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ABSTRACT: Sex differences in thoracic adaptation have been reported in patients with cystic

fibrosis (CF). The interplay between the pattern of thoracic adaptation and the function of the

respiratory muscles in male and female CF patients with pulmonary hyperinflation was

investigated.

Thoracic dimensions and diaphragm length were measured at residual volume, functional

residual capacity and total lung capacity using chest radiography in 23 CF (12 males) and 18

normal (11 males) subjects. Respiratory muscle recruitment during resting breathing was

assessed by recording intrathoracic and intra-abdominal pressures.

In female CF patients, ribcage expansion was predominant, tending to preserve diaphragm

length. In male CF patients, thoracic configuration was normal and diaphragm shortening

consequently greater. Ribcage cross-sectional area for a given rib inclination was greater in CF

patients, indicating a structural expansion of the ribcage 2.5 times greater in females than males.

The contribution of inspiratory ribcage muscles to inspiratory pressure was also greater relative

to the diaphragm in the CF group.

In conclusion, a structural expansion of the ribcage occurs in cystic fibrosis patients with lung

hyperinflation that is greater in females than males. This is associated with an apparent greater

contribution of inspiratory ribcage muscles to inspiratory pressure.
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P
ulmonary hyperinflation, as occurs in
cystic fibrosis (CF) patients, may impair
thoraco-abdominal mechanics and the

function of the inspiratory muscles [1, 2], factors
that may contribute to dyspnoea and poor
exercise tolerance [3]. A shortening of the
inspiratory muscles, particularly the diaphragm
[4–7], and a change in its geometry with
pulmonary hyperinflation [6–8], are factors
known to reduce the pressure-generating capa-
city of the inspiratory muscles. However, the
effect of pulmonary hyperinflation on maximum
inspiratory pressure in CF patients is controver-
sial, some studies reporting a decrease [1, 2, 9,
10], others no change [11], and yet others an
improvement in maximum inspiratory pressure
in spite of pulmonary hyperinflation [12]. It is
very difficult to reconcile these different results.
In studies so far, the effect of pulmonary
hyperinflation on diaphragm length (Ldi) and
geometry has not been investigated in CF
patients. Furthermore, whether the impact of
pulmonary hyperinflation on Ldi and diaphragm
function is the same in male and in female CF
patients is also unknown.

In a study by LANDS et al. [11], maximum
inspiratory pressure was reported to be better

preserved in female than in male CF patients.
Furthermore, in a selected group of CF patients
with greater than normal lung volume at total
lung capacity (TLC), this extra volume was
shown to be distributed preferentially via the
rib cage pathway in females but via the dia-
phragm–abdomen pathway in males [13]. These
findings suggest that the effect of pulmonary
hyperinflation on Ldi and diaphragm function
may be different in males and females. Previous
conclusions regarding thoraco-abdominal adap-
tation in CF patients are restricted to measure-
ments made at TLC, and thus may not be
extended to other lung volumes, particularly
functional residual capacity (FRC), where this
issue is most important. The primary objectives of
the present study, therefore, were to compare the
pattern of thoraco-abdominal adaptation at differ-
ent lung volumes in a representative group of male
and female CF patients and to investigate the effect
this may have on Ldi and diaphragm function.

METHODS

Subjects
After approval by the human ethics committee of
the Centre hospitalier de l’Université de
Montréal–Hôtel Dieu, Montréal, QC, Canada, 23
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stable CF patients and 18 age- and sex-matched normal
subjects were studied (table 1).

Chest radiography
Chest radiographs served to measure thoracic dimensions and
Ldi. Details of the techniques and measurements can be found
in recent publications [7, 14, 15]. Briefly, subjects stood erect
with their heel, calf, buttock, back and head against a vertical
backboard and with the head position fixed with a strap.
Lateral and anterior–posterior chest radiographs were taken in
this position at the end of a normal expiration (i.e. FRC), at the
end of a full inspiration to TLC and at the end of a full
expiration to residual volume (RV).

Chest wall configuration
The mean internal anterior–posterior (APrc) and lateral (LArc)
ribcage diameters at the level of the third, fifth, seventh and
ninth thoracic vertebrae and ribs, respectively, were measured
and their product used to estimate ribcage cross-sectional area
(Arc), assuming a cross-sectional shape one-third of the way
between an ellipse and a rectangle [16, 17]. The rib cage was
also divided into an upper (U) and a lower (L) segment
defined by the mean diameters and cross-sectional areas at the
levels of the 3rd and 5th thoracic vertebrae and ribs (APrc_U,
LArc_U, Arc_U) and at the level of the 7th and 9th thoracic
vertebrae and ribs, respectively (APrc_L, LArc_L, Arc_L). The
acute angle formed by the lower border of the sixth rib and the
vertical on lateral films and the average height of the two
hemidiaphragm domes (Hdi) below the first thoracic vertebra
on anterior–posterior films were also measured [15].

