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Greybeck B, Lu R, Ramanujam A, Adeyeye M, Wettergreen
M, Wynd S, Boriek AM. Regional diaphragm volume displacement
is heterogeneous in dogs. Am J Physiol Regul Integr Comp Physiol
312: R443-R450, 2017. First published January 18, 2017; doi:
10.1152/ajpregu.00270.2016.—Muscle shortening and volume dis-
placement (VD) are critical determinants of the pressure-generating
capacity of the diaphragm. The present study was designed to test the
hypothesis that diaphragm VD is heterogeneous and that distribution
of VD is dependent on regional muscle shortening, posture, and the
level of muscle activation. Radioopaque markers were sutured along
muscle bundles of the peritoneal surface of the crural, dorsal costal,
midcostal, and ventral costal regions of the left hemidiaphragm in four
dogs. The markers were followed by biplanar video fluoroscop
during quiet spontaneous breathing, passive inflatio to total lung
capacity (TLC), and inspiratory efforts against an occluded airway at
three lung volumes spanning the vital capacity [functional residual
capacity, functional residual capacity + '2 inspiratory capacity, and
TLC in both the prone and supine postures]. Our data show the ventral
costal diaphragm had the largest VD and contributed nearly two times
to the total diaphragm VD compared with the dorsal costal portion. In
addition, the ventral costal diaphragm contributed nearly half of the
total VD in the prone position, whereas it only contributed a quarter
of the total VD in the supine postition. During efforts against an
occluded airway and during passive inflatio to TLC in the supine
position, the crural diaphragm displaced volume equivalent to that of
the midcostal portion. Regional muscle shortening closely matched
regional VD. We conclude that the primary force generator of the
diaphragm is primarily dominated by the contribution of the ventral
costal region to its VD.

chest wall mechanics; modeling diaphragm kinematics; respiratory
muscle

MUSCLE SHORTENING, volume displacement (VD), the level of
muscle activation, and posture are important determinants of
the pressure-generating capacity of the diaphragm. Other in-
vestigators have studied the contribution of diaphragm muscle
shortening to diaphragm VD across different ventilation ma-
neuvers. Sprung et al. (26) measured regional muscle shorten-
ing of the diaphragm; however, the investigators did not
measure diaphragm displacement and only reported data at
spontaneous breathing and mechanical ventilation. In addition,
Wakai et al. (28) used sonomicrometry to measure muscle
shortening during quiet breathing and during more forceful
breathing. In earlier studies, we evaluated the regional mechan-
ical advantage in the diaphragm during active as well as
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passive volume changes (9, 29). We found a ventral to
dorsal distribution of mechanical advantage that is consis-
tent with the distribution of specifi blood flo in the costal
muscle of the dog diaphragm (19). We previously deter-
mined VD of the midcostal (MC) region of the diaphragm and
demonstrated that diaphragm VD is essentially proportional to
muscle shortening at low lung volumes (17). At high lung
volumes, diaphragm mechanical advantage decreases rapidly,
and we speculated that this was due to reduced abdominal
compliance or reduced volume expansion (29). While these are
all critical for understanding diaphragm mechanics and kine-
matics, little is known on how muscle shortening affects the
distribution of regional diaphragm VD. In addition, there is
essentially nothing known on the contributions of regional VD
to the total volume displaced by the diaphragm. It is also not
known how posture and the mode of ventilation modulate
regional VD of the diaphragm and, more importantly, how that
affects the VD of its entire hemidiaphragm. It is important to
determine the mechanical factors that interact to alter VD.
Understanding the heterogeneity of VD of the diaphragm in
healthy subjects may elucidate mechanisms that could explain
potential changes in the heterogeneity of diaphragm VD in lung
disease. Hyperinflatio of the lung in patients with chronic ob-
structive pulmonary disease causes the diaphragm to remodel,
thus altering the physiological range of VD (25). Remodeling
also changes the structural configuratio of the diaphragm,
leading to heterogeneous distribution muscle lengths (27) and
potentially heterogeneous VD of the diaphragm.

