
A, then a SCAN might consist of n 
stations that are evenly distributed over 
that area. If hypocentral depths are as- 
sumed to be negligible, then the mean P 
wave travel time T from a uniform ran- 
dom distribution of epicenters to the 
closest station is - 

If we assume an area of 3 x lo5 km2, 500 
seismometers, and a P wave velocity of 6 
kmisec, the mean P wave travel time to 
the closest station is 1.56 seconds. 

The model just presented is a very 
simple one. Ground motions are consid- 
ered to be a simple function of distance 
and magnitude. However, the standard 
deviation of data on ground motions for 
actual earthquakes with respect to these 
functions is typically of the order of 50 
percent. Furthermore, little or no data 
exist for sites at small distances from 
large earthquakes, and the predicted 
ground motions for such situations vary 
greatly with the technique used to ex- 
trapolate these functions into a region of 
sparse data. Other simplifications were 
made in the computation of warning 
times. For example, the model does not 
include the effect of the finite depth of 
hypocenters, nor does it account for the 
distance between the first reporting seis- 
mometer and the epicenter. Also, a delay 
is introduced by data processing and 
telemetry. If these effects are included, 
then it is likely that the warning times 
shown in Figs. 3 and 4 would be reduced 
by several seconds. Because shaking 
from the initial P wave may be weak, 
particularly if the epicenter is at a great 
distance, warning times in Figs. 3 and 4 
are given for the S wave from the closest 
point on the rupture. However, in many 
instances appreciable shaking may occur 
before this time, and the exact definition 
of warning time becomes uncertain. If 
the warning times in Figs. 3 and 4 are 
computed for the arrival time of hypo- 
central P waves instead of S waves from 
the closest point on the rupture, then 
warning times are decreased by about a 
factor of 2. 

Southern California is only one of the 
regions that might benefit from a SCAN. 
Large subduction earthquakes are a 
threat to much of the circum-Pacific re- 
gion, and evidence suggests that they 
might constitute a threat in the north- 
western United States (7). Great shallow 
earthquakes in subduction zones some- 
times have very long rupture lengths. 
For instance, the rupture length of the 
1964 Alaskan earthquake probably ex- 
ceeded 400 km. Because of the potential 
for large rupture dimensions, a SCAN 
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could provide substantial warning times 
for shallow subduction earthquakes. 

Intraplate earthquakes, such as the 
New Madrid earthquakes in 1811 and 
1812 or the 1886 Charleston earthquake, 
also constitute a threat. Although the 
mechanisms of these earthquakes are 
poorly understood, these events proba- 
bly do not involve large rupture dimen- 
sions (8). Nevertheless, the felt areas of 
these earthquakes were larger than those 
for the largest of the California earth- 
quakes (9). It is generally thought that 
the principal reason for this phenomenon 
is a lesser degree of attenuation of seis- 
mic waves east of the Rocky Mountains. 
Because rupture lengths of great earth- 
quakes in the central and eastern United 
States may be less than 50 km, the 
regions of strongest shaking that lie adja- 
cent to the rupture zone are not likely to 
receive large warning times. However, 
other models (7) indicate that Rossi- 
Fore1 intensities of IX and VIII may 
have extended to epicentral distances of 
100 and 200 km, respectively, for the 

181 1 to 1812 New Madrid earthquakes. 
This means that a SCAN could still Dro- 
vide large warning times for areas shak- 
en strongly enough to cause great dam- 
age. 

THOMAS H. HEATON 
U.S. Geological Survey, Seismological 
Laboratory, California Institute 
of Technology, Pasadena 91125 
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Adherent Bacterial Colonization in the 
Pathogenesis of Osteomyelitis 

Abstract. Direct scanning electron microscopy of material obtained during 
surgical debridement of osteomyelitic bone showed that the infecting bacteria grew 
in coherent rnicrocolonies in an adherent biojlm so extensive it often obscured the 
infected bone surfaces. Transmission electron microscopy showed this biojlm to 
have a jbrous matrix, to contain some host cells, and to contain many bacteria 
around which matrix jbers were often concentrated. Many bacterial morphotypes 
were present in these biojlms, and each bacterium was surrounded by exopolysac- 
charide polymers, which are known to mediate formation of rnicrocolonies and 
adhesion of bacteria to surfaces in natural ecosystems and in infections related to 
biomaterials. The adherent mode of growth may reduce the susceptibility of these 
organisms to host clearance mechanisms and antibiotic therapy and thus may be a 
fundamental factor in acute and chronic osteomyelitis. 

