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Mechanical coupling between the hemithoraces in humans
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ABSTRACT:  Unilateral airway occlusion permits measurement of single lung func-
tion.  Since the results suggest that the occluded lung influences the mobility of the
contralateral hemithorax, we wanted to test this hypothesis.

In eight healthy subjects, we measured, using computed tomography, lung parenchy-
mal area and inner rib cage parasagittal and transverse diameters at three differ-
ent levels and at maximal inspiration and expiration. These measurements were
made without and during balloon occlusion of one mainstem bronchus at residual
volume (RV) and at total lung capacity (TLC).

Unilateral occlusion at RV reduced the ipsilateral diameters in maximal inspi-
ration, but the increase during inspiration was still 39–50% of that without occlu-
sion.  The inspiratory increase in contralateral diameters was reduced to 64–80%
of the increase without occlusion.  Occlusion at TLC reduced the expiratory decrease
in ipsilateral diameters to 37–57% of that without occlusion.  The expiratory decrease
on the contralateral side was reduced to 56–70% of that without occlusion.  Due to
accompanying mediastinal shifts the parenchymal areas of the occluded lung barely
changed.  In contrast, the contralateral area was 86–97% of that without occlusion.

We conclude that the movement of the two hemithoraces are, at least partially,
interdependent.  The occluded hemithorax prevents full expansion/compression of
the nonoccluded contralateral side, whilst its own mobility appears to be  increased
by the presence of this nonoccluded side.  Potential negative effects are outweighed
by the physiological benefit of the coupling,  as this mechanism could secure ven-
tilation to a chest half without own movement.
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In two previous studies on healthy subjects, we occlud-
ed one mainstem bronchus with an inflatable balloon and
measured the function of the other single lung. When
one lung was occluded at total lung capacity (TLC), the
other lung could not empty properly [1].  When it was
occluded at residual volume (RV), the other lung could
not expand fully [2].  These results indicate that the two
lungs cannot be at opposite extreme volumes at the same
time. The mobility of the rib cage is one of the factors
that determine maximal filling and emptying of the lungs
[3, 4]. When one lung is occluded at RV or TLC, the
hemithorax on that side cannot expand or compress prop-
erly.  We wondered if the reduced mobility on the occluded
side also limited the movement of the nonoccluded hemi-
thorax. If so, this could explain our physiological finding.  

The purpose of the present study was, therefore, to
determine how occlusion of a single lung at RV and
TLC affects the mobility of the chest wall, both on the
occluded and the nonoccluded side.

Subjects and methods 

Subjects

Eight healthy volunteers, six females and two males,
aged 19–44 yrs, were studied. They had no history of

respiratory or cardiac disease or recent airway infection.
Their ventilatory lung function was within normal limits
as determined by dynamic spirometry on the day of inves-
tigation [5]. One additional male was investigated but
excluded due to failure of the inflated balloon to occlude
the right mainstem bronchus. Each subject was informed
carefully about the purpose and content of the study,
both verbally and in writing.  All gave written informed
consent to participate. The study was approved by the
Regional Health Area Ethics Committee.

Study design

This was an open within-subject comparative experiment.
From computed tomography (CT) scans, lung paren-
chymal area and inner rib cage diameters of each hemi-
thorax were measured in four different consecutive cir-
cumstances, randomly sequenced: maximal inspiration
without and during unilateral occlusion of one mainstem
bronchus at RV;  and maximal expiration without and
during occlusion of the same lung at TLC.

Airway occlusion

The mainstem bronchus was occluded by inflating the
balloon of an 80 cm long Fogarty venous thrombectomy
catheter, size 8/10 French (American Edwards Laboratories,
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Santa Ana, Ca, USA).  The balloon had a maximum diam-
eter of 19 mm and a maximum capacity of 4 mL fluid.
The catheter was advanced transnasally into the main-
stem bronchus under guidance of a fibreoptic broncho-
scope (Olympus BF OC10) during topical anaesthesia
with nebulized oxybuprocaine. The subjects were pre-
medicated with atropine, diazepam and hydro-codone.
Other details of the insertion procedure, including safety
aspects, were as described in a previous paper [1]. 