In this study, we tested the hypothesis that diaphragm VD is
heterogeneous and that distribution of VD is dependent on
regional muscle shortening, posture, and the level of muscle
activation in anesthetized dogs. To test this hypothesis, we
examined the contribution of different muscle regions [ventral
costal (VC), MC, dorsal costal (DC), and crural (Cr)] to the
total volume displaced by the left hemidiaphragm during sev-
eral ventilation maneuvers in prone and supine postures. In an
effort to determine the effect of lung volume on regional
muscle shortening of the diaphragm, we computed regional
muscle shortening and computed regional VD of the dia-
phragm using computational modeling techniques. Such com-
putations were conducted during spontaneous breathing, pas-
sive inflatio to total lung capacity (TLC), and forceful inspira-
tory efforts during an occluded airway at functional residual
capacity (FRC), FRC + Y inspiratory capacity (2 1C), and
TLC in lightly anesthetized dogs. Our data uncovered, for the
firs time, a potential mechanism modulating the regional
distribution of diaphragmatic VD through nonuniformity of
muscle shortening of the diaphragm.
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METHODS

Imaging. Four female bred-for-research beagle dogs of body mass
10.1 = 0.3 kg and inspiratory capacity 0.7 = 0.1 liters were used for
this study. Dogs were maintained according to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and all
procedures were approved in advance by the Institutional Animal
Care and Use Committee of Baylor College of Medicine. Dogs were
deeply anesthetized with pentobarbital sodium (60—80 mg/kg) and
surgically prepared using the same methods of our previous study (8).
The abdomen was opened by midline laparotomy, and silicone-coated
lead spheres were sutured onto the peritoneal surface of the left
hemidiaphragm of the dogs. Three or four of those spherical markers
were placed at ~1-cm intervals along six costal muscle fiber equally
spaced around the circumference of the costal diaphragm. Two of
these muscle bundles separated the costal diaphragm into VC, MC,
and DC regions. Three to four markers were also placed along two
muscle bundles of the Cr diaphragm. Animals were allowed to recover
for 3—4 wk after surgery, as per Easton et al. (15). In the study by
Easton and colleagues (15), minimal diaphragm tissue fibrou encap-
sulation was found after 3 wk of implantation, and segmental muscle
shortening had stabilized after 3 wk. After recovery, animals were
then anesthetized using an intravenous injection of pentobarbital
sodium (Nembutal DEA Schedule II; 30 mg/kg body wt) and intu-
bated with a cuffed endotracheal tube during the execution of all
breathing maneuvers. The level of anesthesia was light based on the
dosage.

Induction of respiratory loads. After the induction of anesthetic,
dogs were placed in the prone or supine position in a radiolucent body
plethysmograph situated in the test fiel of an orthogonal biplane
fluoroscopi system. Animals were mechanically ventilated using a
supersyringe until the lungs inflate to TLC, which was define as the
volume at an airway pressure of 30 cmH>O. The three-dimensional
locations of the markers were obtained from a biplane video-fluoro
scopic system with a high spatial (=0.5 mm) and temporal (30 Hz)
resolution. Biplanar fluoroscopi images were taken at TLC. After
steady, quiet breathing was resumed, images were taken at the end of
expiration and end of inspiration during spontaneous breathing. The
airway was then occluded at three different volumes (FRC, FRC +
%1C, and TLC), and images were taken after the dogs’ fourth-sixth
forceful inspiratory effort against the occluded airway. Once com-
pleted, the dog was placed in the opposite posture and the procedure
was repeated.

Diaphragm modeling. The biplane fluoroscopi images taken dur-
ing the respiratory maneuvers were used to determine the three-
dimensional coordinates of the markers. These coordinates were
imported into a nonuniform rational B-spline (NURBS) modeling
software, Rhinoceros 3.0, to construct a three-dimensional model of
the diaphragm to determine its surface and VD relative to FRC during
the different passive and active ventilatory maneuvers.

Computation of diaphragm muscle shortening. The lengths of the
three adjacent muscle fiber in the MC region of the diaphragm were
computed at the reference and active states of each maneuver using
the three-dimensional coordinates obtained from the biplane images.
Linear distances between adjacent markers were calculated and then
summed to represent the muscle fibe length. Fractional muscle
shortening was computed as the ratio of the change in muscle fibe
length between the reference and active states to the muscle fibe
length at FRC.