Diaphragm length
Ldi was measured from diaphragm contours on the right-hand
side using anatomic landmarks to identify diaphragmatic
insertions on the chest wall and divided into the lengths of the

visible contours and the length of that part of the diaphragm
directly apposed to the ribcage [4, 14]. A dome shape factor
was calculated as the ratio between the length of the visible
contours and the length of chords intersecting contours’ end-
points [18]. All linear dimensions were normalised to standing
height. Furthermore, a correction factor of 0.9 was applied to
all linear dimensions for the magnification of chest wall
structure seen in chest radiography [4, 14].

Respiratory muscle recruitment
In all normal subjects and in 16 CF patients who tolerated this
procedure, oesophageal (Poes), gastric (Pga) and transdiaphrag-
matic (Pdi) pressures were recorded with balloon-tipped
catheters (all normal subjects and eight CF patients) or with
smaller liquid-filled catheters (eight CF patients) [19] during 1–
2 min of quiet breathing. Lung volume changes were recorded
by integrating the mouth flow signal, measured with a
pneumotachograph connected to a flanged mouthpiece and
with a nose-clip in place. Tidal volume and tidal inspiratory
Poes, Pga and Pdi swings were measured between points of zero
flow taken at beginning and end of inspiration. Pressure–time
integrals above baseline were measured from the beginning of
inspiration to the end of expiration and multiplied by breath-
ing frequency.

Statistical analysis
Variables that satisfied Levene’s test were compared using
ANOVA or ANCOVA. Otherwise, the Mann–Whitney U-test
was employed. A p-value ,0.05 was considered statistically
significant.

RESULTS
Subject characteristics
The two groups did not differ significantly with respect to
age, height or sex distribution (table 1). CF patients had

TABLE 1 Physical and pulmonary function characteristics of subjects

Normal subjects Cystic fibrosis patients

Males Females Males Females

Patients n 11 7 12 11

Age yrs 28¡7.4 (21–43) 25.3¡6.9 (20–38) 26.2¡7.2 (20–40) 21.8¡2.2 (18–25)

Height cm 169.2¡3.8 166.1¡5.2 171¡6.7 160.6¡7.1

Weight kg 68.8¡11.4 59.4¡4 61¡6.8* 49.8¡5.9*

Weight % IBW 102.4¡8.7 100.9¡6.1 91.9¡8.2* 92.2¡7.6*

FVC % pred 110.6¡12.5 107.4¡10.2 72.6¡17* 76.2¡18*

FEV1 % pred 108.9¡15.5 105.7¡9.8 47.3¡16* 55.6¡17.6*

TLC % pred 109.3¡9.9 103.1¡11.4 110.8¡7.8 111.7¡11.8

FRC % pred 108.9¡23.2 103.4¡15 146.8¡19.7* 133.1¡19.3*

RV % pred 106.4¡33.4 95.1¡34.3 232.3¡56.7* 226.6¡64.4*

Raw % pred 118.1¡23.2 105.1¡35.9 224.6¡71.1* 181.9¡74.6*

DL,CO/VA % pred 134.9¡29.9 110.6¡20.7 143.6¡20.9 125.5¡28.6

Data are presented as group mean¡SD (range) or group mean¡SD, unless otherwise stated. All measures were obtained with the MedGraphic Elite Series

Plethysmograph (Medgraphic Inc, St Paul, MN, USA). Lung volumes and airway resistance (Raw) were determined plethysmographically with a panting frequency of

,120 breaths?min-1 (range: 90–120 min-1 for functional residual capacity (FRC) determination and 100–160 breaths?min-1 for Raw determination). IBW: ideal body weight;

FVC: forced vital capacity; % pred: % predicted; FEV1: forced expiratory volume in one second; TLC: total lung capacity; RV: residual volume; DL,CO: single-breath

diffusing capacity of the lung for carbon monoxide; VA: alveolar volume. *: p,0.05 versus normal subjects (Mann–Whitney U-test).
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significantly lower body weights and severe signs of airway
obstruction and hyperinflation, as exemplified by marked
increases in airway resistance and RV, respectively. FRC was
also significantly greater in CF patients, but TLC and diffusing
capacity of the lung for carbon monoxide were not signifi-
cantly different from control values.

