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Despite the large volume of literature devoted to the skele-
togenous and to quantitative studies of the developing and
mature skeleton, the manner of growth and development in
toto of a prenatal long bone never has been comprehensively
investigated. Only in the early stages of development, up to
the onset of diaphysial ossification, has the topic been well
explored. For the femur in particular, knowledge of the
early period is based chiefly on the work of Bardeen and
Lewis (°01), Bardeen (’05), Braus (’04), Friedlander (’01),
and Altmann (’24). In addition to discussing early femoral
development, Pitzen (’23) made a quantitative comparison
of several pre- and postnatal stages, presenting his data in
reduced tabular form with no consideration of growth rates.
From approximately the time of diaphysial ossification on,
with the exception just noted, the literature is concerned
mainly with certain isolated characteristics, torsion for ex-
ample.

It was felt that unless the developmental trends of the bone
as a whole are known, the investigation of a single facet of
its organization would have only limited utility. In this study
the prenatal development of the human femur has been inves-
tigated quantitatively, and growth and growth rates along
several dimensions have been determined and expressed
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graphically. An attempt has been made to relate the ob-
served growth and shape changes to certain basic processes
already described in the literature.

MATERIALS AND METHODS

This study is based on 53 femurs, one each from a series
of fetuses and one from an infant; the material, available in
the Embryology Collection and from the morgue of the De-
partment of Anatomy of the University of Michigan, is of un-
known racial stoek. The crown-rump lengths ranged from 31
to 485 mm and the spine lengths from 26 to 410 mm. The mini-
mum and maximum ages estimated from these measure-
ments were 9th week to term and one infant of three weeks
postnatal. The age-size data of Mall (’18) and Streeter (’21),
as modified and used in the Michigan Department of Anatomy
(Patten, '46), were used in these estimations.

The femurs were carefully removed with no selection as
to side. Muscle and connective tissues were removed as com-
pletely as possible, but the periosteum was left intact. The
specimens were cleared in glycerin after being stained with
Alizarin Red S in KOH in order to demonstrate the extent
of ossification. In general, the process follows that utilized
by Noback and Noback (’44), with variations in the strength
of KOH depending on the size of the specimens. Measure-
ments taken before and after processing indicated that dis-
tortion of cartilage or bone was insignificant. The possibility
of distortion during storage may be pertinent because the
majority of fetuses above 150 mm were morgue specimens
preserved by freezing, and almost all the remaining ones had
been preserved for varying lengths of time in formalin. How-
ever, this should not be considered a critical factor for, as
has been pointed out by Krahl and Mueller (’47), no signifi-
cant shrinkage or swelling of either cartilage or bone is pro-
duced during or following formalin fixation.

In order to measure the smaller femurs with essentially the
same degree of accuracy as the larger ones, and especially
to prevent distortion or damage to the more delicate speci-
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mens, I devised the following procedure by which all meas-
urements were taken from enlarged line drawings:

1. Using a vertical copying camera, a photograph was made
of the frontal aspect of the femur as it rested on condyles and
trochanter.

2. On an enlarged line drawing made from this negative,
11 points were placed, one at the center and 5 on either side
of center, along the middle half of the shaft. This arbitrary,
but constant, longitudinal axis served as a line of orienta-
tion for the various measurements taken from the frontal
drawing as well as a means of positioning the femur for photo-
graphs of other aspects.

3. The femur was then so placed on a glass slide of ap-
propriate length that the previously determined longitudinal
axis could be aligned with an orientation line scribed on the
glass. This could be done with great accuracy under a dis-
secting microscope and checked with measurements on the
frontal drawing.

4. The glass slide with the femur was next placed on a
small turntable mounted in front of a mirror which was fixed
at 45° so as to direct the reflected image upward toward the
vertical camera.

5. By rotating the turntable and focusing the camera on
the reflection, it was possible to take photographs parallel
with (medial aspect) and at right angles to (superior and in-
ferior aspects) the original longitudinal axis.

All the line drawings were made to an approximately con-
stant enlargement of 22 em for the overall length of the fe-
mur. This size was chosen because, without being too large,
it approaches that of the femur of a three-year-old child and
admits accuracy comparable to that attained in studies of
postnatal material. Measurements were taken with a milli-
meter rule (0.5mm scale), dividers and protractor to the
nearest half millimeter or half degree. In converting the
linear measurements taken from the line drawings, the value
was divided by the magnification (dependent upon the origi-
nal specimen size) and expressed in millimeters and tenths of
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millimeters. Repeated measurements of a sample series of
drawings indicated an accuracy within a tenth of a millimeter.