Computations of diaphragm VD. To compute VD between two
fitte surfaces at two different lung volumes, the modeling software is
designed to compute the resulting intersection curve to an accuracy of
1/100 mm. When the surfaces intersected and actually displaced two
distinct volumes VDs were decomposed into two primary compo-
nents: /) the abdominal component is in the caudal direction and
displaces the abdominal wall outward, and 2) the ribcage component
presents a lateral displacement of the diaphragm insertion on the chest
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wall causing an inspiratory action of the diaphragm on the ribcage.
The ribcage component was termed pleural because it exerts pressure
laterally on the pleural cavity. The total VD by the diaphragm was
computed as the sum of these two components. The net volume
displaced was computed as abdominal VD minus pleural VD. To
compensate for differences in marker placement and regional dia-
phragm size distribution, the regions were normalized by the ratio of
total diaphragm surface area at FRC to the regional surface area of the
diaphragm at FRC.

Statistics. Statistical analysis was done with one-factor ANOVA
tests for differences between ventilation states, lung volumes, posture,
and mode of ventilation, and these variables were examined by
Tukey’s multiple-comparison tests. One-factor tests were used to
determine the overall significanc of posture and mode of ventilation
on VD. Multiple-comparison Tukey tests were performed to deter-
mine significan differences between individual groups.

RESULTS

Regional diaphragm surfaces. Surfaces were generated
from radiopaque markers using NURBS (Fig. 1) to create
the hemidiaphragm model and illustrate its four regions
(VC, MC, DC, and Cr). The surfaces generated for each
ventilation state were individually superimposed onto the
FRC surface to compute volume displaced during the respi-
ratory maneuver (Fig. 2). We have termed these components
as abdominal and pleural volumes (Fig. 3). Some pairs of
surfaces had no intersection, and the displaced volume was
entirely abdominal.

Total VD. The data in Fig. 4 show the percent total VD of
local regions of the diaphragm under various modes of venti-
lation (spontaneous breathing, occluded at FRC, occluded at
FRC + '%IC, occluded at TLC, and passive inflatio to TLC)
and in two postures [prone (A) and supine (B)]. The regional
diaphragm VD relative to the total diaphragm VD did not
change significantl between respiratory maneuvers in ei-
ther the prone or supine postures. However, VD given by
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Fig. 1. Surface of the left hemidiaphragm at the end of expiration (EE)
during quiet spontaneous breathing in a representative prone dog. The
position of muscle fiber in each of the four regions [ventral costal (VC),
midcostal (MC), dorsal costal (DC), and crural (Cr)] is shown. Nine muscle
fiber (brown), excluding the Cr-costal boundary, were used to create
surfaces to study volume displacement (VD) in the costal and Cr dia-
phragm. The central tendon (CT) insertion and chest wall (CW) insertion
are also indicated on the diagram.
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Fig. 2. Two surfaces of the diaphragm at the EE (red) and end of inspiration
(EI; blue) during spontaneous quiet breathing in the same prone dog shown
in Fig. 1. The surfaces were divided into the four regions of the diaphragm
(VC, MC, DC, and Cr) by the muscle fiber shown. The diaphragm at the
EI descends along the CT insertion site as it contracts, which is shown as
being underneath the surface at the EE. This is shown in the dark red color.
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each region of the diaphragm varied significantl with each
other within a ventilation mode in each of the postures (P <
0.001).