Thoracic dimensions and configuration
Thoracic dimensions are listed in table 2 and thoracic config-
uration illustrated in figure 1. The relationship between Arc

and Hdi in male CF patients closely followed that in the
controls (fig. 1a), indicating an essentially normal distribution
of pulmonary hyperinflation between the ribcage and the
diaphragm–abdomen pathways. By contrast, in female CF
patients, this relationship was shifted upward, indicating a
change in thoracic configuration and a preferential expansion
of the rib cage at all lung volumes investigated (fig. 1b).

The relationship between APrc and LArc in female CF patients
mirrored that in normal females, indicating a nondistorted
ribcage (fig. 1d; ANCOVA; p.0.5). By contrast, this relation-
ship was shifted upward and to the left in male CF patients
compared with controls (ANCOVA; p,0.001), indicating a
distorted, more round ribcage (fig. 1c).

As shown in table 2, rib angles were not significantly different
between the two groups. However, as seen in figure 1e and f,
the relationship between Arc and rib angle was shifted upward
and to the left in CF patients compared with controls. This shift
for the group was highly significant, suggesting a structural
enlargement of the bony ribcage in CF patients (ANCOVA;
p,0.001). In female CF patients, this shift corresponds to a 13%
increase in Arc at a given rib angle (fig. 1f; ANCOVA;
p,0.001), whereas in males this increase was only 5.3% (fig.
1e; ANCOVA; p50.1). When indexes of pulmonary hyperin-
flation (% predicted RV, FRC or TLC) and airway obstruction
(forced expiratory volume in one second (FEV1)/forced vital
capacity (FVC)), were entered as covariates in the ANOVA
model, all were significant (all p,0.0007). Furthermore, in the
case of % pred RV and FRC and FEV1/FVC, the between-
group difference in Arc at a given rib angle was no longer
significant, indicating that the observed difference between
normal subjects and CF patients was dependent on the severity
of lung disease.

The relationships between upper and lower ribcage dimen-
sions are illustrated in figure 2. In both male and female CF
patients, the relationship between APrc_L and APrc_U was
shifted to the left of that seen in normal subjects (ANCOVA;