With the deflated balloon in one mainstem bronchus,
the seated subject either inhaled or exhaled maximally
and held their breath. The balloon was then inflated rapid-
ly with saline until it completely occluded the airway.  The
position of the balloon was checked during one or two tidal
breaths before deflation. The inflation/deflation procedure
was repeated, if necessary, to adjust the position of the
balloon and the volume of instilled saline. The catheter
with deflated balloon was then fixed to the nostril, the
bronchoscope removed and the subjects placed on the
CT table in the supine position. During a VC manoeu-
vre, the nose/carina distance varies within approximately
1 cm.  A change in posture from sitting to supine affects
this distance appreciably less.  The volume-induced change
in distance poses no problem in the long left mainstem
bronchus.  In contrast, to be certain that the balloon was
inflated in the right mainstem bronchus (four subjects),
the nasal fixation point of the catheter had to be adjusted
when occlusion volume was changed from one to the other.

Thoracic CT scans

Rib cage dimensions were assessed with a CT-T-9800
(General Electric, Milwaukee, WI, USA) and with stan-
dard algorithms.  Matrix size was 256 × 256 and scan
time 2 s.  Four series of transverse images were exposed:
1) at maximal inspiration with deflated balloon; 2) at
maximal expiration with deflated balloon; 3) at maximal
inspiration just after occlusion of one mainstem bronchus
at maximal expiration; 4) at maximal expiration just after
occlusion of the same bronchus in maximal inspiration.
Immediately before exposure, the subjects performed two
or three tidal breaths before they inhaled or exhaled com-
pletely. Each series consisted of three sections, each 5
mm thick and 2 cm apart. The level of the most cranial
(upper) section was determined in maximal inspiration
without occlusion and corresponded to the carina. One
series was completed in 11 s, during which time the sub-
jects held their breath in maximal inspiration or expiration.
Lung volume was not controlled during breathholding.
The subjects were not allowed to move on the table
between series. The balloon was never inflated more than
30 s at a time and was always deflated between each
series. Arterial oxygen saturation was recorded through-
out the procedure with a pulse oximeter (Minolta Pulsox-
7), and remained well above 90% in all subjects.

Variables

From each section, 12 in total for each subject, the
maximum right and left inner parasagittal diameter, right
and left transverse diameter, the mediastinal shift, and
the right and left parenchymal area were measured.  Figure 1

shows a redrawing of one section and the variables mea-
sured.  The variables were calculated as the distance between
two measuring points, moveable on the monitor with a
track-ball.  The inner parasagittal diameter was measured
on the monitor along a sagittal line from the most poste-
rior position of the pleura.  The transverse diameter of one
hemithorax was measured along a horizontal line from the
most lateral point of the pleura to a vertical line through
the centre of the vertebra.  The latter line served as the ref-
erence line for the mediastinum.  The mediastinal shift was
taken as the distance that the posterior connecting point of
the anterior junction line moved away from the reference
line.  The area of each lung section was calculated as the
sum of all pixels with attenuation value less than minus
200 Hounsfield units (HU) within each hemithorax.  The
medial border of one hemithoracic area was defined by
the mediastinum, irrespective of its position.

The lung with the balloon was the ipsilateral lung.  An
index of symmetry of the ipsilateral and contralateral
hemithorax due to occlusion was calculated as follows.
Firstly, the observed increase in the parasagittal dia-
meter from maximal expiration to maximal inspiration
during occlusion was expressed as a fraction of the expect-
ed increase, i.e. the increase without occlusion.  Secondly,
when this fraction was computed for both hemithoraces,
the ratio of the ipsilateral to the contralateral fraction
was taken as a measure of symmetry in full inspiration
during occlusion of one lung at RV.  An index of sym-
metry in full expiration during occlusion of the same
lung at TLC was calculated in the same way.