Net VD. Net volume displaced is calculated through subtrac-
tion of the pleural volume from the abdominal volume. The
data in Fig. 5 show the net volume displaced in different modes
of ventilation and postures. In the prone position, we observed
a significan decrease in net volume displaced by the DC
portion of the diaphragm with increasing lung volumes. This
suggests that in the prone position, and at higher lung volume,
the dorsal diaphragm contributes most to the pleural volume
displaced. In contrast, in the supine position, there were no
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Fig. 3. Abdominal (green) and pleural (pink) volumes displaced by the
diaphragm during spontaneous breathing in the same prone dog as shown in
Figs. 1 and 2. The surfaces of the diaphragm at the EE (red) and EI (blue) cross
along a line of intersection, thereby displacing two distinct volumes: the
abdominal and pleural volumes. Note that the dorsal region of the costal
diaphragm displaced the most pleural VD compared with the other regions of
the diaphragm.
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Fig. 4. Percent total volume displaced (VD) (abdominal VD + pleural VD) by
the four regions of the diaphragm (VC, MC, DC, and Cr) as a function of
posture (prone and supine). Total VD was determined for the each of the
modes of ventilation [spontaneous quiet breathing, occluded (Occ) at func-
tional residual capacity (FRC), occluded at functional residual capacity plus
half inspiratory capacity (FRC + '4IC), occluded at total lung capacity (TLC),
and passive inflatio to total lung capacity (passive TLC)]. While regional
changes in total VD stayed consistent throughout changes in posture and mode
of ventilation, there were apparent regional variations within each posture and
ventilation state (P < 0.001).

significan differences in net volume displaced between respi-
ratory maneuvers in all regions of the diaphragm. There was,
however, a significan variation in volume displaced by each
region of the diaphragm (P < 0.001).

Regional muscle shortening. Muscle fibe shortening was
plotted against the location of the muscle fibe region in Fig. 6.
For both postures, we determined nonuniform changes in
muscle shortening with diaphragm regions under different
respiratory maneuvers. The data show that muscle shortening
increased during forceful efforts, against the closed airway at
higher lung volume (e.g., FRC + %2IC and TLC). Furthermore,
regional muscle shortening appeared to be highest at the
VC-MC region in both supine and prone postures.
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Fig. 5. Percent net volume displaced (VD) (abdominal VD — pleural VD) by
the four regions of the diaphragm (VC, MC, DC, and Cr) as a function of
posture [prone (A) and supine (B)] and mode of ventilation (spontaneous quiet
breathing, occluded at FRC, occluded at FRC + 4IC, occluded at TLC, and
passive inflatio to TLC). Error bars on both graphs represent SEs. There was
a large contribution of pleural VD compared with abdominal VD in the DC
portion of the diaphragm, as indicated by the negative net VD in both the prone
and supine postures. During spontaneous breathing, there was significantl
more contribution of the pleural VD in the prone posture compared with the
supine posture (P < 0.001). There was a significan variation in volume
displaced by each region of the diaphragm in both postures (P < 0.001). As
lung volume increased against the occluded airway, dogs under the prone
position exhibited a decrease in pleural VD in the DC region of the diaphragm.
No significan changes in net volume displaced were observed as a function of
mode of ventilation in the supine posture.