The deseriptions of certain other technical procedures used
in the investigation are given in later sections where perti-

nent.
OBSERVATIONS AND DISCUSSION

Dimensions

Each dimension used in an investigation of this type should
fulfill two requirements. First, it should represent, in its
changes, a part or all of the growth of one, or in special
summation cases more than one, of the various regious of the
femur throughout the period covered by the study. Second,
the dimension should be such that the technique utilized in
its determination is equally applicable to both the oldest and
the youngest specimen in the series being studied. In view
of this, the dimensions measured in the present series have
been kept to a minimum. From the following definitions of
dimensions (figs. 1, 2) it will be seen that some are adapta-
tions of the standard osteometric techniques used previously
(e.g., Martin, ’28; Hrdlicka, ’20; Ingalls, ’24), while others
were devised to meet particular needs of this study.

1. Total length of shaft from infracondylar plane to high-
est point of greater trochanter, measured along the deter-
mined longitudinal axis of the femur.

2. Overall length of femur from infracondylar plane to
highest point on femoral head, measured on a line perpen-
dicular to the infracondylar plane. The value of this dimen-
sion is affected by torsion, by inclination, and by obliquity of
the shaft.

3. Length of ossified shaft from highest to lowest point
on ossified shaft, measured along the determined longitudinal
axis of the femur.

4. Length of proxumal cartilage from proximal chondro-
osseous junction to highest point on greater trochanter, meas-
ured along the determined longitudinal axis of the femur.
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5. Length of distal cartilage from distal chondro-osseous
junction to infracondylar plane, measured along the deter-
mined longitudinal axis of the femur.

6. Bicondylar width across condyles, measured at greatest
width perpendicular to the determined longitudinal axis.

o

1%y o

Fig. 1 Dimensions of the prenatal human femur, determined on frontal draw-
ings. Numbers refer to definitions on pages 4-7 in text.

7. Amterior-posterior diameter of condyles from the retro-
condylar plane to a point midway between the anteriormost
surfaces of the two condyles.

8. Head-trochanter width — greatest distance across head
and greater trochanter, measured on the line drawing of the
superior view. Measured in this manner, the dimension is af-
fected only by the inclination of the head and neck, not by
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torsion ; measured on the frontal drawing, it would be affected
by both.

9. Diameter of head — average of two measurements of
greatest head diameter, one perpendicular to the line estab-
lished for inclination, and one perpendicular to the line for
torsion.

10. Diameter of chondro-osscous junction in the younger
specimens in which the ends of the ossified shaft are fairly
straight, this dimension is measurable as the distance across
the junction of cartilage and bone. In the older specimens
the junction is curved and the measurement is taken from
each side to the intersection of the junction with the deter-

/15

B

Fig. 2 Dimensions of the prenatal human femur, determined on drawings of
the superior (A), medial (B) and inferior (C) aspects. Numbers refer to defini-
tions on pages 4~7 in text.
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mined longitudinal axis of the femur. Because the diameter
of the proximal junction appears less in proportion to the de-
gree of torsion present, this dimension is rendered invalid in
most specimens. Only the distal junction measurement, there-
fore, is used in this study.

11. Mintmum medial-lateral diameter of shaft across os-
sified part of shaft at narrowest point, medial to lateral.

12. Munimum anterior-posterior diameter of shaft across
ossified part of shaft at narrowest point, anterior to poste-
rior.

13. Inclination of head and meck angle with the deter-
mined longitudinal axis of femur made by a line drawn to it
from determined center of head and passing through a point
midway across the junction of head with neck. Although it
would be preferable to carry this line through center points
in the neck, the extreme shortness of the neck and the fact
that torsion in many older specimens causes it (on frontal
drawings) to appear non-existent make such a procedure im-
practical. As determined thus, inclination is affected by the
degree of torsion.

14. Obliquity of shaft — laterally opening angle made by
infracondylar plane with the determined longitudinal axis of
the femur.

15. Torsion angle with the retrofemoral plane made by a
line extending from the determined center of head through
to a point in center of greater trochanter. The retrofemoral
plane, that plane on which the femur rests on condyles and
trochanter, is here assumed to be identical with a frontal
plane through the femur.

Growth areas

In analyzing the growth of a long bone it is necessary to
relate the progressive morphological changes, as much as pos-
sible, to the basic features of its organogenesis. The con-
figuration of specific regions must be visualized in terms of
the behavior of their constituent tissues during the develop-
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mental period. The growth of the whole bone is, then, the
resultant of these several growth processes and their inter-
action. This approach has been used in reference to the post-
natal development of the femur and of long bones in general,
but it had not been extended to prenatal stages.

The generally accepted concepts of appositional and inter-
stitial growth in cartilage, of appositional growth alone in
bone, of row formation and associated phenomena in carti-
lage adjacent to advancing ossification, and of resorption, all
hold for the prenatal period as for the postnatal period. The
differences between the pre- and postnatal periods are, as
will be discussed at length in a later section, mainly differ-
ences in the relative proportions and spatial relations of the
active tissues to one another.

