
to excrete NO3- in the urine for at least 
20 days. The total excess urinary NO3- 
was 1 to 2.5 g. However, the assumption 
of a nitrification process in the gut can- 
not be interpreted properly unless values 
for the total body content of NO3- and 
NO2- are known. We have been unable 
to find such values in the literature. Ra- 
domski et al. (1) have also commented 
on the lack of available information 
about the body disposition of NO3-. 
They point out the difficulties associated 
with assaying NO3- and in excluding this 
ion from food and drinking water. How- 
ever, a rough estimate of 1 g for the total 
body content of NO3- can be made from 
the data in Table 1 if the following as- 
sumptions are made: (i) intravenous 
13N03- equilibrates with body NO3- in 
40 minutes; (ii) the bladder contained 250 
ml of urine; and (iii) the concentration of 
NO:- in urine was 100 mg/liter reported 
by Radomski et al. (1); Since this is the 
same order of magnitude as the excess 
urinary excretion reported by Tan- 
nenbaum et al. (12) and since :13NO:- was 
distributed very evenly, it seems pos- 
sible that their results could be explained 
(at least in part) as due to the slow wash- 
out of NO3- from the body. Further- 
more, the 13N data in rats may help ex- 
plain the intestinal values of NO:- and 
NO2- reported by Tannenbaum et al 
(12). Although a major percentage of the 
13N appears to be absorbed from the up- 
per intestinal tract, clearly it is not en- 
tirely removed as suggested by Hill and 
Hawksworth (13). Therefore, direct pas- 
sage of NO3- and NO2- down the gut, 
which previously was though not to oc- 
cur, in conjunction with the secretion of 
bloodstream (or biliary and pancreatic) 
NO3- into the intestinal lumen (which an 
intestinal alteration, that is, colectomy, 
may enhance) could account for the 
presence of NO3- and NO2- in the ileos- 
tomy and fecal samples as reported (12). 

Further work should be done to delin- 
eate whether these intestinal and urinary 
concentrations of NO:- and NO2- are 
the result of dietary intake, slow release 
of body stores, or bacterial nitrification 
in the intestinal tract (12). Since the last 
of these explanations would represent an 
unavoidable exposure to these ions and 
hence the possibility for a "complete" 
endogenous formation of carcinogenic 
N-nitroso compounds, its importance is 
obvious. 
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of middle-aged persons, and the in- 
cidence and severity of degeneration 
generally increase with age (1). Despite 
many nutritional, biological, and bio- 
chemical studies (2), the cause of osteo- 
arthritis is still unknown. More recently, 
researchers have emphasized the impor- 
tance of understanding the frictional, 
wear, and mechanical behavior of articu- 
lar cartilage-that is, lubrication mecha- 
nisms, anisotropic, poroelastic, and vis- 
coelastic properties, and fatigue strength 
(3). To understand the mechanical envi- 
ronment in which articular cartilage must 
exist in vivo, we developed a new, more 
accurate description of the global shape 
and thickness of acetabular cartilage by 
using ultrasonics and compared this ge- 
ometry with the corresponding surface 
pressure distribution on loaded acetab- 
ula from cadavers. 

The pressure distribution is of particu- 
lar importance for understanding the par- 
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Fig. 1. Schematic representation of the ultra- 
sonic transducer scanning technique used to 
measure hip joint geometry. 
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Influence of Cartilage Geometry on the Pressure Distribution 
in the Human Hip Joint 

Abstract. To elucidate the role of mechanical factors in the etiology of osteo- 
arthritis, the detailed geometry of the weight-bearing cartilage layer over the human 
hip socket is compared with the corresponding pressure distribution. The shape of 
the pressure distribution is strongly correlated with the shape of the cartilage com- 
pression distribution. 
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titioning of load between the solid carti- 
lage matrix and the synovial fluid, and 
therefore the tribology and state of stress 
on and in articular cartilage. Other re- 
searchers indirectly assessed the surface 
pressure at a few spatially separate sites 
and inferred an axisymmetric sinusoidal 
pressure distribution (4). We developed 
an instrumented endoprosthesis for di- 
rect measurement of the spatial and tem- 
poral pressure distribution over the hu- 
man acetabulum (5) and found non- 

axisymmetric irregular pressure distri- 
butions (6). To explain these unusual 
distributions, we sought to quantify the 
cartilage geometry. 