DISCUSSION

Our study uncovered a potential mechanism modulating the
regional distribution of diaphragmatic VD through nonunifor-
mity of muscle shortening of the diaphragm. We determined
the local diaphragm regional contribution to its total VD and
how diaphragm muscle shortening, mode of ventilation, and
posture modulate VD. To enable lung expansion during inspi-
ration, the diaphragm displaces volume that may be closely
related to the curvature and shortening of its muscle fibers The
muscle bundles that form the diaphragm are curved between
their insertion points at the central tendon and chest wall,
giving the diaphragm its distinctive regional curvatures and
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consequently its complex shape (2, 5). Each muscle fibe of the
diaphragm exerts a force in the direction of its curvature, in
contrast to most skeletal muscles, which exert a force along the
same axis of its muscle fiber (3). We have previously shown
that diaphragm muscle fiber in dogs resemble circular arcs and
that when these muscle fiber shorten during contraction, they
rotate around their insertion at the chest wall (8). This unique
feature of diaphragm muscle kinematics allows the muscle
fibe curvature to remain nearly constant, specificall in the
costal region during quiet spontaneous breathing and forceful
inspiratory efforts. Our previous study, which was limited to
the MC diaphragm, showed that muscle fibe curvature mod-
ulated the relationship between muscle shortening and VD
(17). In particular, we uncovered a nonlinear relationship
between diaphragm muscle shortening and its VD, and that
was due in part to a loss of diaphragm curvature at extreme
muscle shortening (17). These finding complemented our data
on the relationship between diaphragm muscle length and
diaphragm muscle curvature, which showed that curvature was
nearly constant during spontaneous breathing but decreased
sharply during maximal stimulation of the diaphragm (4). We
speculated that if lung compliance was increased and the chest
wall and ring of diaphragm insertion were enlarged, as in the
case of chronic obstructive pulmonary disease, that a signifi
cant decrease in diaphragm curvature could contribute to the
loss of diaphragm function (4). Although both of our earlier
studies (4, 17) were limited to the MC diaphragm, they pro-
vided an important link between the level of muscle activation,
diaphragm curvature, and VD. In an earlier study, we used the
relationship between muscle shortening and lung volume to
calculate the mechanical advantage of the diaphragm (29). In
that study, we argued that with greater passive shortening,
there is an increased inspiratory effect per unit o (stress);
however, with increased muscle shortening, greater displace-
ment along the length-tension curve promotes a more pro-
nounced change in diaphragm shape (29). Previously, we
established that if tension is uniform, variations in diaphragm
thickness would result in nonuniform diaphragm stress (7). In
addition, Margulies et al. (22) suggested that even if the stress
were uniform, variations in diaphragm thickness would affect
the local curvature and thus the shape of the diaphragm. In
addition, Hubmayr et al. (18) demonstrated that the shape of
the diaphragm influence its efficienc to modulate transdia-
phragmatic pressure. Other investigators have examined the
effect of surrounding muscles and structures on the function of
the diaphragm (12, 20). Leduc et al. (20) noted that to the firs
approximation, the change in diaphragm length is proportional
to the relative displacement of the dome and the muscle
insertions into the ribs. In addition, we have recently used
three-dimensional software to model the interaction between
the ribs and MC diaphragm and concluded that the kinematics
of the lower ribcage and its mechanical interaction with the
diaphragm are more complex than previously known (12).
Understanding how the diaphragm interacts with the chest wall
is important in understanding the mechanics of the respiratory
system. It is also important to uncover how such interaction
would affect regional VD of the diaphragm. While there have
been some attempts to model the diaphragm as a whole and its
VD in relation to other respiratory structures (21, 23, 24), the
question of how regional muscle shortening contributes to the
entire volume displaced by the diaphragm remains largely
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Fig. 6. Percent muscle shortening within each of the
four regions (VC, MC, DC, and Cr) at two different
postures [supine (A) and prone (B)]. Average percent
muscle shortening was computed for all breathing
maneuvers: spontaneous quiet breathing, occluded
at FRC, occluded at FRC + %IC, occluded at TLC,
and passive inflatio to TLC. SEs are represented by

the bars in each graph. ANOVA showed a signifi
cant decrease between the percent muscle shortening
during spontaneous breathing compared with all
other ventilatory maneuvers in all regions of the
costal and Cr diaphgram for both postures (*P <
0.01). There were no significan differences in per-
cent muscle shortening between the regions for all
occluded efforts; however, there was a significan

* reduction of the percent muscle shortening in the
dorsal region during spontaneous breathing com-
pared with the percent muscle shortening in the
other regions of the diaphragm during spontaneous

+ breathing (#P = 0.04).
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unknown. Therefore, we used three-dimensional modeling
software to reconstruct the in vivo diaphragmatic surface to
uncover the precise contributions of muscle shortening in
various regions of the costal muscles (VC, MC, and DC) as
well as the Cr muscle to the total diaphragm displacement.
Determinants of total regional diaphragm VD. The data in
Fig. 4 show the percent contribution of the VC, MC, DC, and
Cr regions to the total volume displaced by the diaphragm
during different ventilation states (spontaneous breathing,
forceful inspiratory efforts against an occluded airway at FRC,
FRC + %IC, TLC, and passive inflatio to TLC) in prone (A)
and supine (B) postures. Total VD of the diaphragm was found
as the sum of the abdominal and pleural components of VD.