Throughout the age range covered in this study the femur
may be regarded as consisting of three growing units: the
proximal cartilage, the ossified shaft, and the distal cartilage.
It is in terms of the developmental behavior of the tissues
of these three units that all the growth in the prenatal pe-
riod must be interpreted. It should be pointed out that the
terms diaphysis, metaphysis, and epiphysis, used in standard
textbooks and references (e.g., Maximow and Bloom, ’52;
Ham, ’53; Weinmann and Sicher, ’47), are of little value in
the designation of prenatal growth areas. The areas to which
they are applied in postnatal long bones are, at different pe-
riods of prenatal development, made up of tissues with dif-
fering modes of growth, or even of entirely different tissue
types, as in the case of the advance of ossification from the
diaphysis into the metaphysis. The rather non-specific terms
proximal and distal cartilages and ossified shaft would seem
more appropriate than the terms proximal and distal ex-
tremities and diaphysis used by Lacroix (’49), particularly
because the use of diaphysis without epiphysis is somewhat
incongruous. If one accepts this simple major division, both
the proximal and distal cartilages may be divided, on the
basis of certain anatomical and growth characteristics, into
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three components: intracapsular, extracapsular, and juxta-
osseous.

Intracapsular component (fig. 3, stippled areas). The femo-
ral head and those portions of the neck and condyles lying

Fig. 3 Growth areas of the prenatal human femur. Represented are intra-
capsular (stippled), extracapsular (white) and juxta-osseous (dashed) cartilage
and ossified shaft (black).

within their respective joint cavities but not covered by cap-
sular reflections may be grouped together under the designa-
tion of intracapsular cartilage. From the time when the joint
cavities open these areas lack perichondrium. In the ab-
sence of the perichondrium, increase in mass of this com-
ponent must be accomplished by interstitial growth or by
proliferation from the connective tissues at the articular mar-
gins. Recently the time at which the two articular cavities
open has been carefully re-studied. That of the hip was ob-
served to open in human fetuses of 30 mm C-R length (Gard-
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ner and Gray, ’50), and that for the knee at 33 to 37 mm C-R
(Gray and Gardner, ’50).

The processes of interstitial and appositional growth of
cartilage have received only scant attention. Harris and Rus-
sell (’33) studied the cartilages of human fetal long bones and
mapped mitotic figures. Their illustrations show that inter-
stitial growth, as indicated by the distribution of these fig-
ures, is nearly absent in the central region of the cartilages,
but is progressively more evident as the peripheral areas are
approached. The other possible source of increment to the
intracapsular cartilage, proliferation from the connective tis-
sue at the articular margin, has been cited by Weinmann and
Sicher (’47); but it would seem that this might be relatively
more important in postnatal life when only the thin articu-
lar cartilage remains.

Extracapsular component (fig. 3, white areas). The desig-
nation extracapsular component covers the remainder of the
cartilages except for a narrow zone (juxta-osseous compo-
nent) adjoining each end of the ossified shaft. The presence
of a perichondrium makes possible appositional as well as in-
terstitial growth.

Juxta-osseous component (fig. 3, lined area). The cartilage
against the ends of the ossified shaft may be regarded as the
precursor of part of the well defined epiphyseal plate of the
postnatal period. Except in microscopic sections, it cannot be
distinguished from the extracapsular cartilage. (In this study,
no consideration is given that small portion of cartilage over-
lapped by subperiosteal bone. It should be included, of course,
in the juxta-osseous component.) The juxta-osseous cartilage
is that in which the cells are arranged in rows parallel to
the long axis of the femur, where cellular hypertrophy and
final degeneration occur, and where the intercellular matrix
is seen to be calcified. This area has been investigated by
Haas (°17, ’31), Ham (’32), Dodds (’32), MclLean and Bloom
(’40), and Laeroix (’49). From the present standpoint, two
characteristics of this component are of vital importance:
orientation of the cell rows or columns and the replacement
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of cartilage by bone, and the fact that the intercellular ma-
trix undergoes calcification. This is a zone of lost poten-
tial, as far as interstitial growth is concerned; the prolifera-
tion of cells is accompanied by reduction rather than increase
in the amount of matrix. As a result, although the tissue
organization is modified, there is no growth. In addition, the
rigidity of the calcified matrix, which extends at least three
or 4 rows in front of the advancing chondro-osseous junction
(Dodds and Cameron, ’34), precludes even the possibility of
inerease in diameter by cellular hypertrophy. Finally there
is the possibility of a retardation in appositional growth
from the periosteum in this zone of transition from peri-
chondrium to periosteum.