Adherence of bacteria in extensive mi- 
crocolonies appears to be a fundamental 
step in the development of certain infec- 
tious disease states (1). Adherence may 
be mediated by highly hydrated, anionic 
exopolysaccharide polymers of the in- 
fecting bacteria which bind to the tei- 
choic acid polymers of the Gram-posi- 
tive cell wall (2, 3)  and to the distal 
portions of the lipopolysaccharides of 
the Gram-negative cell wall (2). They 
often surround the bacterial cell in a 
fibrous matrix 0.5 to 1.0 ym thick. 

Adherent bacteria have been demon- 
strated on compromised bone, infected 
orthopedic prostheses and methyl meth- 
acrylate, and tissues adjacent to those 
foreign substances (4-7). Such infections 
tend to resist treatment and to persist 
until the biomaterial and the infected 

adjacent tissue are removed (4-8); they 
are sometimes polymicrobial (&lo), and 
the adherent bacteria are difficult to de- 
tect unless special recovery and culture 
techniques are used (4, 9, 10). The natu- 
ral mode of growth of many adherent 
bacteria in nature and in some diseases is 
polymicrobial, involving symbiotic 
mixed forms of aerobes and anaerobes 
(2, 4,  11, 12) coexisting in a biofilm held 
together by a ruthenium red-staining ma- 
trix (13). These structured biofilms occa- 
sionally shed bacteria into the ambient 
milieu or, in an infection, into the adja- 
cent tissue fluids and circulatory system 
(4-7). The shed bacteria are not neces- 
sarily representative of the adherent col- 
onies, but they are the bacteria that are 
recovered by conventional sampling 
techniques. 
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Our interest in the mechanism of bac- 
terial adhesion in orthopedic diseases 
began when we observed that bacteria 
use biomaterials as a substrate or scaf- 
fold along which they propagate into 
sterile regions (14, 15). In 1979 Gristina 
and colleagues (6, 7) identified microbes 
in a polysaccharide biofilm adhering to 
the surface of a metallic device removed 
from an infected human surgical wound. 
The passive surface of this biomaterial 
was ideal for colonization. As we will 
show here, bacteria also find fragments 
of dead tissue and bone to be susceptible 
substrates for colonization. These frag- 
ments are no longer protected by normal 
intact eukaryotic membranes, but they 
bear remnants of glycoproteins on their 
surfaces (16,17). They are nonviable and 
defenseless, making them similar to bio- 
materials. 

Osteomyelitis shares characteristics 
with other infections caused by adherent 
bacteria: traumatized, dead, or compro- 
mised tissue is frequently involved (10, 
12, 18); the disease is resistant to antibi- 
otic therapy and to natural host defense 
mechanisms (5, 10, 12); polymicrobial 
infections are often present (5, 9, 10, 12); 
and the disease tends to persist until 
dead tissue or sequestra are removed 
(10,12). With these features in mind, we 
investigated bacterial adherence on bone 
and surrounding tissues in resistant cas- 
es of osteomyelitis. 

Culture specimens, acquired during 
surgical debridement from three patients 
with chronic osteomyelitis and one pa- 
tient with acute osteomyelitis, consisted 
of one or more of the following: bone, 
necrotic tissues, pus, and debris. All the 
specimens were cultured aerobically and 
anaerobically by routine methods (5), 
and the cultures were examined by stan- 
dard microbiological techniques in the 

Table 1 .  S 

Fig. 1. (A) Scanning electron micrograph of amorphous biofilm covering the medullary surface 
of bone removed from an infected tibia. The film contains cocci (C) and rod-shaped bacteria 
(arrows); more bacteria are buried deeper within the biofilm. Scale bar, 5 pm. (B) Transmission 
electron micrograph of biofilm scraped from the cortex of the infected tibia, showing discrete 
microcolonies of Gram-positive bacteria. Scale bar, 1 pm. 

hospital laboratory and our orthopedic 
laboratory. Materials to be studied by 
scanning electron microscopy (SEM) 
were processed routinely (5) and exam- 
ined with a Hitachi S450 scanning elec- 
tron microscope at an accelerating volt- 
age of 20 kV by a technician who knew 
neither the diagnosis nor the condition of 
the patient involved. All available sur- 
faces (usually about 2 cm2 per specimen) 
were scanned and representative areas 
were photographed. Areas aBected by 
preparation techniques, such as excision 
and sawing, were avoided. 

