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Skeletal growth involves a variety of 
modeling processes which result in the re- 
arrangement and recombination of histo- 
logical components. Compact bone is 
formed as a composite of structural zones 
produced by the progressive accumulation 
of architectural changes. The purpose of 
this study is ( a )  to trace the sequence of 
specific remodeling changes during growth, 
and (b) to relate remodeling processes 
with corresponding patterns of microscopic 
structure. 

History 
Plato said that “God formed bone in this 

way. Sifting earth until it was pure and 
smooth, he kneaded it and moistened it 
with marrow, then he placed this mass in 
the fire, and next cast it into water, and 
again into the fire, and again into water, 
and so changing it from one into the 
other in turn, he made it of such a kind 
that it can not be dissolved by anything.” 
Arnobius reported that a goddess is men- 
tioned in ancient writings “who hardens 
and solidifies the bones in young infants.” 
Riolan commented that the ancients in- 
vented a certain goddess to care for the 
bones, since the shape of the body depends 
on the skeleton. Hippocrates said that 
bones are produced by the burning and dry- 
of fat (in the marrow). Both Aristotle and 
Galen believed that bone substance repre- 
sents the “less noble” component of sem- 
inal residue which is not utilized elsewhere 
during the formation of the body from the 
seed.’ In the book of Ecclesiastes (1 1 : 5), 
it is said that “as thou knowest not what 
is the way of the spirit, nor how the bones 
do grow in the womb of her that is with 
child; even so thou knowest not the works 
of God who maketh all.” 

Vesalius realized the cartilaginous na- 
ture of early fetal bones, and his pupil, Fal- 
lopius, first recognized and described the 

epiphyseal plate of cartilage (Portal, 1770). 
Caspar Bartholin (1676) said that bones 
in the embryo are at first a fluid which is 
later filled with sinew, becomes cartilagin- 
ous, and then slowly acquires the hardness 
of bone. During the late 1600’s and through 
the middle of the 1700’s, standard textbook 
descriptions of bone growth maintained 
that a secretion of thin bone juice from 
the blood congeals first into transparent 
cartilage which is then transformed into 
soft bone, and which finally becomes hard- 
ened by deposits of saline-like nutrients 
(“succus nutritius”). This latter element 
was drawn from the blood either by heat, 
reduced diameter of vessels, by evapora- 
tion, or by rotational forces in the blood 
itself (Havers, 1691; Malpighi, 1743; Che- 
selden, 1733; Monro, 1763.) An interest- 
ing prelude to our modern understanding 
of bone growth was made as early as 1631 
by Adrianus Spigeleius. He was apparently 
the first to suggest that the periosteum it- 
self can produce new bone, and that bone 
increases in mass by a process of apposi- 
tion. He also noticed the formative differ- 
ence between skull bones (intramembra- 
nous) and long bones (endochondral). 
This latter observation was to be indepen- 
dently rediscovered at least three times in 
subsequent history (Nesbitt, 1736; Meckel, 
1832, gives credit to Howship; Huxley, 
1853, gives credit to Sharpey). Grew 
(1681), Leeuwenhoek (1693), and Malpighi 
(1743) compared the functional role of the 
periosteum in bone growth with that of 
the cambium in bark. Duhamel(l739-43) 
made the same analogy, and he termed the 
osteogenic component of the periosteum 
as the “cambium layer.” Havers did not 
recognize the osteogenic function of the 

’ The foregoing accounts have been taken from 
Supported by U.S.P.H.S. Grant D-1123. 

translations into the Latin by Albinus (1757).  
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periosteum, and he introduced instead a 
controversial concept, based on interstitial 
growth, that has been argued for over 250 
years. Hales (1727), by applying markers 
on a growing bone, discovered that growth 
in length is produced by an increase at its 
ends, rather than by internal expansion 
as proposed earlier by Havers. The stain- 
ing of bone with madder was recorded by 
Lemnius in 1567 and by Mizaldus in 1566, 
but Belchier (1736) rediscovered this pe- 
culiar quality of madder and it soon be- 
came a useful tool in the hands of experi- 
mental investigators. Duhamel(l739,1742, 
1743) found that this substance colors 
only that bone deposited during periods of 
active growth. He concluded, also, that the 
periosteum serves in an osteogenic capac- 
ity. In another experiment, Duhamel 
placed metal rings around the shafts of 
enlarging long bones, and he observed that 
these rings later became enclosed in the 
substance of the bone or within the mar- 
row cavity. Although he had previously 
confirmed the concept of periosteal apposi- 
tion, Duhamel could not explain these later 
findings on the basis of this process alone. 
He then concluded that bone grows by a 
process of expansion in addition to perios- 
teal deposition, thus reviving the older con- 
cept of interstitial growth. Haller (1766) 
repeated these investigations, and he ar- 
gued that blood vessels within the perios- 
teum, and not this membrane itself, pro- 
duced bone growth. John Hunter (1798) 
also reviewed and repeated these various 
pioneer studies. He recognized the critical 
problem that had troubled Duh amel, but 
he could not accept the hypothesis of inter- 
stitial growth. Hunter then formulated the 
fundamental concept that has become the 
basis for our present-day understanding of 
skeletal growth. He was the first to realize 
that bone growth involves two mutually re- 
lated processes : outer deposition and inner 
resorption. Hunter thereby resolved the 
problem previously encountered by Du- 
hamel. Hunter also was the first to state 
that “bone is constantly changing its mat- 
ter,” but like his contemporaries, he be- 
lieved that bone removal was a function of 
the lymphatics. Brulle and Hugueny (1845), 
Flourens (1845), and Loven (1863) recog- 
nized the presence of resorption on a peri- 
osteal surface, rather than just on the 

endosteal margin, and they correctly as- 
sociated this process with metaphyseal re- 
modeling. They also realized that bone in 
the metaphysis can be produced by endos- 
teal deposition. 

