions in VC (and presumably in TLC) associated with
lesser degrees of obesity [85]. The observed increases in
TLC (e.g. 4-20%) that have been reported in obese adults
who have undergone varying degrees of weight reduction
suggest that excessive weight may decrease TLC, even if
obesity is not severe. However, the interpretation of these
data is complicated by the failure of most studies to moni-
tor for improvements in sleep-related disturbances in respir-
ation which frequently accompany weight loss and which
could also improve lung volumes by reducing cor pulmo-
nale. Reductions in TLC may occur with obesity of less
severity in the elderly or in those with neuromuscular dis-
ease.

In the subgroup of patients with obesity hypoventi-
lation, VC and TLC are often substantially less than is
observed in weight-matched obese patients without the
hypoxaemia and CO, retention typical of the obesity-hypo-
ventilation syndrome [86, 87]. Possible mechanisms for
these reductions in lung volumes include: abnormal load
compensation secondary to impaired respiratory neuro-
muscular coupling [86], both right and left-sided heart
failure secondary to desaturation from obstructive or cen-
tral apnoeas, hypopnoeas, or hypoventilation during sleep
[87]; or fatty infiltration of the diaphragm [88]. This re-
striction is frequently improved substantially after effec-
tive treatment of sleep apnoea, or after weight loss of a
magnitude which would not be expected to change lung
volumes significantly but which is associated with signifi-
cant improvements in ventilation during sleep.

Other causes of reduced TLCs classified under chest
wall abnormalities include tumours or inflammatory mas-
ses of the chest wall and acquired malformations of the
chest wall, such as ankylosing spondylitis or kyphoscolio-
sis.

Kyphoscoliosis can result in profound reductions in
TLC and VC, although the RV is often close to normal.
These changes are attributable to respiratory muscle dys-
function, as well as the deformities in the thoracic cage
[89]. Lung compliance is reduced similar to the pattern
resultant from chest wall strapping of normal subjects
[90]. Reports of substantial increases in lung volumes and
maximal inspiratory pressures, and improvements in gas

exchange following nocturnal assisted ventilation [91]
suggest that factors other than muscle weakness and atel-
ectasis (e.g. respiratory muscle fatigue or alterations of
surface tension from increases in alveolar size) may con-
tribute to the profound reductions in lung volumes and
resultant respiratory failure so typical of the late stages of
this disease.

Although pectus excavatum can be associated with
decreases in VC and elevations of RV, in the absence of
coexisting lung disease, TLC is usually normal [92]. The
limitation of rib cage mobility is associated with increased
abdominal pressures during inspiration, but this would
seem to be independent of the symptoms of dyspnoea
which these patients sometimes have [93].

Hyperinflation

As is the case with restriction, there is no universally
agreed definition of hyperinflation. In general, the term
refers to elevations of absolute lung volumes (RV, FRC
and TLC). Some use the term to refer only to elevations of
RV or the RV/TLC ratio, others refer to increases in FRC,
while others reserve hyperinflation to describe conditions
where there are elevations of TLC. In this review, we will
refer to the specific lung volume when using the term
"hyperinflation".

Hyperinflation of TLC. General causes include obstructive
lung diseases and diseases which cause the loss of elastic
recoil of the lung. Obstructive lung diseases which are
commonly associated with elevations of TLC include as-
thma, chronic bronchitis, emphysema and bronchiolitis.
Elevated lung volumes associated with bronchiolitis in
infants can persist for more than a year after the acute epi-
sode [94]. The physiological and clinical consequences
of hyperinflation were well reviewed recently by Gisson
[95].

In infants during the first days of life, measurements
of lung volumes have shown larger values for EELV by
plethysmography than by gas dilution techniques, sug-
gesting the presence of gas trapping due to small airway
closure [96]. It is possible that at least some of these dif-
ferences in volumes are due to technical limitations of
body plethysmography performed on small infants [97—
98]. Pathological conditions in infancy characterized by
hyperinflation include meconium aspiration syndrome
[99], bronchopulmonary dysplasia [100] and bronchiolitis
or asthma.