TABLE 2 Thoracic configuration and diaphragm length

Sex Normal subjects Cystic fibrosis patients

RV FRC TLC RV FRC TLC

Thoracic dimensions

APrc
# cm/m M 7.9¡0.2 8.5¡0.2 10.0¡0.2 8.5¡0.2 8.8¡0.2 10.3¡0.2

F 7.3¡0.3 7.8¡0.3 9.6¡0.3 8.4¡0.2* 8.8¡0.2* 10.3¡.3

LArc
# cm/m M 14.2¡0.2 14.6¡0.2 15.3¡0.2 14.1¡0.3 14.4¡0.3 15.0¡0.3

F 13.1¡0.2+ 13.4¡0.2+ 14.3¡0.3+ 13.9¡0.2* 14.1¡0.2* 14.6¡0.2

Arc
# cm2/ m2 M 96.9¡3.9 107.4¡3.7 133.0¡3.4 103.4¡3.8 109.7¡ 3.7 134.4¡4.0

F 81.7¡2.9+ 90.0¡3.1+ 117.7¡3.8+ 100.3¡2.9* 106.2¡3.0* 130.0¡3.4*

Angle# u M 51.5¡9 56.4¡7.4 63.4¡6.1 49.5¡3.3 53.7¡3.5 61.7¡4.8

F 45.9¡4 51.1¡5 61.4¡7.5 49.2¡7.2 52.2¡7.4 62.2¡8.9

Hdi
# cm?m-1 M 9.6¡0.3 11.9¡0.4 13.0¡0.3 10.7¡0.3* 12.3¡0.3 12.9¡0.3

F 10.2¡0.2 12.1¡0.4 12.8¡0.3 10.9¡0.2* 11.9¡0.2 12.4¡0.3

Diaphragm length and shape

Ldi
# cm?m-1 M 37.9¡1.0 29.6¡0.9 22.7¡0.7 31.2¡1.1* 25.7¡0.6* 21.8¡0.4

F 33.8¡1.0+ 25.8¡0.9+ 20.3¡0.4+ 29.5¡0.8* 24.6¡0.7 21.3¡0.6

Lzap
# cm?m-1 M 17.5¡0.7 9.2¡0.6 11.3¡1.1* 7.1¡1.1

F 15.2¡0.7+ 7.6¡0.7 10.4¡0.8* 7.5¡1.1

Lvis
# cm?m-1 M 20.5¡0.6 20.4¡0.4 20.0¡0.3 18.7¡0.6*

F 18.6¡0.4+ 18.2¡0.4+ 19.1¡0.4 18.1¡0.7

Kdome LA" M 1.23¡0.01 1.19¡0.02 1.15¡0.03 1.14¡0.02* 1.09¡0.03* 1.12¡0.03

F 1.26¡0.02 1.19¡0.02 1.17¡0.03 1.13¡0.02* 1.11¡0.03 1.15¡0.03

Kdome AP" M 1.18¡0.02 1.15¡0.02 1.18¡0.02 1.16¡0.01 1.14¡0.01 1.18¡0.01

F 1.2¡0.01 1.21¡0.02 1.2¡0.02 1.17¡0.01 1.16¡0.01* 1.19¡0.01

Data are presented as mean¡SEM. cm?m-1 and cm2?m-2 denote normalisation for standing height. RV: residual volume; FRC: functional residual capacity; TLC: total lung

capacity; APrc: anterior–posterior ribcage diameter; LArc: lateral ribcage diameter; Arc: ribcage cross-sectional area; Angle: angle between the lower border of the sixth rib

and the vertical; Hdi: diaphragm dome height; Ldi: diaphragm length on the right-hand side; Lzap: length of the diaphragm apposed zone on the right-hand side; Lvis:

length of the visible contour of the diaphragm on the right-hand side; Kdome LA: diaphragm dome shape factor on lateral projections; Kdome AP: diaphragm dome shape

factor on anterior–posterior projections. #: between-groups comparisons based on analysis of variance; ": between-groups comparisons based on Mann–Whitney U-test.

*: p,0.05 versus normal values (p,0.05); +: p,0.05, males versus females.
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p,0.003), whereas that between LArc_L and LArc_U was shifted
to the right (ANCOVA; p50.02), indicating a cranio–caudal
deformation of the rib cage. In spite of this deformation, the
relationship between Arc_L and Arc_U in male CF patients was
not significantly different from that seen in normal subjects
(ANCOVA; p.0.1). In female CF patients, however, the
relationship between Arc_L and Arc_U was shifted upward

and to the left of that seen in normal females (ANCOVA;
p50.005), indicating a relatively greater expansion of the lower
ribcage.

Diaphragm length
Diaphragm shortening with lung hyperinflation in the CF
group can be estimated as the between-group difference in Ldi
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FIGURE 1. Thoracic configuration in male (a, c, e) and female (b, d, f) cystic fibrosis patients (h) and normal subjects (&). Data are presented as group mean¡SEM. Arc:

ribcage cross-sectional area; Hdi: diaphragm dome height; APrc: ribcage anterior–posterior diameter; LArc: ribcage lateral diameter; Angle: angle between the lower border of

the sixth rib and the vertical.
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at a given lung volume using the values listed in table 2.
Estimated this way, mean diaphragm shortening at RV and
FRC was 1.4 and 2.5 times greater, respectively, in male than in
female CF patients. Of note, Ldi in female CF patients was not
significantly shorter at FRC than in controls and tended to be,
if anything, slightly longer at TLC. Diaphragm shortening in
CF patients was largely explained by a shortening of the length
of the rib cage-apposed zone, the changes in the length of the
visible contours being less consistent. Several dome shape
factors at RV and FRC were significantly smaller in the CF
patients than in the controls, indicating a flatter diaphragm.

Respiratory muscle recruitment
End-inspiratory pressure swings and inspiratory pressure–
time integrals during resting breathing in the two groups are
listed in table 3. In figure 3, end-inspiratory Poes and Pga

swings during resting breathing are shown in relation to tidal
volume, expressed as % pred vital capacity. End-inspiratory
Poes swings were more negative in relation to tidal volume in
CF patients than in control subjects, indicating a smaller
dynamic lung compliance. End-inspiratory Pga swings also
tended to be less positive in CF patients than in normal
subjects, though the difference was not statistically significant
(p50.08). However, the ratios of end-inspiratory Poes to Pdi

swings and the ratio of inspiratory Poes– to Pdi–time integrals
were significantly greater (i.e. more negative) in CF patients
than in normal subjects (table 3), suggesting a greater
contribution of inspiratory ribcage muscles relative to the
diaphragm in the CF group (ANOVA; p,0.001) [20]. For both
groups, end-inspiratory Pga swings were significantly smaller
and the ratio of end-inspiratory Poes to Pdi swings significantly
greater (i.e. more negative) in females than in males, indicating
a stronger recruitment of inspiratory ribcage muscles relative to
the diaphragm in females (ANOVA; p,0.002). A similar trend
was found for the ratio of inspiratory Poes– to Pdi–time integrals,
but this difference was not statistically significant (p50.09).