Brash (’34) has summarized and dis- 
cussed the established concepts and prin- 
ciples concerned with bone growth and 
modeling, including generalizations that 
the diaphyses of long bones grow in length 
by cartilage replacement at their ends only, 
that long bones grow in width by surface 
(sub-periosteal) apposition, and that inter- 
stitial expansion of bone does not occur. 
Information on differences in relative 
growth rates between different skeletal ele- 
ments has been reported by Payton (’31). 
Lacroix (’45) made the observation that 
bone tissues in metaphyseal areas can be 
endosteal in origin, and he thus revived a 
concept introduced by Brulle and Hugueny 
and others a century earlier. Leblond et 
al. (’50), by the use of autoradiographic 
methods, established the significance of 
widespread endosteal bone growth as a 
basic process involved in the structure and 
shaping of the metaphysis. Leblond illus- 
trated the sequence of remodeling changes 
which produce structural “funnels” within 
the cortex. Tomelin et al. (’53), also using 
autoradiographic techniques, reported re- 
modeling processes concerned with the 
formation of shaft curvature, and they de- 
scribed the eccentric relocation of cortical 
bone produced by this mechanism. The 
structural arrangement and reconstruction 
of tissue components produced by this proc- 
ess, in addition to those discussed by Le- 
blond, will be described in detail in the 
present study. 

MATERIALS AND METHODS 

Bone tissues from normal, untreated 
white rats and Rhesus monkeys were stud- 
ied. These species were selected in view of 
their wide use as laboratory and experi- 
mental forms. In addition, bone samples 
from other species of representative verte- 
brate groups were examined. Routine dry 
ground sections were prepared by the use 
of a plastic-seal technique (Enlow, ’54), 
and decalcified preparations were made us- 
ing standard methods. Stained and de- 
calcified sections were also prepared by a 
special technique which makes possible the 
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preparation and examination of large num- 
bers of samples without the need for em- 
bedding and sectioning with a microtome 
(Enlow, ’61). In all, bone specimens from 
108 monkeys and 83 rats were examined. 
Monkeys were grouped into relative age 
levels according to dental formulae. Bone 
tissues in the femur were studied in all of 
the animals, and bone from the tibia, ra- 
dius, humerus, and mandible were exam- 
ined in many of the individuals. Multiple, 
semi-serial sections were prepared through- 
out the length of each bone. Entire longi- 
tudinal sections of rat bones were made 
with the aid of the Gillings-BronwiU appa- 
r a t u ~ . ~  One- per cent alizarin was adminis- 
tered to some of the white rats to establish 
reference marks in the growing bone. This 
procedure was used in order to trace the 
sequence and specific regional location of 
tissue changes involved in remodeling. 
Alizarin markers were also used to con- 
firm the periosteal or endosteal nature of 
bone deposits. 

Specific varieties of basic bone tissues 
were identified in different representative 
areas of each bone. The structural and de- 
velopmental relationships of each bone 
type were determined. Combinations and 
progressive recombinations in the arrange- 
ment, pattern, and structure of these tis- 
sue types were then mapped according to 
sequential formation and particular re- 
gional location. 

OBSERVATIONS 

The developmental and structural inter- 
pretations of the observations described be- 
low are based on the classic scheme of 
progressive bone remodeling used by Kol- 
liker (1853), Brash (’34), Weinmann and 
Sicher (’47), Leblond ( ’50) ,  and Tomelin 
(’53). This generalized plan is illustrated 
in plate 1. Note that the metaphysis is 
progressively reduced in diameter as the 
bone increases in length, and that meta- 
physeal bone is relocated in relative posi- 
tion to become part of the diaphysis. This 
process of metaphyseal remodeling in- 
volves resorption of periosteal surfaces in 
combination with apposition on the endos- 
teal margin. 

Cortical stratification. In all species 
examined, the compact bone substance of 
the cortex becomes stratified during growth 
and remodeling. This stratification is the 

result of ( 1 )  successive reversals in the 
direction of outward (periosteal) and in- 
ward (endosteal) growth, and (2) the for- 
mation of various kinds of bone tissues 
which are associated with different local 
growth circumstances. Growth reversals 
are produced by the increase-decrease-in- 
crease in diameter involved in metaphyseal 
to diaphyseal relocation following growth 
in length (figs. 1-3). Specific bone tissue 
types are characteristically located in par- 
ticular and specific layers. The structural 
result is a compacta which is composed of 
conspicuous “zones,” each of which can be 
interpreted in terms of developmental ori- 
gin and specific location. While the over- 
all shape and surface outlines of the grow- 
ing bone remain constant, the substance of 
the compact bone itself becomes a struc- 
tural conglomerate of reorganized growth 
levels (figs. 14, 19, 27). 

During remodeling and reconstruction, 
pre-existing bone is not entirely removed or 
destroyed. Some, more or less, remains. 
This bone of older generations becomes en- 
closed or incorporated into the revised 
form as zones, layers, islands, or as a ves- 
tige of interstitial bone. Since new osseous 
deposits can form only on some surface ex- 
posure of a bone (endosteal, periosteal, 
cancellous, or the inner surface of a canal), 
the surf ace configuration of pre-existing 
bone determines the minute architectural 
patterns formed by subsequent deposits. 
The significance of these concepts to a de- 
velopmental interpretation of structural ar- 
rangement will be seen in the following 
observations. 

