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MARGULIES, S. S., J. R. RODARTE, AND E. A. HOFFMAN. 
Geometry and kinematics of dog ribs. J. Appl. Physiol. 67(Z): 
707-712, 1989.-Five anesthetized supine beagle dogs were 
scanned using a fast, multislice computed tomographic X-ray 
technique to determine the orientation of the ribs at total lung 
capacity (TLC) and functional residual capacity (FRC). A plane 
was fit to each rib using a coordinate system in which the z- 
axis was aligned approximately cephalocaudally and the x-z- 
plane coincided with the sagittal midplane. The orientation of 
each plane was described by “pump-handle” and “bucket-han- 
dle” angles. The ribs rotated downward and inward during a 
passive deflation of the lungs from TLC to FRC. Rib displace- 
ment was not uniform: bucket-handle motion was predominant 
in the upper ribs, and pump- and bucket-handle motions were 
equal in the lower ribs. The change in the pump-handle angles 
between TLC and FRC was ~6’ for ribs 3-8, and the change 
in the bucket-handle angles decreased with rib number from 
16” for rib 3 to 6” for rib 8. Rib shape was described by fitting 
an ellipse to the data for each rib; the ribs became larger and 
more circular with increasing rib number. 

anatomy; chest wall; thorax; respiratory mechanics 

THE MOTION AND SHAPE of human ribs have been de- 
scribed in other papers (3,5-8). The dog is often used in 
research, and the activity and effect of the respiratory 
muscles of the dog have been studied in some detail. 
Information about the geometry and orientation of dog 
ribs is essential to the development of a model of the rib 
cage and the action of the respiratory muscles. 

Using the dynamic spatial reconstructor (DSR) (4), a 
fast volumetric X-ray computed tomographic scanner, 
we obtained data from the thoraces of five anesthetized 
dogs lying supine with their forelimbs raised above their 
head. The dogs were scanned at total lung capacity 
(TLC) and functional residual capacity (FRC). The co- 
ordinates of points in the ribs were obtained from the 
reconstructed images. Planes were fit to the points for 
each rib at each lung volume. An ellipse with its center 
in the sagittal midplane was fit to the data in each plane. 
We report the parameter values that describe the orien- 
tation and shape of ribs 3-8 at FRC and TLC. 

METHODS 

Five bred-for-research beagle dogs were studied. A 
single breed was used to eliminate any breed-to-breed 
variation in rib cage geometry. Each dog was anesthe- 
tized with pentobarbital sodium (30 mg/kg), intubated, 
and placed supine in a sling in the DSR. Pressure at the 
oral end of the endotracheal tube was monitored with a 

Validyne DP9 pressure gauge. A calibrated super syringe 
was connected to the endotracheal tube, and inspiratory 
capacity (IC) was determined by raising airway pressure 
to 30 cmHa0 after a spontaneous expiration. The lungs 
were inflated with this IC to TLC and allowed to empty 
by spontaneous expiration to FRC twice to establish a 
constant volume history and to produce hyperventilation 
apnea. The dog’s lungs were inflated a third time to TLC 
and a l-s scan of the thorax was performed. The lungs 
were deflated to the control FRC with the calibrated 
syringe, and a second scan was performed. 

Each scan was reconstructed into a 128 X 128 X 122- 
125 array of cubic volume elements, or voxels, 1.6 mm 
on each side. The gray level of each voxel described the 
radiopacity of that location; ribs appeared white and air- 
filled lungs were black. Points along the ribs near the 
sternum and spine were identified in selected serial 1.6- 
mm-thick sagittal slices of the reconstructed images 
spaced 8 mm apart, and more lateral rib points were 
identified in similarly spaced 1.6-mm-thick coronal 
slices. An attempt was made to find the center of the rib 
cross section in each slice, and each point was digitized 
with 1 voxel accuracy. At least 350 rib points were 
identified at each lung volume. Figure 1 shows the points 
obtained from the left hemithorax of dog 4 at FRC. As 
many as 30 points were identified for most ribs; few, if 
any, points were found for ribs I, 12, and 13. The uncer- 
tainty in the parameter values for ribs 1,2, and 9-13 was 
large, producing no statistically significant FRC-TLC 
differences, and these ribs were excluded from our analy- 
sis. 

The data were aligned in a fixed coordinate system 
shown in Fig. 2 in which the z-axis is oriented approxi- 
mately cephalocaudally an arbitrary distance behind the 
spine, and the x-z-plane corresponds with the sagittal 
midplane. The data were positioned so that the coordi- 
nates of the T3/T4 vertebral junction were identical for 
all dogs. 