Crural

Passive TLC

The regional diaphragm VD relative to total diaphragm VD did
not change significantl between respiratory maneuvers in both
supine and prone postures. This uniformity in total regional
diaphragm VD regardless of inspiratory load and posture could
be a result of a relatively constant shape of the diaphragm
during inspiration. This is consistent with our finding (7, 8)
that showed that diaphragm shape was similar regardless of the
mode of ventilation or body position. Amancharla et al. (1)
explained this phenomenon by modeling the kinematics of the
active MC diaphragm and measuring displacements of the
chest wall upon inspiration. They discovered that lateral dis-
placement of the chest wall is an important mechanism for
limiting the changes in the shape of the active MC diaphragm.
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Other mechanisms that are at least partly responsible for con-
stancy of diaphragm shape were explored by a finite-elemen
model of the diaphragm (6). Our model suggested that changes of
diaphragm shape are restricted because the central tendon is
essentially inextensible and stiffness in the direction transverse to
the muscle fiber is greater than stiffness along the fibe (6). Our
evaluation of the regional mechanical advantage in the dia-
phragm during active as well as passive volume changes
uncovered lower mechanical advantage of the dorsal region
that is consistent with a potentially lower muscle activation of
the dorsal region compared with other regions of the dia-
phragm (29). Our earlier data showed that muscle thickness of
the dorsal region of the diaphragm is about two-thirds of the
thickness in the mid- and ventral regions (10, 14), and this is
consistent with smaller blood flo to the dorsal region (11).

In the present study, we demonstrated a decreased VD of the
DC portion of the diaphragm in both the supine and prone
positions in all modes of ventilation used in this study. Figure
4 shows that there were no significan differences in diaphragm
VD between respiratory maneuvers in both postures. ANOVA
showed significan variation in the percent contribution to total
VD that occurred between regions within each maneuver in
prone and supine postures (P << 0.001). Our results showed that
regardless of posture, the VC diaphragm displaced the most
volume during inspiration. In the prone position, the VC region
contributed at least two times to total VD compared with the
dorsal region. In contrast, the VC region contributed four times
of the total VD of the dorsal region in the supine position. In
the prone posture, the mode of ventilation did not affect the
contribution of the MC portion of the diaphragm to total VD
compared with the Cr region. Regardless of the mode of
ventilation, both MC and Cr regions contributed similarly to
total VD. In contrast, for spontaneously breathing dogs lying in
the supine posture, the MC region of the diaphragm displaced
a volume two times as much as the Cr region and three times
that compared with the DC portion. Interestingly, during pas-
sive inflatio to TLC in the prone position, the surface of the Cr
portion of the diaphragm increased and displaced volume
similar to that of the MC portion. The disparity between the
prone and supine postures is clearly shown by the drop in
volume displaced by the DC portion of the diaphragm in the
supine compared with prone posture. In contrast, there were no
significan changes in total volume displaced by each region of
the diaphragm in both supine and prone postures during force-
ful efforts against an occluded airway at increasing lung
volumes.

Determinants of regional net diaphragm VD. We have
shown that the contribution to total diaphragm VD by different
regions of the diaphragm across various ventilation states
remains fairly constant. However, our data in Fig. 5 demon-
strate that the net VD is nonuniform across different levels of
muscle contraction as well as passive inflatio to TLC, partic-
ularly in the prone posture. Interestingly, our data show a
significan decrease in the pleural component of VD within the
dorsal region of the diaphragm at passive inflatio to TLC as
well as increased level of muscle activation during occluded
inspiratory efforts against an occluded airway. Thus, although
the total diaphragm VD in the dorsal region is relatively
unchanged, the contribution of VD in the prone posture ap-
pears to be more shifted toward the abdomen relative to the
pleural cavity with increasing lung volumes as well as higher
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level of muscle activation. This can be explained by the fact
that more forceful inspiratory efforts against a closed airway at
high lung volumes results in a narrowed diaphragmatic zone of
apposition and reduced abdominal compliance. This directly
reduces the ability of the abdominal pressure to exert an
inspiratory force on the ribcage across the zone of apposition.
As a result, there is a reduction in the lateral displacement of
the diaphragm toward the ribcage, resulting in a reduced
pleural VD.