Lamellar compaction of coarse 
cancellous bone 

This structural conversion produces a 
distinctive and characteristic type of com- 
pact bone tissue which is clearly recogniz- 
able in routine section preparations. If in- 
ward or endosteal growth, during meta- 
physeal reduction in diameter, proceeds 
into areas already occupied by coarse can- 
cellous bone, the compaction of these can- 
cellous trabeculae results in a cortex which 
is composed of coarse, irregular ‘tYhorls” 
or “convolutions” of compact bone (figs. 21, 
26). Or, depending on the density and 
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orientation of the trabeculae, isolated rods 
or sheets of bone may become enclosed 
(fig. 17). The original configuration of 
former trabeculae are recognizable. Thus, 
during inward growth involving periosteal 
resorption together with endosteal apposi- 
tion, the thickness of the cortex is pre- 
served, or even increased as the diaphysis 
is neared. 

This frequently encountered tissue type 
is formed only by endosteal, never perios- 
teal, apposition. The presence of such bone 
in any section is clear evidence that this 
specific region or zone was the result of in- 
ward growth. Following growth reversals, 
this particular bone tissue type becomes a 
distinctive zone enclosed by a different tis- 
sue variety (figs. 22, 27). Cortical bone 
composed partially or entirely of com- 
pacted coarse cancellous bone tissue is 
typically located towards the proximal and 
distal thirds of a long bone rather than in 
the mid-diaphysis. It is possible, thus, to 
identify the approximate location of any 
section by this feature. Such bone tissue is 
not extensively distributed in the middle 
third of the diaphysis since growth re- 
versals have largely resulted in its removal 
and replacement. 

Lamellar compaction of fine 
cancellous bone 

The compaction of fine cancellous bone 
has been observed to take place during 
(1 ) the conversion of endochondral trabec- 
ulae into compact bone, (2) conversion of 
cortical non-lamellar bone present at birth 
into compact tissue, and (3)  conversion of 
sub-periosteal, non-lamellar bone formed 
regionalIy during post-natal development. 

Adjacent to the epiphyseal plate, pro- 
gressive reduction in the diameter of the 
metaphysis involves endosteal lamellar dep- 
osition on the surface of pre-existing en- 
dochondral trabeculae. These trabeculae, 
containing distinguishing spicules of calci- 
fied cartilage matrix (fig. 16), are en- 
tombed as the cancelli become partially 
filled with concentric lamellae. The former 
spongy endochondral tissue has now been 
altered into compact bone and has been 
relocated from the medulla into the cortex. 
This bone type is easily recognized in 
stained, decalcified preparations (fig. 19C). 
Following elongation of the entire bone and 

subsequent growth reversals during meta- 
physeal-diaphyseal transition, compacted 
endochondral bone tissue becomes a dis- 
tinct zone enclosed by layers of other tissue 
types and is re-positioned in the cortex at 
some distance from its original location 
near the epiphyseal plate (fig. 19). Rem- 
nants of old endochondral bone have been 
frequently observed in the cortical bone of 
adult rats and scattered in the compact 
bone of growing Rhesus monkeys. 

Non-lamellar (woven) bone, in the form 
of fine cancellous tissue, was found to 
comprise the greater part of the cortical 
shaft in the new-born rat and monkey long 
bones studied (figs. 18, 24). With subse- 
quent bone growth, both in length and di- 
ameter, these original pre-natal and neo- 
natal deposits receive lamellar compaction 
(fig. 25). Following outward, inward, then 
outward growth, this bone becomes en- 
closed by more recently formed layers of 
other tissue types and then occupies an 
identifiable zone within the compacta (fig. 
19B). 

Non-lamellar bone may also form after 
birth, either in local, restricted areas or 
over a widespread distribution. This tissue 
has been routinely observed in regions of 
tendon insertion and in tubercle formation 
(fig. 20). Non-lamellar bone which is 
formed after birth has been found to 
develop, unlike coarse cancellous bone, 
largely by sub-periosteal rather than by 
endosteal deposition. The generalization 
may therefore be stated that cortical zones 
of compacted he-cancellous, non-lamellar 
bone are generally a product of periosteal 
growth, and that compacted coarse can- 
cellous and endochondral bone are both 
products of endosteal growth. 

Outer and inner circumferential 
lamellae 

If sub-periosteal apposition takes place 
in any area which does not involve the 
compaction of fine cancellous, non-lamellar 
bone, and if endosteal deposition does not 
involve compaction of endochondral or 
coarse cancellous trabeculae, then the for- 
mation of new bone proceeds by the dep- 
osition of uninterrupted sheets of circum- 
ferential lamellar bone tissue (figs. 14, 19, 
22, 23, 27). 
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The inclusion of vascular canals in en- 
dosteal lamellar bone is in the form of 
“Volkmann’s canals” which typically enter 
the compacta in a near perpendicular 
manner (figs. 13, 14). This pattern of 
Volkmann’s canals is characteristically as- 
sociated with endosteal circumferential la- 
mellar bone in locations which did not in- 
volve cancellous compaction. The inclusion 
of primary canals during periosteal bone 
deposition, on the other hand, usually re- 
sults in an orientation of canals which are 
predominantly longitudinal to the main 
axis of the bone, or in the form of an ir- 
regular, three-dimensional reticulum (fig. 
22). 

Periosteal bone is deposited along the 
shaft, following outward reversal in direc- 
tion of growth, in a “basin” produced by 
the enlarging epiphyses (fig. 5). This 
serves to increase the diameter of the 
shaft, in proportion, as the whole bone en- 
larges. The periosteal-endosteal contact 
may be in the form of a simple reversal 
line, or it may be composed of a narrow 
zone of endosteal tissue composed of com- 
pacted cancellous bone (fig. 14). 

Regional changes in shape and osseous 
drift. If cross-sections at various points 
in the metaphysis and diaphysis are super- 
imposed and compared (fig. 7), it is evi- 
dent that in addition to an abrupt change 
in size, regional shape differs significantly. 