A plane of the form 

z=A+Bx+Cy (I) 

was fit to each rib at FRC and at TLC, and A, B, and C 
were determined using a linear regression analysis. The 
intersections of the plane with the x-, y-, and z-axes are 
-A/B, -A/C, and A, respectively. The orientation of each 
rib plane with respect to a horizontal (x-y) plane was 
described by the Euler angles a! and ,& where a! was the 
pump-handle angle and p was the bucket-handle angle 
of the rib. Angle a! was positive when the position of the 
costosternal junction (CSJ) was caudad of the costover- 
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FIG. 1. Anteroposterior and lateral views of data obtained from left hemithorax of dog 4 at functional residual 
capacity. The x-axis lies in sagittal midplane. 0, Points in vertebral canal. 
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tebral junction (CVJ) of the rib, and angle ,6 was positive 
for left ribs (negative for right ribs) when the position of 
the lateral extreme of the rib was caudad of the CSJ and 
the CVJ. The angles a! and p for each rib plane were 
determined from the relationships 

tan a! = -B (2) 

tan fl = -c cos a (3) 

Each rib was associated with a new coordinate system 
defined by the mutually perpendicular [-, v-, and l-axes 
(Figs. 2 and 3). The t-axis lay in the plane of the rib, 
passed through the CSJ and CVJ in the sagittal mid- 
plane, and formed an angle a with the horizontal plane. 
The v-axis also lay in the plane of the rib, was oriented 
laterally, and formed an angle p with the horizontal 
plane. The {-axis was perpendicular to the plane of the 
rib. The origin of the rib’s coordinate system was on the 
z-axis at z = A. 

To determine the shape of the ribs, the data for each 
rib were fit by an ellipse of the form 

(yy+(g=l (4) 

where [ and q are the transformed X- and y-axes in the 
plane of the rib, [o is the &coordinate of the center of 
the ellipse in the sagittal midplane, and R1 and R2 are 
the anteroposterior and lateral radii of the rib as shown 
in Fig. 3. 

In dog 5, the variability between the data for the right 
and left sides was several times larger than that for the 

other dogs, and this dog was excluded from our sample. 
If this dog were included, the means of the data change 
slightly and standard deviations are larger, but the pat- 
tern of the data is unchanged. In the four remaining dogs 

FIG. 2. Reference coordinate system used to analyze rib data. Plane 
fit through a rib intersects z-axis at z = A, and its orientation relative 
to a horizontal plane is described by angles cy and ,& 
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the right-to-left variability in the data was less than the 
dog-to-dog variability, so right and left data were aver- 
aged for each dog. Because of the convention for defining 
angle p described earlier, &ft was averaged with -Bright* 
The means and standard deviations of A, CY, ,8, to, RI, and 
R2 were calculated across dogs for each lung volume. 
Significances of the changes between FRC and TLC of 
cy, & RI, and R2 were determined using one-sided paired 
t tests. 

The body weights and IC for the four dogs are listed 
in Table 1. The inflation volumes were not corrected for 
the opposing effects of humidity and gas compression. 

RESULTS 

Each rib curves slightly out of the plane such that if it 
were removed and placed on this page, it would not lie 
flat with all points touching the paper. We found a slight 
but consistent warp in each rib. The perpendicular dis- 
tance above or below the plane, r, was typically 2 mm 
for the rib points. We found the rib points lay consist- 
ently above the plane near the sternum and at the lateral 
extreme of the rib, below the plane in the ventrolateral 
quadrant of the rib, and in the plane elsewhere. 

Figure 4 shows the means and standard deviations of 
A, the intercept of the rib plane with the z-axis, at FRC 
and TLC. A is smaller at TLC because the ribs at TLC 
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FIG. 4. Intercept of rib plane with z-axis (A) at functional residual 
capacity (FRC) and total lung capacity (TLC). As ribs rise to TLC, A 
decreases because z-axis is positioned behind spine (see Fig. 1). 
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FIG. 5. Pump-handle angle (CU) at FRC and TLC. A cephalad motion 

of ribs and sternum as ribs move from FRC to TLC produces a decrease 
in cy. Decrease in a! is statistically significant for ribs 3-8. See legend 
of Fig. 4 for definition of abbreviations. 

FIG. 3. An ellipse was fit to rib points in f-v-plane of rib to deter- 
mine shape of rib. Anteroposterior rib radius (&), lateral radius (R2), 
and rib center in sagittal midplane (fo) describe shape and location of 
ellipse. 