Materials to be examined by transmis- 
sion electron microscopy (TEM) were 
prepared routinely, except that they 
were stained with ruthenium red to visu- 
alize any polysaccharides (2,5). Sections 
(-50 nm) were cut at random and exam- 
ined with an AEI EM801 transmission 
electron microscope at an accelerating 

voltage of 60 kV. Complete examination 
of 100 sections was considered to cover 
approximately 3 mm3 of the specimen. 

Table 1 summarizes the characteristics 
of the bacterial infections that were iden- 
tified by culturing, SEM, and TEM. Fig- 
ure 1A shows bacteria in the biofilm 
covering the medullary surface of an 
infected tibia. The film, which is so thick 
it obscures the haversian canals, con- 
tains both cocci and rod-shaped bacteria. 
Figure 1B shows bacteria in biofilm from 
the tibial cortex. There are microcolo- 
nies of two different morphotypes of 
Gram-positive bacteria, which have 
formed an aggregate adherent to a host 
cell. The bacteria are surrounded by an 
extensive fibrous matrix that mediates 
their adhesion to each other and to the 
host cell. Figure 2 shows medullary cavi- 
ty material containing Gram-positive and 
-negative bacteria of several different 

lummary of data of four consecutive cases of osteomyelitis. 

Diagnosis Culture SEM TEM 

Posttraumatic hematoge- 
nous osteomyelitis of left 
distal tibia 

Posttraumatic chronic 0s- 
teomyelitis of right tibia 

Chronic osteomyelitis of 
distal left femur 

Open fracture of left tibia 
and fibula, dead bone 
fragments 

Male, age 20 
Peptostreptococcus productus, Peptostreptococ- Rods and cocci in ex- 

cus anaerobius, Bacteroides fragilis, Bacte- tensive biofilm 
roides nodosus 

Male, age 36, first admission 
Enterococcus, Serratia marcescens, Pseudomo- Not done 

nas aeruginosa 
Same male, fourth admission (34 months later) 

Staphylococcus aureus, Staphylococcus epider- Cocci and occasional 
midis, Serratia marcescens, Pseudomonas rods in thick biofilm 
aeruginosa, gamma Streptococcus 

Female, age 56 
Staphylococcus aureus Intermittent biofilm 

containing cocci and 
rods 

Male, age 71 
Staphylococcus aureus, Pseudomonas aerugino- Thick biofilm with a few 

sa, Serratia marcescens bacteria showing at 
the surface 

Many types of Gram-positive 
cells in microcolonies in 
extensive biofilm 

Not done 

Rods and cocci, many lack- 
ing cell walls, in extensive 
biofilm 

Not done 

Gram-negative rods and 
Gram-positive cocci in 
thick biofilm 
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morphotypes, and many bacteria whose destruction and septicemia or as a chron- 
outer cell walls appear to be missing so ic indolent infection of osseous struc- 
that they are bounded only by their cyto- tures featuring recurrent purulent drain- 
plasmic membranes. These bacteria are age from resistant foci, which are often 
surrounded by a ruthenium red-staining centered on residual dead bone or se- 
fibrous matrix. questra. There are reports of unique bac- 

In general, osteomyelitis presents as terial forms and of site-specific (10, 12, 
an acute disease characterized by bone 19) and patient-specific (10, 20-22) clini- 

Fig. 2. Transmission 
electron micrograph 
of material from the 
medullary cavity of 
the infected tibia, 
showing Gram-posi- 
tive cocci (G+) ,  
Gram-negative bacte- 
ria (G-), and many 
bacteria (arrows) 
whose outer cell walls 