Transverse growth rarely proceeds 
equally in all directions, either periosteally 
or endosteally. Rather, one side of a bone 
shows external addition, and the other 
side of the same bone at the same level 
shows external resorption (Tomelin, ’53). 
The effect is a distinct drift or shift in the 
local axis of bone. This lateral drift dur- 
ing metaphyseal-diaphyseal transition is a 
direct result, not only of changing size, but 
primarily of changing shape and change of 
relative position due to the formation of 
curvature in the bone. The arrangement 
of structural components in figure 12 illus- 
trates the process. Such a pattern, or some 
variation of this pattern, has been routinely 
observed in transverse sections of bone 
from all species examined and at all levels 
from proximal to distal epiphyses. 

The direction of the drift in figure 12 is 
clearly evident. Periosteal deposition and 
endosteal resorption can be identified on 

one side, and the converse process is found 
on the other side. A similar arrangement 
is seen in figure 27. During lateral shift in 
relative position, such remodeling adjust- 
ments do not affect the proportional thick- 
ness of the cortex itself. Following drift, 
remaining contours of the old bone are still 
recognizable as landmarks in the newly re- 
organized compacta (fig. 19). A reversal 
in the direction of drift may take place 
along the shaft as the arc of the curvature 
is followed. 

It is proposed that this process be termed 
“osseous drift.” Such a name is descrip- 
tive, and the process is comparable with 
“mesial drift” in maxillary and mandibular 
bone relative to movements of teeth (Or- 
ban, ’57). 

Chondroid bone 
This distinctive tissue (fig. 20) has been 

observed at the crest of tubercles and bony 
processes in rapidly growing bones. It ap- 
pears similar to or identical with the char- 
acteristic tissue located on growing alveolar 
crests surrounding teeth. Chondroid bone 
has been described (Schaffer, 1888; Orban, 
’57), but its developmental and functional 
significance is not clear. It is apparently 
not related to fibrocartilage, which may 
also be located in similar places on long 
bones. Rather, this curious tissue is asso- 
ciated with localized regions which seem 
to require accelerated growth and yet 
which must provide anchorage and per- 
haps resistance to pressure. Although the 
fibrous matrix of bone tissue in the tu- 
bercle is subject to tensile forces, the indi- 
vidual chondroid cells themselves do not 
receive direct tensile stress. To the con- 
trary, they must be resistant to the pres- 
sure exerted on them by the surrounding 
fibrous matrix which is under direct ten- 
sion. The cartilage-like cells appear to 
undergo direct conversion into osteocytes 
and become included in seemingly typical 
non-lamellar bone, although this supposi- 
tion is not certain. Investigation into the 
nature of this tissue is urged. 

Primary and secondary Huversian bone. 
The primary osteone is a result of concen- 
tric lamellar deposition within the spaces 
of fine cancellous, usually non-lamellar, 
bone. Secondary resorption and recon- 
struction are not involved. This bone type 
may be found following extended or local- 
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ized rapid accumulation of new periosteal 
bone. During fast diametrical growth just 
following birth, stratified layers of primary 
osteones, together with interstitial non- 
lamellar tissue, are formed (figs. 24, 25). 
Following later remodeling, incomplete 
zones of this tissue remain in the compacta 
(fig. 19). In addition, this type of bone 
tissue is often present in processes to which 
tendons attach (fig. 20), or in any former 
areas of such attachment which have since 
been relocated through remodeling shifts. 
Primary osteones located selectively in tu- 
bercles seem to result from the formation 
of original fine cancellous deposits result- 
ing from disproportionately rapid growth 
in this area. They are apparently not im- 
plicated, in a direct cause and effect re- 
lationship, with stress forces associated 
with muscle or tendon insertion. This ob- 
servation is in contradiction to the hypoth- 
esis that “osteones” represent a response to 
tension (Murray, ’36) .  

Internal reconstruction within the com- 
pacts itself results in the formation of 
bone tissues which are composed largely of 
secondary osteones. Secondary Haversian 
bone is not involved in the bone tissue of 
many mammalian species, including the 
white rat (Enlow and Brown, ’58). 

Primary and secondary osteones, like 
any other bone tissue type, occur regularly 
in distinct zones within the compacta. The 
sequential, developmental history of these 
zones can be traced and interpreted on the 
basis of preceding descriptions. Primary 
osteones are found in growing bone of both 
the rat and monkey, but distribution is 
noticeably sparse in the rat. This can be 
explained on the basis of comparative dif- 
ferential growth and the relative quantities 
of bone which are deposited in a given 
period, since the primary osteone is a struc- 
tural result of larger volumes of bone for- 
mation in less time. 

Structural variations in different bones. 
The relative proliferative activity of the 
proximal and distal epiphyseal cartilages 
is an important factor contributing to archi- 
tectural arrangement within the cortex of 
the shaft. Inequalities in growth rate pro- 
duce a characteristic distribution of endos- 
teal and periosteal bone tissues which is 
identified with specific bones. The proxi- 
mal and distal epiphyseal plates of the 

tibia are approximately equal in their con- 
tribution to the overall length of the whole 
bone. Periosteal deposition in the tibia, as 
evidenced by alizarin lines or by the identi- 
fication of zones and associated tissues, 
occupies a considerable area extending 
well toward both epiphyses. In the femur 
(fig. 8), however, the proximal epiphyseal 
plates are subordinate to the growth activ- 
ity of the distal plate, and they provide 
linear growth which is restricted largely 
to the neck and to the greater or lesser 
trochanters. As a result, bone formed by 
endosteal apposition following prolifera- 
tion of the distal plate represents the pre- 
dominant cortical volume in the growing 
shaft (fig. 9). 
. The diameter of the femoral neck, fol- 
lowing the proliferation of its own epi- 
physeal plate, becomes reduced by perios- 
teal resorption together with endosteal 
compaction of underlying cancellous bone 
(fig. 8). Sub-periosteal lamellar apposition 
appears as the neck grades into the adja- 
cent shaft. The contact zone between this 
endosteal bone and the periosteal bone of 
the shaft is evident in microscopic sections. 