Randomization and statistics

In four subjects the right lung was occluded, and in
the other four the left.  The side to be occluded and the
sequence of series were randomized for each subject
according to a duplicated balanced latin square design.
Statistical Package for the Social Sciences (SPSS, ver-
sion 4.0) was used for the data entry and analysis.  Mean
values were compared by the two-tailed paired t-test and
considered to be significantly different if the p-value was
less than 0.05.
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Fig. 1. – Redrawing of the computed tomography scan of the upper
thoracic section of subject No. 6, viewed from beneath, at maximal
inspiration during occlusion of the right lung at residual volume.  PD:
parasagittal diameter;  TD:  transverse diameter;  RL: reference line;
MS:  mediastinal shift;  A:  area.  Note the smaller dimensions on the
right side (arrows not drawn) as compared to the left.



Results

Effect of occlusion on the contralateral hemithorax

The parasagittal and transverse diameters of all con-
tralateral sections were significantly reduced in maximal
inspiration when the ipsilateral lung was occluded at RV
(table 1).  Compared to the inspiratory increase without
occlusion, these diameters increased 80% or less during
occlusion.  The effect of occlusion on the contralateral  area
was smaller, but still significant in the upper two sections.

When the ipsilateral lung was occluded at TLC (expira-
tory occlusion), the contralateral diameters were signifi-
cantly larger in maximal expiration than they were with-
out ipsilateral occlusion (table 2). Again, the effect of
expiratory occlusion on area was small and not signifi-
cant in the lower section.

Effect of occlusion on the ipsilateral hemithorax

Table 3 shows that all ipsilateral dimensions were sig-
nificantly decreased in maximal inspiration when this
lung was occluded at RV.  Similarly, during expiration,
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Table 1. – Contralateral hemithoracic dimensions in maximal inspiration without occlusion and during ipsilateral
occlusion at RV in eight healthy subjects
Variable Contralateral section Increase*                 SED            p-value

No occlusion          Ipsilateral occlusion     (% expected)
at RV

Parasagittal diameter cm Upper 15.3 13.6 64 0.21 <0.001
(0.33) (0.30)

Middle 16.2 14.8 67 0.18 <0.001
(0.28) (0.24)

Lower 16.8 15.6 70 0.19 <0.001
(0.24) (0.24)

Transverse diameter cm Upper    12.1 11.9 80 0.11 <0.05
(0.27) (0.21)

Middle   12.7 12.3 65 0.07 <0.001
(0.25) (0.23)

Lower    12.8 12.3 71 0.07 <0.01
(0.25) (0.23)

Area  cm2 Upper   131.4 122.3 87 2.69 <0.05
(5.8) (5.2)

Middle  137.1 131.8 93 2.18 <0.05
(7.4) (7.9)

Lower  139.8    137.0 97 2.19 >0.20
(7.9) (7.9)

Values are presented as mean, and SEM in parenthesis.  *:  The increase is expressed as a % of expected.  SED:  standard error
of the difference between means; RV:  residual volume.

Table 2. – Contralateral hemithoracic dimensions in maximal expiration without occlusion and during ipsilateral
occlusion at TLC in eight healthy subjects
Variable Contralateral section Decrease* SED p-value

No occlusion      Ipsilateral occlusion (% expected)
at TLC

Parasagittal diameter cm Upper 10.8 12.7 56 0.24 <0.001
(0.35) (0.45)

Middle 12.1 13.8 56 0.24 <0.001
(0.32) (0.40)

Lower 12.9 14.6 56 0.20 <0.001
(0.26) (0.28)

Transverse diameter cm Upper    10.9 11.3 61 0.09 <0.01
(0.25) (0.23)

Middle   11.4 11.8 67 0.09 <0.01
(0.21) (0.23)

Lower    11.8 12.1 70 0.06 <0.001
(0.25) (0.24)

Area  cm2 Upper     63.6 73.3 86 2.42 <0.01
(4.6) (5.1)

Middle    72.9 78.7 91 2.01 <0.05
(6.2) (6.2)

Lower    76.7    78.5 97 1.76 >0.30
(7.2) (6.4)

Values are presented as mean, and SEM in parenthesis.  *:  identical to expected increase in table 1.  TLC: total lung capacity;
SED: standard error of the difference between means.
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the ipsilateral lung did not reach its minimal size when
it was occluded at TLC (table 4).