Expiratory recruitment of abdominal muscles during resting
breathing, as reflected by an increase in gastric pressure at the
beginning of expiration and a decrease just before or at the
beginning of the next inspiration, was found in one normal
male subject and in six CF patients (three males).

DISCUSSION
The present study shows systematic differences in the pattern
of thoracic adaptation to pulmonary hyperinflation in male
and in female CF patients at all lung volumes investigated. In
female CF patients, increases in ribcage dimensions were
predominant and were associated with a relative preservation
of Ldi. In males, the changes in thoracic dimensions were more
uniform along the ribcage and the diaphragm–abdomen
pathways and were associated with a greater shortening of
the diaphragm. Surprisingly, the preferential expansion of the
ribcage in female CF patients was not associated with a greater
elevation of the ribs. At any given rib angle, ribcage
dimensions were greater in the CF group, suggesting an
enlargement of the bony ribcage. This difference was about 2.5
times greater in females, thus explaining the sex difference in
thoracic adaptation in CF patients. The pattern of respiratory
pressure changes during resting breathing was indicative of a
stronger contribution of inspiratory ribcage muscles relative to

the diaphragm in CF patients and, for both groups, also
suggestive of a relatively greater contribution of these muscles
relative to the diaphragm in females than in males.

Thoraco-abdominal configuration
It has been shown previously that, after adjustment for height,
the volume of the rib cage at any given lung volume is smaller
in females than in males and that this is explained by a greater
inclination of the ribs in females [15]. As a result, the
relationship between Arc and Hdi in females was shifted to
the right of that in males, causing the diaphragm to be shorter
in relation to height in females. As the present study shows,
these sex differences in thoraco-abdominal configuration and
Ldi essentially disappeared in the CF group, owing to a greater
expansion of the ribcage in female than in male CF patients
(table 2). A greater ribcage expansion in females than in males
was anticipated based on previous findings in a selected group
of CF patients having greater than normal lung volumes at
TLC [13]. Contrary to expectation, however, this preferential
expansion of the ribcage in female CF patients was not associated
with a greater elevation of ribs. Rather, as the results in figure 1e
and f suggest, the volume of the ribcage appeared to be greater in
CF patients, presumably owing to a structural enlargement of the
ribcage. This enlargement of the ribcage was 2.5 times greater in
females than in males, thereby explaining the sex difference in
thoracic adaptation in the CF group.

Two different mechanisms may be considered to explain this
apparent increase in the volume of the rib cage in CF patients.
Everything else being kept constant, an increase in Arc for a
given inclination of ribs should reflect an elongation of ribs
and/or costal cartilages. However, because the ribs lie in a
three-dimensional space, rib angles measured on two-dimen-
sional images must be interpreted with reservation. Indeed, the
ribs rotate about a posterior axis forming an acute angle of
about 35u with the mid-sagittal plane [21]. This axis of rotation
has two principal components, one perpendicular to the mid-
plane causing APrc changes, and one located in the mid-plane
causing LArc changes. These two components of rib rotation
are usually described as the ‘‘pump handle’’ and ‘‘bucket
handle’’ motions of ribs, respectively. The rib angle measured
on lateral chest radiographs is a measure of the pump handle
angle. In fact, the angles of the sixth rib in normal male subjects
in the present study at FRC (56.4u) and TLC (63.4u) are very
close to the pump handle angle calculated for rib planes by
WILSON et al. [21] in two normal male subjects studied at
comparable lung volumes (55.4u and 62u, respectively). The
bucket handle angle of ribs cannot be estimated from standard
chest radiographs. It is conceivable that a dissociation between
the pump and bucket handle motions of ribs could occur in CF
patients, causing a relatively greater bucket handle motion of
ribs and, hence, a greater Arc for a given pump handle angle, as
in figure 1e and f. However, the present authors think this is
unlikely for the following reasons. First, such a dissociation
would entail a change in the axis of rotation of the ribs and a
substantial deformation at the costovertebral joints. Secondly,
everything else being constant, a dissociation between the
pump and bucket handle motions of ribs would change the
shape of the ribcage. Specifically, this would shift the
relationship between APrc and LArc to the right, which is not
what was found. In females, this relationship was essentially
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unchanged (fig. 1d) and in male CF patients, it was shifted to
the left, i.e. in a direction opposite to that which would be
anticipated for a relatively greater bucket handle motion of ribs
(fig. 1c). Hence, a dissociation between the pump and bucket
handle motions of ribs cannot explain the kind of shift seen. Only
an elongation of the ribs can reasonably explain this finding.