DISCUSSION 

The traditional textbook pattern of com- 
pact bone tissue structure is a combination 
of outer and inner circumferential lamel- 
lae enclosing a middle core of Haversian 
bone (fig. 23). This is one example of the 
multi-layering of zones produced by in- 
ward and outward reversals in growth. 
Such an arrangement is rarely so simple, 
however. If the formation and structural 
arrangement of compact bone is considered 
with respect to the various remodeling 
agencies, including metaphyseal-diaphys- 
eal transition, changes in shape, zone for- 
mation, shifts in axis, osseous drift, the 
formation and reformation of bony proc- 
esses, and the development of various bone 
tissue types, it is apparent that a consider- 
able variety of structural patterns are likely 
to be encountered. A mid-diaphyseal, trans- 
verse section will differ from one pre- 
pared near the end of the diaphysis, and 
this in turn differs noticably in structural 
arrangement from sections made through 
the metaphysis, and so on up and down 
levels of the bone (plate 7). Correspond- 
ingly, the various sections differ with age, 
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with the specific skeletal unit studied, and 
with the particular species considered. 

If a transverse section is prepared 
through the approximate level of 7b in fig- 
ure 6, three or 4 clearly identifiable zones 
would be expected. These actual zones 
are observed in figure 19, a cross section 
through such an area. The original endo- 
chondral trabeculae of the metaphyseal 
medulla, containing spicules of calcified 
cartilage matrix, can be identified. These 
trabeculae have been compacted and sub- 
sequently were incorporated as a zone 
within the cortex during inward growth. 
External to this layer, sub-periosteal, fine 
cancellous, non-lamellar bone has been 
filled with lamellae to form another dis- 
tinct zone. The results of inward growth 
by endosteal lamellar apposition, and out- 
ward growth by periosteal lamellar deposi- 
tion following reversal, can both be recog- 
nized as inner and outer circumferential 
zones or layers. The results of drift, fol- 
lowing a shift in axis, are seen as the zones 
arch to the periosteal margin (fig. 19) and 
there become exposed as an active surface 
of erosion. The middle two zones in fig- 
ure 19 appear abruptly sheared at the outer 
cortical margin. Periosteal and endosteal 
lamellar deposition have followed in the 
direction of the shift. 

In view of the various factors just de- 
scribed, it is evident that any section of 
bone must be interpreted as an individual 
and local situation which has been pro- 
duced by the cumulative effects of gross 
remodeling in that particular region. 

Species variation. Widespread differ- 
ences exist in the structure of bone be- 
tween vertebrate groups (Foote, '16; Peter- 
sen, '30; Amprino and Godina, '47; Enlow 
and Brown, '56, '57, '58). The basis for 
many of these structural differences can be 
resolved by a comparative interpretation 
of developmental processes. The results of 
this study suggest that differential rates of 
growth between different species is an im- 
portant factor. This was first proposed and 
supported by Amprino ('47). The rate of 
deposition determines the volume of bone 
laid down in a given period of time, and 
this strongly influences the particular type 
of bone tissue which is to be deposited. 
The widespread distribution in a skeleton 
of fine cancellous non-lamellar bone, pri- 
mary Haversian bone, or plexiform bone 

(Enlow and Brown, '56), represents a de- 
velopmental response to relatively rapid 
skeletal growth, or to the production of 
large quantities of bone tissue in a short 
period of time, as in bovines, larger carni- 
vores, and proboscidians. Relatively slow 
skeletal growth, on the other hand, results 
in the formation of typical circumferential 
lamellar bone, either with or without the 
inclusion of primary non-Haversian canals. 
Certain vertebrate groups, including most 
reptiles, have this particular bone variety 
as a predominant and characteristic com- 
ponent of structure. A great many forms 
possess bone types which are associated 
with more rapid accretion, but subsequent 
to periods of active skeletal growth, other 
bone tissue varieties characteristic of 
slower growth are produced. This may be 
either a local or a widespread situation in 
any individual bone. Mixed combinations 
of bone tissue types, thus, are frequently 
present. Related to differential rate of 
growth is the life span of the form, and 
the size, specific shape, and the propor- 
tions of individual bones considered. These 
factors determine the regional distribution 
of various tissue types and represent indi- 
vidual structural results produced by re- 
modeling processes. Marked differences 
are found, for example, in the bone struc- 
ture between the laboratory rat and human 
or monkey bones. This can be explained 
on the basis of the endosteal and periosteal 
distribution of bone which determines the 
nature and orientation of component struc- 
tures, and which is in direct relation to 
differences in growth rate and size of the 
forms. Small rodents, as well as other 
mammals of similar size and with a sim- 
ilar rate of skeletal growth, possess mid- 
diaphyseal bone which has a predictable 
"radial" orientation of vascular canals in 
the compacta (Enlow and Brown, '58). 
Since much of the cortex in the mid-diaph- 
ysis of a rat long bone is composed of en- 
dosteal, circumferential lamellar bone (fig. 
9), the radial arrangement of Volkmann 
canals is explicable (see previous descrip- 
tions of endosteal lamellar bone). In mam- 
malian forms of larger body size, however, 
the progressively increased diameter of the 
diaphyseal cortex, following reversals of 
growth, results in the addition of relatively 
greater amounts of periosteal bone with a 
proportionate removal of endosteal bone. 
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The distribution of endosteal, radial canals, 
while present, is thus minimal except in 
local areas where the diameter of the shaft 
is undergoing active reduction during gross 
remodeling. 