Occlusion of one bronchus did not prevent the ipsilateral
hemithorax from changing its dimensions. Both the
parasagittal and transverse diameters increased signifi-
cantly during inspiration (compare occluded ipsilateral
inspiratory dimensions (table 3) with nonoccluded expi-
ratory dimensions (table 4)) and decreased significantly
during expiration (compare nonoccluded ipsilateral inspi-
ratory dimensions (table 3) with occluded expiratory
dimensions (table4)) (p<0.01 for all). The area of the
ipsilateral lung parenchyma, however, did not change,
except in the upper section, where it was 10% smaller
during expiratory occlusion (table 4) than in inspiration
without occlusion (table 3) (p<0.01).

Asymmetry due to occlusion

The smaller increase in ipsilateral than in contrala-
teral parasagittal diameter during inspiratory occlusion
(tables 1 and 3, column 5) resulted in chest asymmetry.
The inspiratory symmetry index (ipsilateral/contralateral
ratio of the change in dimension as % expected) was
0.67, 0.58 and 0.59 for the upper, middle and lower sec-
tion, respectively.  Expiratory occlusion also led to asym-
metry (table 2 and 4, column 5) with symmetry indices
of 0.80, 0.74 and 0.71, respectively. All symmetry indices
were significantly different from 1 (p<0.001).  The dif-
ference between inspiratory and expiratory indices was
significant for the middle section only (p<0.05).

The mediastinum shifted towards the deflated occluded

Table 3. – Ipsilateral hemithoracic dimensions in maximal inspiration without occlusion and during ipsilateral occlusion
at RV in eight healthy subjects
Variable Ipsilateral section Increase*                SED p-value

No occlusion      Occlusion at TLC       (% expected) 
Parasagittal diameter cm Upper 14.8 12.2 44 0.24 <0.001

(0.24) (0.23)
Middle 15.9 13.2 39 0.24 <0.001

(0.17) (0.24)
Lower 16.4 14.1 41 0.23 <0.001

(0.21) (0.23)
Transverse diameter cm Upper    12.2 11.6 45 0.07 <0.001

(0.26) (0.28)
Middle   12.5 11.9 42 0.11 <0.01

(0.31) (0.31)
Lower    12.7 12.2 50 0.11 <0.01

(0.32) (0.31)
Area  cm2 Upper   129.9 68.1 5 3.43 <0.001

(4.5) (2.3)
Middle  137.3 72.5 2 4.53 <0.001

(5.6) (2.1)
Lower  139.8    77.8 0 4.97 <0.001

(6.8) (2.5)

Values are presented as mean, and SEM in parenthesis.  *:  the expected increase.  For abbreviations see legend to table 1.

Table 4. – Ipsilateral hemithoracic dimensions in maximal expiration without occlusion and during ipsilateral occlusion
at TLC in eight healthy subjects
Variable Ipsilateral section Decrease* SED p-value

No occlusion    Occlusion at TLC      (% expected)
Parasagittal diameter cm Upper 10.2 12.8 45 0.38 <0.001

(0.29) (0.37)
Middle 11.5 14.1 41 0.29 <0.001

(0.21) (0.36)
Lower 12.4 14.9 37 0.25 <0.001

(0.24) (0.27)
Transverse diameter cm Upper     11.1 11.5 57 0.07 <0.001

(0.26) (0.22)
Middle    11.5 12.0 47 0.08 <0.001

(0.28) (0.26)
Lower     11.7 12.2 43 0.10 <0.001

(0.28) (0.23)
Area  cm2 Upper     64.2 118.2 17 3.62 <0.001

Middle   70.9 131.8 7 4.42 <0.001
(2.3) (4.2)

Lower     78.0    142.0 -7 3.85 <0.001
(3.5) (4.4)

Values are presented as mean, and SEM in parenthesis.  *:  identical to expected increase in table 3.  For abbreviations see legend
to table 2.



lung during inspiration. The displacement was 2.7, 3.1 and
3.5 cm in the upper, middle and lower section, respec-
tively.  During expiratory occlusion, it moved in the oppo-
site direction, 2.8, 2.9  and 3.3 cm, respectively.  The increase
in the caudal direction was not statistically significant.