, - appear to be missing. 
Scale bar, 1 pm. 

cal presentations. The etiology of acute, 
chronic, and regional osteomyelitis is 
certainly multifactorial, and all variables 
interlock to provide specific clinical se- 
quences. At the initiation of each se- 
quence an inoculum of bacteria and a 
susceptible focus are required. Microbial 
delivery may be provided by direct con- 
tamination (as in trauma or an operation) 
or by immediate or delayed hematoge- 
nous or contiguous spreading. The con- 
cept of site specificity of the bacteria 
would appear to apply in trauma (if trau- 
ma is etiological) (9, 18), in the presence 
of compromised tissue (10, 18,22,23) or 
biomaterials (9,10, 12,22), and in certain 
patient groups. 

The mechanism of bacterial adherence 
in osteomyelitis is suggested by informa- 
tion on marine ecosystems (11, 13), den- 
tal caries (16), certain prokaryotic and 
eukaryotic cell diseases (1, 24), and re- 
sistant infections centered on biomateri- 
als (4-7,14,15). The surfaces of bacteria 
arriving in the vicinity of a substrate are 
polyanionic, as is the surface of the 
substrate. The like charges initially repel 
the bacteria; however, within a certain 
range, the initial repulsion is overcome 
by van der Wads forces created by fluc- 
tuating dipoles in the molecules of each 
surface (Fig. 3) (24). Juxtaposition at a 
critical distance allows hydrophobic 
binding from both surfaces to tether the 
prokaryotic cell to the substrate. Tether- 
ing positions some bacteria near the sub- 
strate long enough for the exopolysac- 
charides produced by the bacterial cells 
to begin forming strong bonds with resid- 
ual glycoproteins of the substrate. Once 
the bacteria are firmly attached to the 
substrate, the exopolysaccharide poly- 
mers proliferate and form additional 
bonds with the substrate as well as be- 
tween prokaryotic cells. These eventual- 
ly coalesce to form a microbial biofilm in 
which each bacterium has access to suit- 
able nutrients and a useful physiological 
"rapport" with its neighbors. Under fa- 

* Antagonists, host 
b Receptor 

Fig. 3. Mechanism of bacterial adherence. At specific distances the initial repelling forces 
between like charges on the surfaces of bacteria and substrate are overcome by attracting van 
der Waals forces, and there are hydrophobic interactions between molecules. Under appropri- 
ate conditions there is extensive development of exopolysaccharide polymers, allowing ligand- 
receptor interaction and pertinacious bonding of the bacteria to the substrate. 

vorable conditions, exponential growth 
soon establishes an extensive bacteria- 
laden biofilm. 

Various factors influence the estab- 
lishment of bacterial biofilms on favor- 
able substrates. These include flow rates 
of the extracellular fluid. the surface 
configuration of the substrate, tensions 
between fluid and substrate (13), the 
glycoproteinaceous residua on surfaces 
(which provide exopolysaccharide bond- 
ing sites) (13, 16, 17, 24, 25), the avail- 
ability of nutrients and cations, the tem- 
perature of the milieu, the stage of 
growth (13) of each prokaryotic cell, and 
competition by other organisms (13). 
The effect of surface area of substrates 
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such as biomaterials or devitalized bone 
remains to be investigated. It seems logi- 
cal to assume that, all other factors being 
equal, random contact between bacterial 
cells and substrate increases as substrate 
area increases. 

The matrix formed by the exopolysac- 
charide polymers serves not only as an 
adhesive mechanism but also as a nutri- 
ent-trapping ion-exchange material ( l l ) ,  
and it allows the bacteria to resist engulf- 
ment by phagocytic cells. It appears to 
be virulence-related (1, 4 4 ,  and it has 
been shown to confer resistance to host 
defense mechanisms such as surfactants 
(26) and antibodies (27) and to the effec- 
tive penetration of antibiotics (27, 28). 
The stability of this biofilm appears to be 
a major factor in the persistence of many 
chronic orthopedic infections (4-7). 