For the supine posture, regional net volume displaced by
the dorsal region of the diaphragm in spontaneously breath-
ing dogs contributes significantl lower VD relative to the
prone posture. The volume displaced by the various regions
of the costal and Cr muscle in the supine posture showed no
specifi pattern with changes in mode of ventilation. In the
supine position, there appeared to be a small shift from lateral
to abdominal displacement at higher lung volumes during a
closed airway at FRC + AIC as well as passive inflatio to
TLC. This is consistent with the finding by Amancharla et al.
(1), which demonstrated the ability of their diaphragm model
to predict diaphragm displacement based on the hypothesis of
nearly constant curvature of the diaphragm muscle fiber
throughout the physiological range of ventilation in both prone
and supine postures. They found that compared with the prone
posture, the lateral displacement of the chest wall during
inspiration was less than necessary to maintain constant cur-
vature of the diaphragm in the supine posture. Furthermore,
Wilson et al. (29) estimated that during spontaneous breathing,
the diaphragm contributes ~40% of inspiratory pressure in the
prone posture and ~30% in the supine posture with increased
mechanical advantage for the more physiological prone posture
compared with the nonphysiological supine posture. Thus, for
the supine posture, reduced pleural VD in the DC region of the
diaphragm results in the reduction of the dorsal region contri-
bution to the VD of the diaphragm.

Costal versus crural VD. Our results show that the contri-
bution of the Cr diaphragm to VD is smaller than that of the
costal diaphragm muscles. Easton et al. (14) measured muscle
shortening of the costal and Cr diaphragm regions as well as
electromyogram activity. Although the investigators in that
study did not measure VD, their observation that costal and Cr
diaphragm segments exhibited differential function during
chemical stimulation is consistent with our finding showing
differential VD of the costal and Cr diaphragm muscles. Our
data show that during spontaneous breathing, the Cr muscle
displaced ~20% of the entire costal diaphragm in the prone
position, whereas it contributed nearly 16% in the supine position.
During passive inflatio to TLC, the Cr muscle contributed nearly
22% and 20% compared with that of the entire costal dia-
phragm in the prone and supine positions, respectively. These
data are consistent with our earlier work showing that mechan-
ical advantage decreased from ventral to dorsal and that the
lowest mechanical advantage is in the Cr portion of the
diaphragm. This also agrees well with blood flo patterns in
the diaphragm (19).

Regional muscle fiber shortening. Our results show that
muscle fibe shortening varies across different regions of the
costal and Cr diaphragms. Particularly, percent shortening
increases from the VC to MC region, where it plateaus and
decreases from the MC to DC portion of the diaphragm. This
resembles the percent blood flo to various portions of the
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Fig. 7. Percent muscle shortening of the different regions of the costal
diaphragm (refer to inset schematic for region identification compared with
the regional blood flo per gram of muscle. Blood flo was normalized as a
ratio of the regional blood flo to that measured in costal region 7 during rest,
as determined by Johnson et al. (19). Percent muscle shortening in the costal
diaphragm coincided with the normalized regional blood flow with increasing
muscle shortening and blood flo occurring from ventral to MC regions and
then decreasing muscle shortening and blood flo  from MC to dorsal regions.

diaphragm as shown by Johnson et al. (Fig. 7) (19). Diaphragm
shortening corresponds to regional thickness of the diaphragm,
where thickness of the dorsal muscle layer of the costal
diaphragm is one-third less than the thickness displayed in the
mid- and ventral regions, as reported by our earlier work (7). It
is important to recognize that our data were generated using
anesthetized dogs. One of the earliest studies to uncover the
effect of induction of anesthesia on muscle lengths in dogs was
conducted by Fitting et al. (16). The investigators in that study
found clear differences between the costal and Cr diaphragms
during anesthesia; the Cr segment increased its FRC lengths by
nearly 7.6% after 30 min of anesthesia induction, whereas the
costal muscle did not change. From these findings our short-
ening data of the Cr muscle but not the costal muscle could be
different from awake dogs. It is also important to recognize
that physiological measurements of awake dogs would have
been confounded by incomplete regional recovery of the di-
aphgram. However, a return to anesthesia would have resolved
that potential confounding influenc during the performance of
breathing maneuvers (15).