Though the development of clinically significant em-
physema in children with alpha-1-antitrypsin deficiency
(AAD) is generally considered to be uncommon, an incre-
ased prevalence of hyperinflation of FRC was reported in
28 children with AAD (median age 5.7 yrs, range 2—-16
yrs) [101]. Partial support for these observations include
the observation of elevated FRCs (mean = 133% of pre-
dicted) observed in 22 AAD children (mean age 15.1 yrs)
despite mean values of forced expiratory volume in one
second (FEV1) and mid-expiratory flow (FEF25-75%) of
99 and 95%, respectively [102]. The absence of pulmo-
nary function tests (PFTs) in control children, the difficul-
ties in predicting PFTs in children, and the current lack of
follow-up during adulthood in these studies limits conclu-
sions, but does indicate a need for improved studies of
hyperinflation in young patients with AAD in the future.
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In adults, although the loss of elastic recoil as occurs in
emphysema or bullous disease is usually also associated
with evidence of airway obstruction, there are some pat-
ients who have evidence of bullous disease or reduced
recoil from emphysema without clinically recognizable
reductions in maximal expiratory flows [103]. Similarly,
patients have been reported to have significant elevations
of RV without abnormalities of FEV1, presentations that
were attributed to early emphysema [104, 105]. In asthma,
"isolated" elevations of RV may also occur in the absence
of recognizable decrements in maximal flow rates [106].

Measurements of absolute lung volumes by gas dilution
or washout techniques may be lower than the same meas-
urements by plethysmography or radiographic techniques
even when plethysmography is done using techniques to
avoid artifactual elevations. The reported underestimates
of absolute lung volumes by gas dilution or washout tech-
niques and overestimates of lung volumes attributed to
excessively high panting frequencies during plethysmog-
raphy have reduced the confidence we can place in many
previous observations regarding hyperinflation in the liter-
ature [95].

The pathophysiology of hyperinflation of TLC remains
incompletely understood [2—4, 95, 107]. In ex vivo studies
of lungs from patients with mild emphysema, reductions
in elastic recoil and elevations of TLC have been observed
in the absence of functionally significant obstruction of
small airways [108]. Studies of patients with more severe
emphysema showed highly significant correlations bet-
ween the magnitude of hyperinflation of TLC and the sev-
erity of emphysema defined pathologically [109].

The traditional explanation of elevations of TLC in ob-
structive airway disease include reductions in elastic re-
coil of the lung from emphysema. Reversible decreases in
elastic recoil in asthmatics have been described, but the
validity of these observations is controversial [110], as
previously described shifts of the PV curves to the left
may have been secondary to plethysmographic overesti-
mates of lung volumes. Nevertheless, substantial acute
reductions in TLC following therapy of acute exacerba-
tions of asthma have been documented by gas dilution and
qualitative assessments of chest radiographs [111]. Small-
er acute decreases in TLC following therapy for asthma
have also been confirmed by radiographic planimetric
measurements [112]. Possible mechanisms include chan-
ges in alveolar size [113, 114] and secondary effects on
pulmonary elasticity attributable to alterations in surface
tension forces [5, 6, 115]. Other possibilities include alter-
ations in reflex limitations on inspiratory muscle force [7].

It is likely that the largest acute changes in TLC sec-
ondary to exacerbations or treatment of asthma will occur
in infants and children because of their increased chest
wall compliance, but literature documenting this is sparse.
However, it has been observed that in adult asthmatics
who had the onset of asthma before the age of 8 yrs, TLCs
were elevated in comparison with the normal TLCs of
otherwise matched adult asthmatics who had the onset of
asthma after the age of 18 yrs [114]. In early adolescents,
Merkus et al. [116] observed an initial larger TLCs than in
age- and height-matched controls. They also reported less
growth in TLC-yr! during adolescence in asthmatics than
controls, but normal growth rates when corrected for the
smaller stature were attributable to delayed pubertal
development. They concluded that the increased TLCs in

adolescents with childhood asthma were more consistent
with greater alveolar growth during childhood, and delays
in pubertal development, rather than loss of elastic recoil
of the lung.

Hyperinflation of FRC. The high respiratory rate of small
infants usually results in an increase in EELV volume
above their Vr. This is even more striking in infants with
airway obstruction who have a prolonged time constant
of the lungs [117], as observed in some newborns with
meconium aspiration syndrome [99], in infants with bron-
chopulmonary dysplasia [100, 118] and in infants with
bronchiolitis or asthma. Emphysema and bullae associated
with more severe cases of bronchopulmonary dysplasia
[118] can reduce lung recoil, although airway obstruction
also contributes to the elevation of EELV characteristi-
cally observed in these patients.