This study suggests that compro- 
mised, dead, or sequestrated bone is a 
suitable substrate for bacterial coloniza- 
tion and biofilm formation. There are 
indications that the adherent state medi- 
ated by the exopolysaccharide polymers 
enhances the virulence of the bacteria in 
the biofilm. In such states progressive 
microcolonial habitation occurs with de- 
velopment of the complex consortia seen 
in chronic osteomyelitis. We believe that 
the adherent form of infection is natural 
in acute and chronic osteomyelitis and 
that adherence explains in part the resist- 
ance of this disease to antibiotic therapy 
and its persistence until all dead bone 
and compromised tissues have been re- 
moved. 

The infections in the cases presented 
here share some qualities of the adherent 
state in natur,e and in certain diseases 
and biomaterial-related infections. There 
appears to be no contradiction in these 
shared qualities, but rather a compelling 
unity that suggests common causal 
mechanisms for all adherent bacterial 
infections. 

ANTHONY G. GRISTINA 
MASAYOSHI OGA 

LAWRENCE X. WEBB 
CHERRI D. HOBGOOD 

Section on Orthopedic Surgery, 
Department of Surgery, 
Wake Forest University Medical Center, 
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Pancreatic Secretion by Nonparallel Exocytosis: 
Potential Resolution of a Long Controversy 

Abstract. The idea that pancreatic digestive enzyme secretion can occur in a 
nonparallel manner has been controversial because of its presumed incompatibility 
with the exocytosis secretory mechanism. Correlation and regression analysis of 
enzyme output by the rabbit pancreas after it is stimulated with cholecystokinin and 
chymodenin revealed that digestive enzymes are secreted in a highly linked fashion, 
compatible with exocytosis and with nonparallel secretion. Thus, exocytosis and 
nonparallel secretion are not contradictory processes, but rather nonparallel secre- 
tion is due to exocytosis from heterogeneous sources within the pancreus. 

The physiological and cell biological 
phenomena underlying the secretion of 
digestive enzymes by the mammalian 
pancreas have been the subject of an 
intense ongoing controversy for over a 
decade. Palade, in his 1975 Nobel Prize 
address ( I ) ,  summarized the process of 
synthesis, segregation, storage, and final 
exocytotic expulsion of the several di- 
gestive enzyme species from the pancre- 
atic acinar cell. Rothman (2) criticized 
the exocytosis hypothesis of enzyme se- 
cretion as being based on incomplete and 
insufficient evidence and contradictory 
to the observed phenomena of nonparal- 
lel or enzyme-specific secretion of diges- 
tive enzymes. In place of the exocytosis 
hypothesis, Rothman (2, 3)  offered as an 
alternative model of cellular secretory 
protein routing the "equilibrium hypoth- 
esis." In this model, secreted proteins 
cross directly through the membranes of 
the cell in a regulated fashion, rather 
than being totally segregated from the 
cytosol and stored within the mem- 
branes. The controversy has continued 
to the present, with laboratories in sever- 
al countries contributing evidence favor- 
ing one side of the argument or the other. 

Observations from various labora- 
tories have shown rapid nonparallel or 
enzyme-specific secretion of digestive 

enzymes after administration of diverse 
hormones, neurotransmitters, metabo- 
lites, or digestive stimuli to various 
whole-pancreas preparations both in vi- 
tro and in vivo (4). According to the 
exocytosis hypothesis, distinct species 
of digestive enzymes are synthesized, 
processed, segregated from the cytosol, 
and stored in the zymogen granules, in 
parallel with each other, within 45 min- 
utes to 1 hour (1, 5). Further, the zymo- 
gen granules appear in electron micro- 
graphs to be homogeneous, even when 
their contents are assessed by immuno- 
histochemical methods (6). Thus, either 
the observations of nonparallel secretion 
are incorrect [which has been the claim 
of some cell biologists (31 or exocytosis 
is not a satisfactory mechanism to ex- 
plain the secretory phenomena (2). 

We explored the possibility that the 
rabbit pancreas in vitro and in situ might 
secrete enzymes in a nonparallel fashion, 
and we simultaneously determined 
whether the enzyme species were secret- 
ed in groups, as expected of exocytosis, 
or independently, as expected of an equi- 
librium-type mechanism. The existence 
of nonparallel secretion was explored by 
regression analysis of the secretion of 
paired digestive enzymes under several 
different conditions of stimulation. Sig- 
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