Generalized sequence of growth 
Based on the structural observations pre- 

viously described and discussed, the tradi- 
tional plan of superimposed growth stages 
(figs. 1, 2, 3 )  has been expanded (figs. 4, 
5, 6). The purpose of this more detailed 
scheme is to illustrate the developmental 
sequence in (a)  the regional formation of 
cortical zones, (b) the formation and ar- 
rangement of different tissue types, and 
(c) the progressive rearrangement and re- 
location of structural components during 
remodeling processes. 

Stage one (f ig. 4). Specific areas and 
zones are identified by code numbers. 

Alizarin deposits are scattered beneath 
the epiphyseal plate from 10a to l l a  and 
from 10b to l l b  as linear growth proceeds 
by endochondral ossification. Metaphyseal 
diameter has increased from 9b to l l b  by 
the sub-periosteal apposition of fine cancel- 
lous, non-lamellar bone tissue forming an 
intramembranous sheath of bone around 
the endochondral medulla (fig. 15). Note 
that the diameter of the metaphysis in this 
same region on opposite side (10a to 1 la)  
has undergone reduction. A sheath of sub- 
periosteal bone is not present, and the en- 
dochondral trabeculae have been abruptly 
and directly invaded by inward resorption 
(fig. 16). This arrangement in an actual 
bone section is seen in figure 11. Meta- 
physeal reduction in diameter by periosteal 
resorption has also occurred from 3a to l l a  
and from 3b to 9b. Compaction of coarse 
cancellous bone during inward growth is 
seen from 6a to l l a  and from 6b to 9b. 
With continued elongation of the entire 
bone, following epiphyseal activity, this 
area will become partially interred between 
more recently formed endosteal and perios- 
teal layers produced by subsequent inward 
and outward reversals (see Stages two and 
three). Endosteal deposition of internal 
circumferential lamellae during metaphys- 
eal reduction is seen from 3a to 6a and 
from 2b to 6b. Cancellous compaction is 
not involved in these areas. The diameter 
of the mid-diaphysis has increased by sub- 
periosteal growth from l a  to 3a and from 

l b  to 2b following outward reversal in 
direction of growth. This periosteal bone 
tissue may be in the form of circumfer- 
ential lamellae (figs. 22, 23) or fine can- 
cellous non-lamellar bone (fig. 24) depend- 
ing on relative rates of growth. Deposits 
of fine cancellous bone, when formed, re- 
ceived subsequent lamellar compaction. 

Cancellous bone in 
the metaphysis has been omitted for clarity 
of illustration, but the arrangement in this 
region would be a repetition of Stage one. 
Areas of bone remaining from Stage one 
(solid black) are embedded within the new 
bone of this generation, and the distribu- 
tion of alizarin lines partially describe the 
contours of the old bone. 

Increase in diameter by sub-periosteal 
deposition of fine cancellous, non-lamellar 
bone has occurred from 14b to the end of 
the metaphysis. Periosteal resorption dur- 
ing metaphyseal reduction, following in- 
ward reversal in direction of growth, can 
be seen from 4b to 13b and 6a to 15a. 
Compact bone produced by cancellous com- 
paction during endosteal growth is present 
from 7a to l l a  and from 6b to l l b .  Ir- 
regular contours of old alizarin lines are 
seen. This zone represents levels 6a to 10a 
and 6b to 10b in Stage one following com- 
paction and relocation. Endosteal deposi- 
tion of circumferential lamellae during re- 
duction in diameter has occurred from 5a 
to 7a and from 3b to 7b, and endosteal 
growth by the compaction of cancellous 
trabeculae has proceeded from l l a  to 15a 
and from l l b  to 14b. Increase in diameter 
by the sub-periosteal apposition of either 
circumferential lamellar or fine cancellous 
non-lamellar bone is seen from l a  to 6a 
and from l b  to 4b. The eroded surfaces 
of Stage one are present on the outer 
margin of the bone from 6a to l l a  and 
from 4b to l lb .  In  this region, the ex- 
ternal surfaces are composed of older bone 
which was originally endosteal in its for- 
mation and which was located on the inner 
surface. This bone tissue has been relo- 
cated from the inner to the outer side 
where it now occupies a resorptive surface 
during metaphyseal reduction in diameter. 

The old contours of 
Stage one (black) and Stage two (lined) 
can be observed within the present growth 
stage (stippled). Deeply enclosed alizarin 
lines formed during Stage one are still ap- 

Stage two (fig. 5). 

Stage three (f ig. 6). 
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parent. Note that the contours of the bone 
as a whole are maintained as symmetrical, 
even surfaces although the substance of 
the compact bone itself is a composite of 
irregular zones. Periosteal resorption has 
taken place from 7b to 18b and from 7a 
to 20a. Endosteal deposition by cancellous 
compaction (in the metaphysis), or by the 
apposition of inner circumferential lamel- 
lae (toward the diaphysis), has proceeded 
from 5a to 20a and from 4b to 18b. Earlier 
zones of compacted cancellous bone from 
7a to 12a and from 6b to 10b are now par- 
tially or completely enclosed by subse- 
quently formed zones of other tissue types 
produced during growth reversals. Out- 
ward, sub-periosteal deposition has taken 
place from l a  to 7a and from l b  to 7b. 
The inner surface of the mid-diaphysis 
now undergoes resorption (not shown in 
diagram) as the diameter of the shaft in- 
creases. 