TABLE 1. Body weights and inflation volumes 
for the dogs 

Dog No. Body Wt, kg IC, ml 

are more horizontal than at FRC and the z-axis is located 
dorsal to the spine. 

The z-axis is in the sagittal midplane (Fig. 1, left) and 
is parallel to the scanning table but not parallel to the 
spine: the distance between the z-axis and the spine 
decreases with increasing rib number (Fig. 1, right). The 
thoracic spine of the dog is straight, and points were 
identified in the vertebral canal of each dog and fit by 
lines in the sagittal midplane. The slopes and intercepts 
of these lines were averaged to obtain the following 
description of the average spine 

1 12.25 700 
2 14.0 650 
3 13.0 700 
4 12.0 700 

X = 5.9 + (0.24)~ (5) 

The means and standard deviations of the pump- 
handle angle a and the bucket-handle angle B are shown 



710 GEOMETRY AND KINEMATICS OF DOG RIBS 

+ p<o.os 

m-0 TLC 
@-a FRC 

I I I I I I 

3 4 5 6 7 8 

RIB 
FIG. 6. Bucket-handle angle (p) at FRC and TLC. The p decreases 

as lateral portion of rib moves cephalad from FRC to TLC. Decrease 
in @ is significant in ribs 3-7. See legend of Fig. 4 for definition of 
abbreviations. 
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FIG. 7. Rib geometric parameters &, &, and to at FRC and TLC. 
Ribs are elliptical in shape near apex of lung and become more circular 
closer to base of lung. As ribs rotate from their FRC position to their 
TLC position there is a small increase in R1 and Rz that is statistically 
significant for some ribs. See legends of Figs. 3 and 4 for definition of 
abbreviations. 

in Figs. 5 and 6, respectively. The geometric parameters The ratio AalA@ indicates the relative proportions of 
RI, Rg, and to are shown in Fig. 7 for TLC and FRC. Rib the pump- and bucket-handle components of rib rotation 
radius RI represents the anteroposterior radius, RZ the between TLC and FRC. A ratio equal to 0 corresponds 
lateral radius, and 50 the rib center as illustrated in Fig. to purely bucket-handle motion, and 1 to equal bucket- 
3. The [ distance between the rib center and the z-axis and pump-handle components of displacement. This ra- 
(fo) is composed of two lengths: the distance between the tio increases monotonically with rib number from 0.23 
spine and the z-axis and the anteroposterior rib radius in rib 3 to 0.99 in rib 8. In other words, the rotation of 
RI. The [o remains nearly constant with rib number; the the upper ribs is largely a bucket-handle motion and the 
increase in to one would expect as the result of increasing proportion of pump- to bucket-handle motion increases 
rib size is offset by the decreasing distance between the with rib number until the two components are equal in 

TABLE 2. Angles of orientation and geometric 
parameters for ribs 3-8 at FRC and TLC 

Rib No. A, cm a, degrees p, degrees to, cm RI, cm R1, cm 

FRC 
3 15.4 -7.9 12.1 15.5 4.7 3.6 
4 15.6 -2.0 18.5 15.7 5.3 4.5 
5 15.1 1.7 20.5 15.7 5.8 5.2 
6 14.6 5.1 24.5 15.8 6.2 5.8 
7 13.7 8.0 24.4 15.7 6.5 6.3 
8 12.4 9.5 23.4 15.6 6.8 6.5 

TLC 
3 14.2 -11.7 -4.2 15.8 4.9 3.8 
4 13.9 -8.4 3.8 15.9 5.4 4.6 
5 13.6 -4.3 7.2 15.8 5.9 5.3 
6 13.1 -1.0 12.4 15.7 6.3 5.8 
7 12.3 1.6 15.0 15.5 6.7 6.3 
8 11.5 4.0 17.9 15.4 7.0 6.6 

Values are averages. A, plane intercept; CY, pump-handle angle; & 
bucket-handle angle; 40, rib center; RI, anteroposterior rib radius; RO, 
lateral rib radius. 

spine and the z-axis (Fig. 1, right) and the changing 
orientation of the rib plane. 

The average values of the parameters A, cy, & to, RI, 
and RZ are given in Table 2. 

DISCUSSION 

As the ribs displace cephalad from their FRC positions 
to those at TLC, the pump handle angle a decreases. 
The decrease in a! (Acy) is -6” for all ribs. In contrast, 
Sharp et al. (7) and Wilson et al. (8) found that in normal 
humans Aa decreased with increasing rib number. 