THOMAS et al. [22] have shown, using the hamster model of
elastase-induced emphysema, that for a degree of pulmonary
hyperinflation comparable to that in CF patients in the current
study, the lengths of the sternum and ribs are ,10% greater in
emphysematous animals than in controls. Since significant
pulmonary hyperinflation can occur during the period of
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FIGURE 2. Relationships between upper and lower ribcage dimensions in male (a, c, e) and female (b, d, f) cystic fibrosis patients (h) and normal subjects (&). Data are

presented as group mean¡SEM. APrc_L: lower ribcage anterior–posterior diameter; APrc_U: upper ribcage anterior–posterior diameter; LArc_L: lower ribcage lateral diameter;

LArc_U: upper ribcage lateral diameter; Arc_L: lower ribcage cross-sectional area; Arc_U: upper ribcage cross-sectional area.
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growth in CF patients, the ribs and sternum may have grown
longer in response to lung hyperinflation, as in the hamster
model of emphysema. In support of this hypothesis is the
finding of significantly longer sternum lengths in children with
CF than in normal children having the same height [23]. In a
more recent study, however, no significant difference was
found in the length of the sixth rib and sternum between a
group of adult CF patients and a group of normal subjects [24].
It should be taken into account that in that study, all subjects
were males, which, as the results shown in figure 1e and f
suggest, could explain the different results. In the earlier study
in children, no distinction was made between male and female
CF patients. However, the fact that both males and females
were included could explain their different results. Further

studies comparing male and female CF patients are, therefore,
warranted. Such studies are planned.

The reason for the sex difference in ribcage adaptation to
pulmonary hyperinflation in CF patients is unclear. A sexual
dimorphism of human ribs was recently demonstrated, in that
the ribs were shown to grow longer in relation to height in
females compared to males [25]. Furthermore, in contrast to
males, the lengths of ribs in females were not correlated with
the length of the axial skeleton, suggesting that different
mechanisms govern rib growth in males and in females. It is
conceivable that in the presence of pulmonary hyperinflation,
the growth factors responsible for this sexual dimorphism of
human ribs could favour a greater elongation of ribs in female
than in male CF patients. In male CF patients, the ribcage was
deformed and rounder than in normal controls, whereas no
such deformation was found in female CF patients (fig. 1c and
d). It is also conceivable, therefore, that ribcage growth could
somehow be impaired in male CF patients, which might
explain this deformation as well as the smaller increase in Arc

for a given inclination of ribs than in female CF patients.
Interestingly, rib-cage expansion in female CF patients and
rib-cage deformation in male CF patients appeared to be
relatively greater at the level of the lower rib cage, suggesting
that the upper and lower parts of the rib cage may be affected
differentially by hyperinflation. Whether a chronic state of
hyperinflation is required or whether these adaptations can
also manifest themselves with periodic episodes of acute lung
hyperinflation, as in asthma, is presently unknown.

Implications for respiratory muscle function
Pulmonary hyperinflation leads to the prediction of shorter
diaphragm length [4, 6, 7]. In line with this prediction,
diaphragm length at RV was significantly smaller in CF
patients than in normal subjects. Contrary to this prediction,
however, diaphragm length at FRC was not significantly
different between the two groups, in spite of significant
differences in FRC volume. This was particularly striking in
female CF patients, in whom diaphragm length at FRC was

TABLE 3 Respiratory muscle recruitment

Normal subjects Cystic fibrosis patients

Males Females All Males Females All

VT ml 719¡76 572¡56 658¡52 703¡40 667¡42 690¡29

DPoes cmH2O -3.3¡0.7 -3.5¡0.6 -3.4¡0.4 -6.2¡1.1 -8.7¡1.0 -7.1¡0.8#

DPga cmH2O 6.0¡0.6 4.5¡0.5** 5.4¡0.4 5.1¡0.9 3.1¡1.6** 4.4¡0.8

DPdi cmH2O 9.3¡1.1 8.3¡0.8 8.9¡0.7 11.3¡1.5 11.9¡2.2 11.5¡1.2

DPoes/DPdi -0.33¡0.04 -0.43¡0.07" -0.37¡0.04 -0.56¡0.08 -0.79¡0.09" -0.64¡0.06+

#Poes cmH2O?s?min-1 -111.4¡17 -131.5¡23.7 -119.2¡13.7 -232.1¡34.4 -322.3¡54.8 -265.9¡30.7+