EELV is maintained above Vr by active closure of the
upper airway during expiration (grunting) in infants with
respiratory distress syndrome (RDS) [21, 22]. This clo-
sure allows maintenance of more normal lung volumes in
the presence of surfactant deficiency and chest wall insta-
bility. This protective braking is, however, lost during
endotracheal intubation and must be replaced with posi-
tive end-expiratory pressure to avoid a loss in lung vol-
ume. In adult asthmatics, reduction in glottal lumen after
bronchial challenge has been noted; the observations sug-
gested active expiratory glottic constriction, but decreased
dilator activity could not be ruled out [119].

In adults as well as infants, a commonly recognized
additional cause of hyperinflation of FRC is insufficient
time for complete expiration to the "equilibrium" point
before inspiration [117, 118, 120]. In some conditions
where FRC is hyperinflated, "post-inspiratory" activity of
the inspiratory muscles has been observed that causes re-
tardation of expiration and resultant increases in end-
expiratory lung volume [8, 121, 122]. During active sleep,
some of these volume-preserving mechanisms may be lost
and result in a decrease in lung volume and deterioration
of gas exchange [18, 33].

The specific mechanisms responsible for triggering in-
creases in inspiratory muscle activity, persistence of
inspiratory muscle tone during expiration, and expiratory
laryngeal braking, are not clear. Recent evidence has been
presented that expiratory flow limitation during tidal brea-
thing is a critical stimulus for increases in FRC, both dur-
ing drug-induced bronchoconstriction [123] and during
exercise [10]. Dynamic compression of the airways may
also play an important role [124].

Causes of chronic elevations of FRC, as opposed to
acute and reversible changes of FRC, may include hyper-
trophy and changes in length-tension relationships of in-
spiratory muscles [3, 125]. It is not clear whether the
inspiratory muscle activity during expiration found in
acutely induced bronchoconstriction also persists in more
prolonged or chronic states of hyperinflation.

Finally, chronic elevations of FRC can result in changes
in the thoracic cage which persist even after the airway
disease responsible for the hyperinflation is improved or
resolved. Evidence for this includes persisting elevations
in FRC in patients with cystic fibrosis after heart-lung
transplant [126]. The observation that elevated FRCs re-
turned to within normal limits in three patients with hy-
perinflation of FRC from causes other than cystic fibrosis
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[126] suggests that the development of hyperinflation dur-
ing childhood may result in irreversible changes in chest
wall volume that are not observed if the hyperinflation
starts after childhood, although studies of greater numbers
of patients are needed to confirm this conclusion. Addi-
tional support for this hypothesis comes from the observa-
tions that FRCs (and TLCs) were larger in asthmatics who
had onset of asthma before the age of 8 yrs than in those
with onset after 18 yrs of age, despite equivalent degrees
of airflow obstruction [114].

Hyperinflation of RV. In both elderly healthy adults and
individuals with obstructive lung disease, early closure or
compression of small airways during expiration is consid-
ered a key determinant of the frequently observed eleva-
tions of RV. Air trapping is important in some patients
[127]. In addition, increases in inspiratory muscle tone at
the end of expiration [11] may play a role.

Lung volume changes during exercise

In patients with chronic obstructive pulmonary disease
(COPD), significant increases in EELV have been noted
during exercise [95]. Patients with greater exertional dys-
pnoea had larger dynamic hyperinflation of FRC during
exercise; the greater the dynamic hyperinflation, the less
the patients were able to increase tidal volume (VT) during
exercise [128].

Increases in EELV during exercise in COPD are gener-
ally attributed to insufficient time during expiration before
the next inspiration. There may also be increases in inspir-
atory muscle drive secondary to perceptions of unpleasant
respiratory stimuli associated with dynamic airway com-
pression resulting from transpulmonary pressures which
exceed the critical pressure at which airway compression
occurs [129] and/or secondary to limitations in expiratory
airflow [123].

Although dynamic hyperinflation of EELV during exer-
cise in patients with COPD decreases airway resistance
with resulting decreases in the work of breathing, it does
so at the expense of working against higher lung and chest
wall recoil, a worsened mechanical advantage of inspi-
ratory muscles, and loss of the potential for sharing the
respiratory workload with expiratory muscles. In patients
with severe emphysema, reduction in hyperinflation of
FRC during exercise is likely to be a key outcome of lung
volume reduction surgery.

Changes in FRC during anaesthesia, mechanical ventila-
tion and breathing 100% oxygen

In normal adults, FRC decreases during anaesthesia by
15-30% whether or not accompanied by muscle relaxa-
tion [130, 131]. The changes are partially but not com-
pletely reversed following repeated lung inflations [132].
Similar decreases have been noted in infants and children
[133]. Comparable decreases in FRC have also been ob-
served in unconscious patients who have sustained head
injuries.