Discussion

This study has shown that limited expansion and com-
pression of one hemithorax, due to occlusion of its main
bronchus, are accompanied by reduced inspiratory and
expiratory movement of the other hemithorax as well.
The limiting effect that occlusion had was largest on the
ipsilateral side and led to chest wall asymmetry.  However,
the movements on that side were larger than expected.
On the nonoccluded side, the increase in diameters dur-
ing inspiration was less than 80% of expected, and the
decrease during expiration less than 70% of expected.
Due to compensatory mediastinal shifts, occlusion had
a much smaller effect on the nonoccluded parenchymal
area than on the rib cage diameters on this side.  These
results indicate that the hemithoraces are neither com-
pletely interdependent, nor completely independent.  The
independence is shown by the asymmetry, the interdepen-
dence by the fact that the nonoccluded hemithorax is
halted in its movement whilst that on the occluded side
is facilitated.

In anaesthetized dogs, inspiratory occlusion of the tra-
chea leads to decreased activity of some inspiratory mus-
cles (parasternal intercostals), and increased activity of
others (external intercostals and levator costae) [6].
Although similar mechanisms may have influenced the
results, we believe that our findings are best explained
by mechanical coupling between the two chest halves.
The upper ribs, in particular the first, are firmly attached
to the sternum [7] and are highly resistant to loads in
the superior and inferior direction [8].  The movement
of the first costovertebral joint is also limited, and the
first costal ring (the manubrium sterni, the first rib and
first vertebra) therefore moves as a rigid body [9].  The
sternum changes its position markedly in the sagittal
plane, the upper spine to a lesser degree, during a full
inspiratory manoeuvre [9].  If the displacement of these
structures is prevented on one side due to an occluded
lung, it is likely that the rigidity of the first costal ring
also arrests the movement of the other hemithorax.  In
dogs, experiments have indicated that the sternum and
upper ribs move as one anatomical unit [10].

Distortion of the rib cage may have contributed to the
reduced contralateral parasagittal diameters during inspi-
ratory occlusion. Increased inspiratory load has been
shown to decrease the sagittal and increase the trans-
verse diameter [11].  However, distortion seems to be
dependent on thoracic volume.  At high lung volumes,
the anteroposterior diameter increases rather than decreas-
es [12].  Our experimental design makes it difficult to
quantify thoracic volume during inspiratory occlusion,
but it was probably "high" on the contralateral side.  The
fact that the contralateral transverse diameters also de-
creased makes it unlikely that distortion contributed much
to the results.  The upper section was always taken first

and the lower last. We cannot rule out the possibility
that the rib cage changed its configuration in maximal
inspiration during the 11 s it took to complete one series
[11], and that the upper diameters were hence underesti-
mated.

Another possible measurement artifact may explain
why the 12 upper sections, which had the smallest para-
sagittal diameter, increased most during a normal inspi-
ration.  The upper section was preset to the carinal level
in full inspiration without occlusion, regardless of the
subsequent caudal movement of the conical rib cage [9].
Due to the curved shape of the thorax in its upper part,
the uppermost section would change its diameter more
than the others when moving up and down.  However,
although the distances between the sections were small,
the different direction of the rotating axis of the rib necks
at different levels also explains why the upper part
increased the most in the sagittal plane [13].