#Pdi cmH2O?s?min-1 244.9¡27.8 219.9¡32.2 235.2¡20.7 333¡46 398.8¡80.7 357.7¡40.9##

#Poes/#Pdi -0.46¡0.05 -0.61¡0.06 -0.52¡0.04 -0.73¡0.09 -0.84¡0.08 -0.77¡0.06#

Data are presented as group mean¡SEM. VT: tidal volume; DPoes: change in tidal oesophageal pressure; DPga: change in tidal gastric pressure; DPdi: change in tidal

transdiaphragmatic pressure; #Pes: oesophageal pressure–time integral multiplied by breathing frequency; #Pdi: transdiaphragmatic pressure–time integral multiplied by

breathing frequency. #: p,0.005 versus normal group (ANOVA); **: p,0.01 versus males (ANOVA); ": p,0.005 versus males (ANOVA); +: p,0.0005 versus normal

group (ANOVA); ##: p,0.01 versus normal group (ANOVA).

FIGURE 3. Relationship between tidal volume, expressed as % predicted (%

pred) vital capacity (VC) and oesophageal (Poes; –––) or gastric pressure (Pga;

???????) swings measured at points of zero flow in male ($) and female (#) patients

with cystic fibrosis and in male (&) and female (h) normal subjects. Data are

presented as group mean¡SEM.
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essentially the same as in normal females and tended if
anything to be even slightly longer at TLC (table 2). An
elongation of ribcage bones substantially greater in females
than in males may explain these findings. Indeed, because the
diaphragm has its insertions on the sternum anteriorly and on
the lower six ribs and costal cartilages laterally, an elongation
of these structures would tend to increase Ldi and in this way
protect the diaphragm against excessive shortening. Although
the underlying mechanism is presently unknown, the rela-
tively greater expansion of the lower ribcage in female CF
patients should contribute to the explanation of this finding.

Ldi is an important determinant of the pressure-generating
capacity of the diaphragm [4, 5]. An elongation of the bony
ribcage, by protecting the diaphragm from excessive short-
ening, may therefore be expected to also preserve Pdi

generation, particularly in female CF patients. Contrary to this
prediction, however, the contribution of the diaphragm to
inspiratory pressure was found to be reduced in CF patients, a
reduction which, if anything, appeared to be accentuated in
females (fig. 3). Several neural and mechanical factors may
contribute to the explanation for this finding. The distribution
of inspiratory neural drive between the inspiratory ribcage
muscles and the diaphragm could not be measured, but could
have been different in CF patients than in normal subjects.
Indeed in contrast to the diaphragm, the ribcage muscles are
richly supplied with muscle spindles. In the presence of
increased inspiratory load, these spindles could provide, via
the gamma loop, additional drive to inspiratory ribcage
muscles [26], which would help to explain their apparent
greater contribution to inspiratory pressure in the CF group.
The pressure developed by the inspiratory muscles is also
determined by their mass and by their mechanical advantage
in converting the tension developed into effective inspiratory
pressure. The mass of the diaphragm was reported to be well
preserved in CF patients in spite of malnutrition, a finding
which was interpreted as reflecting a training response to the
increased respiratory load [2]. As the present results suggest, a
greater fraction of the inspiratory load was taken up by the
inspiratory ribcage muscles in the CF group. Although
initially, this may have been caused by a relatively greater
neural activation in response to loading, adaptations at the
muscular level could also have been greater in these muscles,
perhaps partially explaining their greater contribution to
inspiratory pressure. While an elongation of the bony ribcage
in CF patients may protect the diaphragm from excessive
shortening, it may not prevent changes in its geometry. Indeed,
an increase in radius of curvature of the diaphragm can be
expected to occur when ribcage diameters increase [27].
According to Laplace’s law, this should reduce Pdi for a given
tension [8, 28]. Several diaphragm dome shape factors were in
fact found to be smaller in CF patients than in controls,
indicating a flatter diaphragm (table 2). Thus, while an
essentially normal Ldi, as seen in female CF patients at FRC,
may preserve tension generation in spite of hyperinflation, the
gain made may be partially offset by geometric changes caused
by ribcage expansion, reducing the pressure developed for a
given tension. The fact that ribcage expansion in CF patients
occurred without rib elevation (table 2) may also help to
explain this finding, as this would tend to preserve the length
of the inspiratory ribcage muscles, thereby preserving their

inspiratory pressure-generating capacity relative to the dia-
phragm [29]. An elongation of the ribs, by increasing the
change in lung volume associated with a given shortening of
the inspiratory ribcage muscles, may also increase their
mechanical advantage [29], helping to explain the apparent
greater contribution of these muscles to inspiratory pressure,
particularly in female CF patients.