SUMMARY AND CONCLUSIONS 

The cortex is composed of stratified com- 
pact bone. Each stratum represents a dis- 
tinct growth “zone,” and the composite of 
zones represents the cumulative result of 
various remodeling processes outlined be- 
low. 

Repeated endosteal and periosteal re- 
versals in direction of lateral growth con- 
tribute to the formation and stratification 
of cortical zones. Growth reversals follow 
the increase-decrease-increase of diameter 
involved in metaphyseal to diaphyseal re- 
location of compact bone during linear 
growth. 

Regional, progressive changes in sec- 
tional shape involved in metaphyseal- 
diaphyseal relocation are produced by a 
process termed “osseous drift.” 

Zone formation involves a variety of 
basic osseous tissues. Specific bone tissue 
types are characteristically associated with 
particular zones. 

Fine cancellous, non-lamellar bone tis- 
sue is widely distributed in the neo-natal 
cortex. In post-natal long bones, this bone 
type has been observed to develop largely by 
sub-periosteal rather than by sub-endosteal 
apposition. Compacted fine cancellous 
bone occupies distinct zones in the cortex 
following the formation of other zones and 
tissue types during subsequent growth 
reversals. 

Since the contour of existing bone sur- 
faces at any stage of developmental reor- 
ganization determines the architecture and 
configuration of subsquent bone deposits, 
inward growth by endosteal deposition pro- 
duces several distinctive bone tissue vari- 
eties. Cortical bone resulting from the 
lamellar compaction of fine cancellous 
endochondral trabeculae is identifiable by 
the presence of calcified cartilage spicules. 
Endosteal growth into areas occupied by 
coarse cancellous trabeculae produces 
“whorls” of irregular, compacted cancel- 
lous bone. This is a common tissue type 
in the proximal and distal thirds of the 
shaft. Inward endosteal growth uncom- 
plicated by the presence of cancellous bone 
results in the formation of inner circum- 
ferential lamellae. These various tissue 
types are routinely seen as distinct zones 
in the cornpacta following growth reversals. 
Different tissue types represent a response 
not only to local direction of growth, but 
also to differential rate of local growth. 

Marked variation exists in the structure 
of bone between different ages, different 
bones, and between different sections at 
various levels of the same bone. These 
structural variations can be explained on 
the basis of regional developmental and 
remodeling processes. 

Species variations in the microscopic 
structure of bone can be largely explained 
by a comparative interpretation of the spe- 
cific growth processes described in this 
study. 
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PLATE 2 

EXPLANATION OF FIGURES 

4 Stage One, represented in  black. Remnants of this growth level, following subsequent 
remodeling, can be traced in figures 5 and 6. Alizarin markers are indicated by red 
lines. Detailed explanation in text. 

Stage Two, represented by a horizontal-lined pattern. Metaphyseal cancellous bone, as 
found in Stage one, is omitted for simplicity of illustration. The alizarin markers of 
Stage one have been enclosed by subsequent endosteal or periosteal deposits. Detailed 
explanation in text. 

Stage Three, represented by a stippled-pattern. Endosteal and periosteal deposition has 
enclosed vestiges of Stages two and three following remodeling. Detailed explanation 
in  text. 
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PLATE 3 

EXPLANATION O F  FIGURES 

7 A lateral shift in  axis during metaphyseal-diaphyseal transition is involved in changes 
of shape and size, as well as in  the curvature formation of the bone. This process is 
termed “osseous drift.” The structural results of lateral drift, as level A is superimposed 
over level B, can be seen in figure 12. 

Longitudinal section of a growing post-natal rat femur. Alizarin markers are indicated 
by black lines. Cancellous compaction, recognizable by the convoluted nature of the 
tissue, can be seen in the distal metaphysis and in the neck. Extensive endosteal growth, 
as indicated by alizarin markers, has formed in  the distal half of the bone. Sub- 
periosteal deposition has occurred in the proximal “basin” of the shaft adjacent to the 
neck. 

Periosteal bone is represented by solid black, and endosteal bone is white. Note the 
widespread distribution, in the growing rat femur, of endosteal bone. Enlargements of 
areas X and Y are found in plate 4, figures 13 and 14. 
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PLATE 4 

EXPLANATION OF FIGURES 

10 Longitudinal section of a growing rat femur. X 3. The information presented in 
figures 8 and 9, and the enlargements in figures 13 and 14, were made from this section. 

11 Longitudinal section of a growing rat tibia. X 1.5. Compare opposite sides of the 
proximal metaphysis. One side ( B )  shows sub-periosteal apposition adjacent to the 
epiphyseal plate, while the other side (A) has received immediate reduction by a 
process of periosteal resorption in combination with endosteal deposition. See figures 
15 and 16 below for comparable sections under higher magnification. 

This transverse section of a growing monkey humerus illustrates the structural result 
of osseous drift. Periosteal lamellar apposition (A) is combined with endosteal resorp- 
tion ( B )  on one of the sections, and endosteal lamellar apposition (C) and periosteal 
resorption (D)  is seen on the opposite side. Drift has proceeded in a direction toward 
the top of the illustration. This common situation is found in routine bone sections 
of all species and at all age levels. x 6. 

Enlarged transverse section of Area Y, figure 9. X 50. This area of compact bone is 
composed entirely of endosteal bone tissue. Growth has proceeded from left to right 
by a process of endosteal apposition and periosteal resorption. The metaphysis is under- 
going reduction in diameter. Note the characteristic perpendicular arrangement of 
canals in this endosteal bone. Compare this pattern with the periosteal canals seen 
in figure 22. 

Enlarged transverse section of Area X, figure 9. x 50. The arrow indicates the contact 
between endosteal bone, toward the right, and periosteal bone, on the left. The middle 
zone is composed of endosteal bone which was formerly located in the metaphysis. 
Three zones are thus seen, representing the structural product of growth reversals in- 
volved in metaphyseal to diaphyseal remodeling. 