The mechanisms for the decreases in FRC with anaes-
thesia are controversial and not completely defined. The
observed shifts in the lung PV curve to the right are simi-
lar to those observed after chest binding and may be sec-

ondary to changes in lung surface forces associated with
periods of low-volume breathing [6]. Decreases in inspira-
tory muscle tone, airway closure and subsequent atelecta-
sis, cephalad movement of the diaphragm, and decreases
in compliance of both the lung and chest wall have also
been suggested as causes [130-132, 134]. The smaller
changes in thoracic cage dimensions after anaesthesia, ob-
served utilizing measures of thoracic dimensions [135]
and computed tomography (CT) estimates of thoracic cage
volume [136], suggest that increases in intrathoracic fluid
may play a contributory or dominant role.

In contrast with patients of normal weight range, morbi-
dly obese patients have been observed to have much larger
decreases in FRC during anaesthesia (e.g. 50% reductions
in FRC). This can result in FRCs decreasing to levels
below the patients' RV when awake. In obese patients it
has been observed that lung volume increased during lap-
arotomy (presumably from a decrease in intra-abdominal
tension) and recurred again after closure of the laparo-
tomy [137].

In patients on mechanical ventilation, it has been obser-
ved that expiratory muscles are activated when end-expir-
atory positive pressures exceed 10 cmH,O. This is a likely
explanation for why muscle relaxants are useful in pati-
ents with respiratory failure treated with continuous posi-
tive airway pressure (CPAP), in whom expiratory muscle
activation seems to limit the increases in lung volumes
which would otherwise accompany CPAP [12].

In infants, breathing 100% O, has been shown to reduce
lung volumes [138], although the effects on measurements
of volumes by the nitrogen washout technique are not
defined [139]. Breathing 100% oxygen for 10 min at lung
volumes below closing capacities has been shown to de-
crease RV by an average of 500 mL in normal adult sub-
jects [140]. Volumes did not decrease if the subjects were
breathing at volumes above closing capacities during O,
administration. These observations support the reports of
decreases in FRC of, on average, 12% after breathing high
concentrations of O, for 3-5 min [141], changes which are
readily reversible and different from the more serious
decreases in lung volumes after S5 days of 100% O, brea-
thing attributed to lung injury. The dependence of decreas-
es in volumes on the relationship between closing capacity
and EELV during O, administration may explain why lung
volumes do not decrease acutely in all patients after
administration of 100% O,.

Changes in lung volumes during sleep in patients with
respiratory disease

Though there are many publications regarding the mon-
itoring of oxyhaemoglobin desaturation during sleep in
patients with a variety of respiratory diseases, there are re-
latively few which report on changes in FRC during sleep.
In clinically stable patients with mild asthma, but histories
of nocturnal worsening, Bauarp et al. [35] noted greater
decreases in plethysmographically measured FRCs during
sleep than in healthy controls (30 versus 17%). In the asth-
matics, the nocturnal decreases in airway conductance
were greater than expected for the decrease in lung vol-
umes observed. On awakening, the asthmatics rapidly
increased their FRCs to levels higher than the mild hyper-
inflation of FRC they had prior to sleep. Chest strapping
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during the day to achieve decreases in FRC of the same
magnitude observed during sleep led to sustained and sub-
stantial decreases in FEV1, changes similar to the drops in
FEV1 noted in the same patients after arising from sleep.
These decrements in FEV1 persisted even after the chests
were unstrapped and the subjects took deep breaths over a
10-min period. The mechanisms for the observed decrea-
ses in FRC during sleep and why such decreases in volu-
mes resulted in persisting decrements in maximal airflows
in these asthmatics remains unclear. Given the frequency
of nocturnal worsening in asthmatics, the impact of sleep
on lung volumes and airway function remains an impor-
tant area for future research.

Patients with dysfunction of inspiratory muscles, as can
occur with neuromuscular disease or severe kyphoscolio-
sis, may have profound desaturation during sleep. Altho-
ugh there is a paucity of reported studies of lung volume
changes during sleep in such patients, it is likely that de-
creased lung volumes during sleep are an important con-
tributing factor in addition to the hypoventilation during
sleep that has commonly been observed. The observation
that awake daytime measurements of maximum inspira-
tory mouth pressure and lung volumes increase after noc-
turnal continuous positive airway pressure or ventilatory
support in such patients indicates that worsening of inspir-
atory muscle function during sleep has effects on lung vol-
umes which persist during the day and which can be
reversed with nocturnal ventilation [91].
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