In line with earlier findings in patients with chronic obstructive
pulmonary disease [30], abdominal muscle recruitment during
resting breathing was found in 38% of the CF patients in the
present study. Although the underlying mechanism was not
investigated, an increase in chemical drive caused by the
added dead space and by the impaired gas exchange in the
lungs is likely to contribute. Tidal expiratory flow limitation
and increased vagal afferent feedback caused by increased
FRC are other factors that may have contributed. The incidence
of abdominal muscle recruitment was the same in male and in
female CF patients and was thus unlikely to have contributed
to the different pattern of thoraco-abdominal adaptation and
inspiratory pressure generation observed between males and
females. Nevertheless, the contraction of the abdominal
muscles during expiration and their relaxation during the
subsequent inspiration may have contributed to the reduction
of tidal Pdi and Pga swings and hence to the apparent smaller
contribution of the diaphragm to inspiratory pressure in the CF
group [31]. However, the comparisons in figure 3 and table 3
were essentially the same, whether patients showing evidence
of abdominal muscle recruitment were included or not. Hence,
the contribution of abdominal muscle relaxation to inspiratory
pressure generation should have been relatively small.

Respiratory failure is the primary cause of death in CF patients.
Furthermore, prognosis is substantially poorer in females, with
a median survival 3–5 yrs shorter than in males [32, 33]. The
reason for this sex difference in survival is unclear. However,
some of the present findings may be relevant to this discussion.
Indeed, the cause of respiratory failure in CF patients is
multifactorial and includes worsening ventilation–perfusion
inequalities, increased dead space ventilation, increased work
and energy cost of breathing and reduced respiratory muscle
mechanical efficiency and strength [34]. As mentioned before,
changes in diaphragm geometry with ribcage expansion may
impair the pressure-generating capacity of the diaphragm,
particularly in females in whom ribcage expansion was
predominant (fig. 1). In the presence of worsening lung
mechanics, increased work of breathing and malnutrition, this
factor may eventually contribute to precipitate respiratory
failure more quickly in females. The associated reduction in
mechanical efficiency of the diaphragm, by increasing the
energy cost of breathing and carbon dioxide production in a
disproportionate manner, may also promote hypercarpnia
more rapidly in females [35]. A relatively greater contribution
of the inspiratory ribcage muscles to inspiratory pressure,
relative to the diaphragm, as documented in female CF
patients (fig. 3), may also alter ventilation distribution and in
this way promote ventilation–perfusion inequalities in the
lungs with a consequent worsening hypoxaemia [36]. The
same factors may also be expected to impair exercise
performance to a greater extent in female than in male CF
patients. Clearly, further studies will be required to test these
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possibilities and unravel this important, yet unexplained, sex
difference in prognosis in CF patients.

While a structural expansion of the rib cage may have
deleterious consequences for the diaphragm and for gas
exchange, particularly in female CF patients, it may also carry
some benefits. Indeed, both the greater volume capacity of the
rib cage relative to the lungs [15] and the longer ribs in relation
to height [25] in females than in males have been interpreted as
reflecting an evolutionary adaptation for pregnancy that
minimises the negative effects of abdominal distension on
lung function and abdominal pressure. The structural expan-
sion of the rib cage in female CF patients may thus preserve
this advantage in spite of pulmonary hyperinflation, should
they become pregnant. This may contribute to explain why
pregnancy does not appear to carry additional risks for
survival in female CF patients [37].

Conclusion
In summary, the present study has shown a systematic sex
difference in the pattern of thoracic adaptation to pulmonary
hyperinflation in cystic fibrosis patients. In female patients,
ribcage expansion was predominant, with a consequent
relative preservation of diaphragm length. In male patients, a
more normal distribution was found between the ribcage and
the diaphragm–abdomen, with a consequent greater short-
ening of the diaphragm. A structural adaptation of the ribcage,
presumably owing to an outgrowth of the ribcage 2.5 times
greater in females than males, could explain these findings. This
structural adaptation of the ribcage appeared to be associated,
during quiet breathing, with an enhanced contribution of
inspiratory ribcage muscles to inspiratory pressure relative to
the diaphragm. These findings may be relevant to the well-
known sex difference in survival in cystic fibrosis patients.
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