The lateral portion of the rib moves cephalad relative 
to the CSJ and CVJ as the ribs displace from their FRC 
orientations to those at TLC. This motion produces a 
decrease in the bucket-handle angle @ Unlike Aa, A@ 
decreases as rib number increases, from 16” in rib 3 to 
6” in rib 8 by the function Ap = 23.1-2.03 N (N = rib 
number, r2 = 0.94). Wilson et al. (8) report a more 
gradual decrease in Ap with rib number in humans. 

The geometry of the rib varies with rib number. The 
ribs near the apex of the lung are elliptical in shape, with 
the anteroposterior radius of the rib larger than the 
lateral radius. The caudal ribs are more circular. The 
average geometries of ribs 3, 5, and 7 at FRC are shown 
in Fig. 8. The t-axis lies in the sagittal midplane, passing 
through both sternum and spine. The filled circle iden- 
tifies the rib center (to), and the open circle marks the 
position where the average spine passes through the 
plane. The dashed lines in Fig. 8 mark the intersection 
of the TLC plane with the FRC plane for each rib. 
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FIG. 8. FRC plane of ribs 3, 5, and 7 
depicting average geometry of each rib. l , 
rib center (to); 0, position where average 
spine passes through plane. Dashed line, 
intersection of FRC and TLC planes. See 
legends of Figs. 3 and 4 for definition of 
abbreviations. 
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rib 8. Wilson et al. (8) found that the ratio Acu/A@ for 
human ribs was -0.7 and did not change with rib number. 

As the ribs undergo a rotation from FRC to TLC, the 
shape of each rib changes little, if at all. However, the 
rib radii at TLC are uniformly slightly larger than at 
FRC. This increase is significant for RI in ribs 5, 6, and 
8 and for Rz in ribs 3-5. This small increase in rib size 
could have been caused by a deformation of the costal 
cartilage that straightens the cartilage as the ribs rise to 
bring it into the plane of the bony portion of the rib and 
by a small rotation in the plane of the rib which would 
swing the rib away from the sternum. We have observed 
a distortion of the costal cartilage and a lateral motion 
of the costochondral junction consistent with these hy- 
potheses in both spontaneously breathing and mechani- 
cally ventilated anesthetized dogs. 

These data were derived from mechanically ventilated 
supine dogs. De Troyer and Kelly (2) documented that 
the sternum moves caudad during inspiration in spon- 
taneously breathing dogs and cephalad in mechanically 
ventilated dogs. Da Silva et al. (1) compared rib motion 
in spontaneously breathing and mechanically ventilated 
cats at end inspiration and end expiration and found 
that the costal cartilage straightened and the caudad 
angle between the sternum and the costal cartilage of 
each rib increased during spontaneous breathing to com- 
pensate for a caudad displacement of the sternum. Ex- 
amining their data, we found that rib position was most 
affected by the mode of ventilation at end inspiration, 
but the sternum motion had little effect on the bony 
portion of the rib. No doubt, the opposing motion of the 
sternum during spontaneous breathing has some effect 
on dog rib motion as well, but its influence is most likely 
confined to the immediately parasternal region. We stud- 

ied supine dogs because this posture .s used often in 
can ine respiratory mecha nits research The dogs’ fore- 
limbs were raised above their heads to obtain the best 
DSR image quality. Body and limb position possibly 
affect rib orientation, but we cannot speculate about 
their effects on rib displacement. 

The geometries of human and canine rib cages are 
different and, as a result, their actions are different. The 
human chest wall is narrower in the dorsoventral direc- 
tion than the lateral direction because the ribs are more 
inclined in the dorsoventral direction; a is -30” and p is 
small (8). Conversely, the chest wall of the beagle dog is 
narrower in the lateral direction because the upper ribs 
are elliptical and the lower ribs are inclined more in the 
latera .l direction than th .e dorsoventral direction. An out- 
ward component of rib displacement requires a change 
in the angle of inclination of an initially inclined rib. A 
rib that lies in the transverse plane would have a purely 
cephalad displacement. For a sloped chest wall, the ceph- 
alad displacement of successively larger ribs would in- 
crease thoracic volume at each vertebral level. The vol- 
ume swept out by the surface of the human rib cage is 
primarily a result of the ventral displacement produced 
by the pump-handle rotation. The volume displaced by 
the canine rib cage is primarily a result of the bucket- 
handle rotation that produces a lateral displacement of 
each rib and a cephalad displacement of the sloping chest 
wall. 
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