Other factors affecting the heterogeneity of diaphragm VD.
One of the factors that can influenc the heterogeneity of the
diaphragm VD is regional differences in neural activation.
Although maximal neural activation of the diaphragm was not
included in this study, different levels of muscle activation
from low submaximal activation during quiet breathing to
higher levels of submaximal activation during occluded airway
efforts were investigated. Our data in Fig. 4 did not show
significan differences in regional total VD regardless of level
of muscle activation. The total VD was nearly constant among
different regions of the diaphragm for both supine and prone
postures. Our data in Fig. 5 demonstrated that the net VD in the
dorsal region was sensitive to the level of muscle activation in
the physiological prone posture; however, in the supine posi-
tion, the net VD did not appear to be associated with any
changes regardless of the level of muscle activation. Altered
gravitational loading between supine and prone positions could
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mediate an altered muscle activation, and thus the observed
regional differences in net VD cannot be explained by muscle
activation alone.

Another factor that could potentially influenc the heteroge-
neity of VD are the diaphragm tissue mechanics. The muscle
length-tension relationship should be consistent with the trans-
diaphragmatic pressure-volume relationship. Thus, any altera-
tion in the regional muscle length-tension relationship of the
diaphgram may lead to altered pressure-volume relationships.
Our data show that regional muscle shortening closely matched
regional VD.

The mechanical interaction between the lower ribcage, dia-
phragm, and abdominal wall is another determinant of dia-
phragm VD. Our data in Fig. 5 show net VD calculated through
subtraction of the pleural volume from the abdominal vol-
ume at different breathing maneuvers. During normal spon-
taneous breathing in the supine position, there appears to be
minimal differences between pleural and abdominal VD,
whereas in the prone position, pleural VD is much greater
than abdominal VD.

Perspectives and Significance

Our study has shown that regional differences in diaphragm
VD are modulated by changes in posture, mode of ventilation,
and muscle shortening. In particular, we showed nonuniform
contributions of different regions of the diaphragm to total VD.
The ventral region of the costal diaphragm muscle has the
greatest contribution to total VD compared with other regions
of the diaphragm. In addition, the contribution of total VD by
each region remains nearly constant irrespective of posture or
mode of ventilation. Since net VD is a good measure of the
ratio of lateral to caudal displacement, a large negative net VD
is correlated with more lateral movement of the chest wall
expanding the ribcage, whereas a positive net VD is associated
with greater caudal displacement of the diaphragm pushing the
abdomen wall outward. In the physiological prone posture, the
DC portion of the diaphragm exhibited a large contribution to
net VD. Yet, our data show a significantl lower contribution
to net VD by the dorsal diaphragm in the nonphysiological
supine position. Additionally, the same lateral diaphragm VD
in the DC portion of the prone posture exhibited a decrease in
VD that corresponds to increasing lung volume. Our results
show that regional muscle shortening of the diaphragm was
nonuniform and closely matched the total and net VD distri-
bution of those regions of the diaphragm. Muscle shortening
was higher in the VC and MC regions of the diaphragm, and
percent muscle shortening dropped significantl in the DC
region of the diaphragm. This correlates well with our previous
study on the regional effects of the diaphragm on its mechan-
ical advantage. In particular, our data on muscle shortening are
consistent with the regional blood flo patterns of the dia-
phragm shown in Fig. 7 (19). This suggests that although the
DC portion is important for exerting inspiratory effect on the
chest wall, most of the force-generating power and also VD of
the diaphragm needed to generate pressure is developed by the
VC portion of the diaphragm. Our study provides new insights
on the importance of regional muscle shortening to efficien
pump function. Our data demonstrate that diaphragm VD is
heterogeneous and that its distribution is consistent with the
distribution of mechanical advantage of the diaphragm high-
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lighted in our earlier work (29). The heterogeneous distribution
of VD and muscle shortening are consistent with blood flo
heterogeneity during exercise in both dogs (19) and ponies
(21). Future studies that are designed to investigate how
regional muscle shortening contributes to VD during exercise
would be timely. Such studies could pave the way to uncover
mechanisms that are responsible for the limited exercise ca-
pacity and compromised inspiratory function in patients with
lung disease such as chronic obstructive pulmonary disease.
Our finding may also be important for understanding dia-
phragm function and blood flo in patients with a single lung
transplant or lung resection (13). Taken together, our study
supports the observation that regional mechanics of the dia-
phragm with respect to VD and muscle shortening provides
new insights on important determinants of how the complex
structure of the diaphragm contributes to its function.
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