The shape of the human hip joint has 
been studied for more than 100 years by 
use of calipers, three-legged microme- 
ters, projected radiographs, circular tem- 
plates, and dial-gauge profilometers (7), 
but these techniques tend to average the 
radius of curvature over a fairly large 
area of arc and can easily miss local de- 
viations from sphericity. It is also diffi- 
cult to transform these measurements in- 
to three-dimensional descriptions. Ex- 
cluding radiographs, the measuring de- 
vices in these techniques touch, and 
possibly distort, the cartilage surface. 
Localized cartilage thickness measure- 
ments have been made by invasive tech- 
niques (8). We developed a noninvasive, 
noncontact method that improves local 
accuracy and produces global data, in- 
cluding the cartilage thickness distribu- 
tion. 
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An ultrasonic transducer rotating in 
spherical coordinates scans the cartilage 
surface (Fig. 1). Reflection times from 
the transducer to the cartilage surface 
and to the calcified interface covering the 
subchondral bone and back, together 
with local sound-propagation velocities, 
give the distances from the transducer to 
the cartilage surface and to the calcified 
interface. Computer programs are used 
to determine the spheres that best fit the 
cartilage surface and calcified interface 
data and produce contour plots that in- 
dicate elevations and depressions rela- 
tive to the spherical surfaces (9). 

Acetabula obtained at autopsy are 
submerged in saline solution at body 
temperature and aligned in the hip simu- 
lator so that the resultant force vector 
replicates the direction in vivo. First, the 
unloaded acetabular cartilage geometry 
is measured by the ultrasonic technique. 
Then, using the spherical pseudofemoral 
head with internal pressure instrumenta- 
tion, forces in the physiological range are 
applied and the pressure distributions 
are recorded. The position of the ball in 
the socket under load is determined by 
using a sphere identical to the pressure- 
instrumented unit but with a flush- 
mounted ultrasonic transducer. Rotation 
of this sphere about its geometric center, 
for the same load and time after loading 
as the pressure-instrumented unit, yields 
localized position information relative to 
the calcified interface. By geometric re- 
construction, the thickness distribution 
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of the cartilage under load can be calcu- 
lated. 

The data presented are typical of re- 
sults for six normal specimens (10). Ace- 
tabular geometry data are shown in Fig. 
2. The outer kidney-shaped solid line is 
the perimeter of the cartilage layer cov- 
ering the acetabulum. Figure 2, A and B, 
shows the deviations from sphericity of 
the cartilage surface and calcified inter- 
face, respectively. The cartilage surface 
is spherical, with localized maximum de- 
viations less than 150 tkm. The calcified 
interface has much larger deviations, up 
to 500 [um, which show the ability of car- 
tilage to compensate for an irregular 
bony foundation. We found that the lateral 
region of the cartilage is generally thick- 
er than the medial region (Fig. 2C). The 
center of the best-fitting sphere through 
the cartilage surface is positioned 300 
gm medially and 400 gxm anteriorly rela- 
tive to the center of the sphere represent- 
ing the calcified interface; the magnitude 
of this medial shift tends to be larger for 
older specimens. 

Figure 3A is the pressure distribution 
contour map of the same specimen when 
loaded at 2.5 times body weight, within 
the physiological range. Since cartilage 
is poroelastic, consolidation occurs. The 
data shown were taken 30 seconds after 
the application of a step force along the 
load direction in vivo. A universal joint 
in the loader allows the ball to assume 
natural alignment with the socket. No 
other relative motion between ball and 
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surface interface thickness pressure distribution 
Fig. 2 (left). Conic projections about the resultant force vector looking into the zenith of the acetabulum, showing (A) cartilage surface deviation 
from sphericity, (B) calcified interface deviation from sphericity, and (C) acetabular cartilage thickness. Approximately 150 spatially independent 
points separated by 10? latitude and 10? longitude were measured and the best-fitting sphere was found by least-squares for the cartilage surface 
and calcified interface. The negative sign denotes valleys. Fig. 3 (right). (A) Pressure distribution for a 1350-N load applied to the acetabulum. 
The dashed line is the edge of the contact area. The contour plot was interpolated from 253 data points. Maximum pressure was 6.8 MN/lm2 and 
average pressure was 2.5 MN/m2. (B) Percentage compression of the cartilage layer calculated from the geometry data and the position of the ball 
in the socket. 
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socket was imposed. The elongation of 
the pressure distribution in the anterior 
to posterior direction and the multiple lo- 
cal maxima are typical. 