Longitudinal section of a developing human long bone adjacent to the epiphyseal plate. 
x 30. Note the increase in diameter by sub-periosteal apposition of non-lamellar bone 
in the area indicated by the arrow. Compare with level lob, figure 4. 

This is the opposite side of the same section seen in  figure 15. X 30. Here the diameter 
of the bone is undergoing reduction (arrow) by the periosteal invasion of recently formed 
endochondral trabeculae. Note the total absence of sub-periosteal bone. Compare with 
area 10a, figure 4. Although the epiphysis and immediately adjacent metaphyseal areas 
are increasing in  diameter, the metaphysis itself is being reduced in dimension in a 
direction toward the diaphysis. Progressive endosteal growth will later result in cortical, 
compact bone which embodies remnants of older endochondral trabeculae. Such a zone 
following repeated growth reversals, can be seen in figure 19. 
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PLATE 5 

EXPLANATION O F  FIGURES 

17 Endosteal lamellar growth in  the long bone of a post-natal rodent (Cavia) .  x 100. A 
cancellous trabecula (arrow) is being progressively enclosed within the cortex during 
inward growth. Such a pattern is frequently observed in compact bone located in  or 
near the metaphysis. 

Non-lamellar, fine cancellous bone in  the mid-diaphysis of a neo-natal rat tibia. X 60. 
Subsequent compaction of this bone, together with the formation of additional layers 
following reversals in direction of growth, will produce a stratified cortex composed 
of distinctive zones, as illustrated in figure 19. 

Transverse section of a growing post-natal rat femur through a level represented by 
7b, figure 6. x 60. Four zones are evident. Sub-periosteal lamellar deposition (A) is 
seen on the outer margin of the bone at the top of the illustration. Beneath this cir- 
cumferential layer is a zone ( B )  of compacted, fine cancellous bone composed of primary 
osteones with non-lamellar interstitial tissue. This specific zone is a structural derivative 
of the bone tissue type, either neo-natal or post-natal, seen in figure 18 (above) or in 
figure 20. A zone of compacted endochondral bone ( C )  is present in the mid-compacta. 
Vestiges of calcified cartilage spicules have been retained. This is a result of endosteal 
growth into an area of older metaphyseal fine-cancellous trabeculae produced by the epi- 
physeal plate. A layer of circumferential lamellae (D) ,  following continued endosteal 
growth, is found on the inner margin. The results of osseous drift are evidenced by 
the eccentric orientation of the partially removed component zones. 

Transverse, mid-diaphyseal section through the femur of a young, growing rat. X 50. 
Observe the formation of fine-cancellous, non-lamellar bone by sub-periosteal deposi- 
tion (B) .  Lamellar filling of the enclosed primary spaces will later produce primary 
osteones separated by non-lamellar, interstitial bone, as seen in figure 19, B. The char- 
acteristic occurrence of primary osteones in bony processes is a frequent observation. 
Note the presence of chondroid tissue ( A )  at the apex of the enlarging process. 
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PLATE 6 

E X P L A N A T I O N  O F  FIGURES 

21 Transverse section through the femoral metaphysis of a growing Rhesus monkey. X 60. 
“Whorls” of convoluted bone are produced by the lamellar filling of coarse-cancellous 
trabeculae. This characteristic pattern of bone tissue structure is common in the proxi- 
mal and distal thirds of a long bone, or in  any skeletal element involving inward growth 
(endosteal apposition together with periosteal resorption) into coarse spongy bone. 

Transverse section through the long bone of a large rodent, (Cas tor) .  x 60. Two zones 
may be distinguished. The compacted coarse-cancellous bone has resulted from inward 
endosteal growth. Following reversal, sub-periosteal deposition has produced a zone 
of outer circumferential lamellae. 

23 Transverse, mid-diaphyseal section through the femur of a growing Rhesus monkey. 
x 50. This is the classic picture of inner and outer circumferential lamellae enclosing 
a middle layer of Haversian bone. The structural arrangement is produced by inward 
and outward reversals in direction of growth, and this pattern is typically found in the 
middle third of the shaft in  those species which characteristically possess Haversian 
systems. 

Fine-cancellous, non-lamellar bone (arrow) deposited by sub-periosteal apposition in the 
femur of a neo-natal monkey. x 80. Bone produced by this type of growth is extensively 
distributed in  the fetal skeleton, and it is typically found in  post-natal bone in  specific, 
localized areas of rapid growth, as well as in early callus formation. 

Following lamellar compaction of the bone tissue type illustrated in  figure 24, primary 
(not secondary) osteones are formed. x 100. The original fine-cancellous bone is now 
interstitial in  location between primary osteones. Subsequent reversals in  direction of 
growth will produce additional enclosing zones composed of different bone tissue types. 
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PLATE 7 

EXPLANATION O F  FIGURE5 

26 Tibia, Rhesus monkey. x 11.5. The cortex is composed entirely of compacted coarse 
cancellous bone ( B )  produced by endosteal deposition during reduction in diameter. 

A layer of circumferential lamellae produced by outward growth ( A )  encloses a zone of 
compacted coarse cancellous bone ( B )  produced during endosteal growth. An  inner 
zone of endosteal circumferential lamellae (C)  has formed in an area lacking cancellous 
trabeculae. Note that the bone ha5 “drifted” laterally, to the right. 

Periosteal circumferential bone ( A )  encloses an inner zone of endosteal bone produced 
by compaction of coarse cancellous trabeculae. Note the irregular orientation of canals 
and the “whorled” arrangement of lamellae in  the endosteal bone. 

Cortical bone composed entirely of endosteal, compacted coarse cancellous bone. 
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