The upper contralateral section was also the one that
was inhibited most during inspiratory occlusion.  Again,
this could be explained by the conical and curved rib
cage.  On the other hand, the larger effect on the upper-
most section is also in agreement with the concept of a
rigid first costal ring [9].  The ribs that were farther away
from the first ring were obviously less influenced by the
latter and could expand more freely. Moreover, the de-
creases in ipsilateral parasagittal diameters were inde-
pendent of section, suggesting that the shape of the rib
cage did not contribute to the reduced diameters on that
side.  Finally, the larger symmetry in the upper compared
to the lower section, although not significantly different,
is also in agreement with the concept of a rigid first costal
ring. Due to the shift of the mediastinum, the nonoccluded
parenchymal area was less affected than the diameters on
that side.  The mediastinum obviously acted as a buffer
during occlusion and compensated for the reduced move-
ment of the bony structures. The compensation was
complete in the lower section, which was unaffected by
occlusion.

The findings in the present study are in agreement with
previous physiological studies, in which occlusion of one
lung at TLC led to a small but significant increase in
RV of the other lung [1], whilst unilateral occlusion at
RV led to a decreased TLC of the other lung [2].  The
compensatory effect that the mediastinal shift had on
lung area in this study explains why the previously
observed differences in lung volumes with and without
occlusion were small compared to the large difference
in the linear dimensions observed here.

Ideally, we should have measured the hemidiaphrag-
matic displacements during occlusion.  This might have
shown whether the third linear dimension of the rib cage
was reduced, not only on the occluded side (where it was
expected), but also on the nonoccluded side.  Theoretically,
however, the altered abdominal pressure caused by the
reduced displacement on the occluded side could have
led to a normal or even supernormal hemidiaphragmatic
displacement on the other side.  If the latter is the case,
the reduced sagittal rib cage expansion on the nonoc-
cluded side is buffered both by mediastinal shift and by
overextension of the hemidiaphragm on that side.
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Patients with hemithoracic disorders, unilateral lung
disease or single lung transplants could be regarded as
having a functional occlusion of one lung.  After single
lung transplantation for pulmonary emphysema, the sig-
nificant  increase in forced expiratory volume in one
second (FEV1) from 20 to 55% of predicted was accom-
panied by an insignificant increase in vital capacity (VC)
from 50 to 56% of predicted [14].  This suggests that
the native hyperinflated hemithorax prevented the new
lung from emptying properly.  Similarly, after single lung
transplantation for pulmonary fibrosis [15], the average
VC rose from 43 to 69% and (FEV1) from 50 to 79%
of predicted.  If we assume that the average postopera-
tive contribution of the remaining native lung was still
22 and 25% of the predicted VC and FEV1, the average
contribution of the new lung was 47% of the predicted
VC compared to 54% of the predicted FEV1.  This sug-
gests that the new lung was hindered from expanding
fully.  The effect of thoracotomy itself on VC [16] was
probably negligible in these studies.

In spite of being occluded, the ipsilateral hemithorax
increased its diameter by approximately 40% of what
was possible.  According to published volume-motion
coefficients for the supine rib cage [17], the corresponding
increase in lung volume is 25% of the vital capacity.
This is far more than the change in thoracic volume
measured in a body plethysmograph during forceful pant-
ing against the shutter [18].  It therefore appears as if
the occluded hemithorax was helped in its expansion by
its nonoccluded partner, but at the expense of the latter’s
own movement.  The mechanical coupling between the
two may be of importance in hemiplegic subjects, in
whom the ipsilateral respiratory muscles are severely
affected [19]. During voluntary deep ventilation, the max-
imal external sagittal diameter of the hemiplegic chest
wall was 90% of that on the healthy side [20].  In the
present study, the mean ipsilateral parasagittal diameter
during inspiratory occlusion was 84% of that without
occlusion. The small difference can be explained by dif-
ferent measuring techniques and the presumably higher
negative pressure in the occluded hemithorax in the pre-
sent study.

We conclude that reduced mobility of one chest half
limits that of the other as well. Conversely, and more
importantly, the more mobile nonoccluded chest half
appears to help to increase the movement on the occlud-
ed side. The coupling between the chest halves is most
likely caused by the rigidity of the uppermost part of the
thorax.  The negative effects are probably of little clin-
ical relevance. The positive effect of the coupling is phys-
iologically more important as this mechanism apparently
secures ventilation to a chest half that is unable to move
by its own.
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