Comparison of the shape of the con- 
tours of percentage cartilage compres- 
sion (Fig. 3B) with the surface pressure 
distribution (Fig. 3A) shows a strong 
correlation between the acetabulum ge- 
ometry and the surface stress on articu- 
lar cartilage. These data suggest that ab- 
normal hip joint geometry, either con- 
genital or due to trauma, will cause 
stress concentrations in the cartilage lay- 
er. Since abnormal hip joint geometry is 
often observed in osteoarthritis (11), the 
correlation between geometry and stress 
contributes to the understanding of the 
etiology of osteoarthritis. 
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Many of the approximately 20,000 spe- 
cies of solitary and social bees (Apoidea; 
Hymenoptera) make their nests and 
brood cells in moist soil. The hygroscop- 
ic provision of nectar and pollen is pro- 
tected against water, fungi, and various 
soil organisms by a layer of waterproof 
secretion applied by the nesting female 
to the soil surrounding the cell (Fig. 1). 
The chemical composition and origin of 
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Fig. 1. Brood cell of Colletes validus. This 
semidiagrammatic drawing emphasizes the 
double-layered structure of this polyester 
membrane sac. I, inner layer of thick mem- 
brane; 0, outer layer of thin, fragile mem- 
brane that adheres loosely to surrounding 
soil; F, fibrils that connect the two layers; A, 
air space found in cell cap, in cell, and be- 
tween layers; C, double-layered membranous 
cell cap; N, neck of cell, normally filled with 
soil after oviposition; E, egg adhering to cell 
by cephalic end; and P, provision, consisting 
of a semiliquid mixture of pollen and nectar. 
Cells are made in the soil at the ends of tun- 
nels. 
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this secretion in most bees is unknown 
(1). 

As early as 1835, the Dufour's gland of 
Colletes was suspected to be the source 
of the cell lining (2), and the possible role 
of this gland in cell construction by other 
bees was also considered (1, 3). These 
conclusions were mostly drawn on the 
basis of solubility tests (1, 3), and of mor- 
phological (4) and behavioral (5) evi- 
dence. Recent investigations of the fra- 
grant, oily secretion that fills the Du- 
four's gland in several species of bees 
have revealed macrocyclic lactones in 
Colletes cunicularis (6) and in five genera 
of halictine bees (6, 7), and farnesyl and 
geranyl esters in Andrena spp. (8). 

We report here chemical evidence that 
the cell linings of Colletes thoracicus, C. 
inaequalis, and C. validus are the polym- 
erized secretions of the hypertrophied 
Dufour's glands of these bees. In order 
to find out if the cell lining originates 
from the glandular content, it was neces- 
sary to compare the chemical nature of 
the Dufour's gland secretion and the cell 
lining. 

Dufour's glands dissected from the liv- 
ing bees were extracted with methylene 
chloride and analyzed by combined gas 
chromatography and mass spectroscopy 
(GC-MS) (9). The glands contain a mix- 
ture of macrocyclic w-lactones, hydro- 
carbons, and aldehydes (Fig. 2A). The 
two dominant lactones are 18-octade- 
canolide and 20-eicosanolide, accom- 
panied by 18-octadecenolide (of undeter- 
mined double-bond location), 22-doco- 
sanolide, a methyl-branched eicosano- 
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Natural Polyesters: Dufour's Gland Macrocyclic Lactones 
Form Brood Cell Laminesters in Colletes Bees 

Abstract. Bees in the genus Colletes make their brood cells in the ground and coat 
them with a highly resistant, waterproof, transparent membrane. This membrane is a 
polyester constructed mainly from 18-hydroxyoctadecanoic acid and 20-hydroxy- 
eicosanoic acid, which are stored as their corresponding lactones in the Dufour's 
gland of the bee. When lining the cells, the bee secretes its glandular content, and 
the membrane is apparently a product of polycondensation reaction of its contents. 
This appears to be the first report of a naturally occurring linear polyester. The term 
laminester (lamina f layer + ester) for this class of compounds is proposed. 
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