Ossified shaft (fig. 3, black area). As in the postnatal fe-
mur, the ossified shaft increases in external diameter by ap-
position, in internal diameter by resorption (Payton, ’32;
Brash, ’34; Aries, ’41). The ultimate determiner of its con-
figuration is the cartilage which at either end forms an area
of preparation for replacement by bone. Although the osse-
ous tissue is not identical in organization pre- and post-
natally, no essential differences in the overall growth proe-
ess have been demonstrated (Lacroix, ’49).

Shapimg and proportions

As a general expression of the relation of femoral growth
to body growth, total length of shaft has been plotted against
C-R length (fig. 5). Overall length of the femur (an alterna-
tive total measurement but subject to the artifacts stated in
the section on dimensions) and length of ossified shaft have
been plotted against total length of shaft (fig. 6). In order
to illustrate changes in femoral proportions, the ratios of
the various dimensions to total length of shaft have been
shown against increasing length of ossified shaft (fig. 7).

Total length of shaft in this series increases by 0.21 mm
for every millimeter increase in C-R length. The variation
about the trend is not large (the ratio of the standard error
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of the estimate to the mean, 0.19) considering the variable
state of preservation and gross texture of the fetuses. The
intersection of the regression line with the abscissa indicates
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Fig. 5 The regression of total length of shaft upon crown-rump length. The
upper and lower limits of the series are indicated by vertical lines and the dis-
tribution of specimens within 10 mm intervals, by black dots (each dot equals
two specimens and a half-dot, one).
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that below 31 mm C-R and 8.4 mm femur length the equation
does not fit the growth trend. Although this condition could
be due to artifact in fetus measurement, it is probably the
result of a more rapid growth trend in the very early stages
which is not fitted by the general rectilinear equation. As pre-
sented, the material allows at least a fair estimate of the
erowth of the femur in relation to the body as a whole.

HO
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Y==-3-67+110X * 2.36
60+

50
40-

307 LENGTH OF OSSIFIED SHAFT

Y=-5.57+.840 X %= 2.98

T T T T

MM 10 20 30 40 50 60 70 80 90 100 110
TOTAL LENGTH OF SHAFT

Fig. 6 The regression of overall length of femur and length of ossified shaft
upon total length of shaft. Vertical line indicates the lower limit of the series,
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The length of ossified shaft is seen to increase very rapidly
relative to total length of shaft, the rate being 0.84 mm:
1.0 mm. The ratio of the standard error of the estimate to
the mean is 0.08. The estimated length of femur in which
ossification would be just initiated is 6.6 mm, short of the
smallest femur in this series by 21%. Incipient ossification
has been observed in femurs of approximately this size in sec-
tioned embryos.

Relative to length of ossified shaft, the proportion of 6 of
the 10 linear dimensions to total length of shaft increase,
while those of 4 decrease. (In the following discussion the
proportions as well as their increase or decrease are stated
in percentage of total length of shaft. Percentage (%), then,
refers to units added or subtracted, and not to percentage
change in the sense of multiplication.) The lines of best fit
are rectilinear in all but 4 cases. Of these exceptions, the
relative increase in the diameter of the chondro-osseous junc-
tion is best demonstrated by a parabola, and the other three,
the relative decreases in cartilage lengths, by hyperbolae
(fig. 7).

The lowest rate of proportionality increase is seen in the
mid-shaft region, where the minimum diameter of the shaft
increases by but 0.009% : 1 mm increase in length of ossified
shaft. Antero-posterior diameter of the shaft has a rate
of proportionality increase somewhat higher, 0.014% :1 mm.
Over the series this results in an increase of 0.77% and 1.20%.
No explanation can be offered for the fact that the ratio of
the standard error of the estimate to the mean is 0.27 for the
antero-posterior diameter and but half that, 0.13, for the mini-
mum diameter of the shaft.

Initially and finally the transverse (bicondylar) width of
the distal cartilage is greater in proportion than is that of
the proximal cartilage (head-trochanter width). The respec-
tive rates of increase are 0.093% :1mm and 0.056% : 1 mm
of increase in length of ossified shaft. This results in ac-
cumulated increases of 7.9% and 4.7% over the extent of the
series. The larger standard error of the estimate for head-
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trochanter width (ratio to the mean of 0.11 contrasted with
but 0.05 for bicondylar width) can perhaps be explained as
due in some degree to individual variations in inclination of
the head and neck or to other factors inherent in the greater
complexity of the proximal end of the femur.

) COMB. LGT- OF CART. Y=2.080X "% £g.17

-70- 2 BICOND. WIDTH Y=24-24.093X&1-1

3 HEAD-TROC. WIDTH Y=24-24-056X%2.76

4 CHONDRO - 0SS. JNCT.Y* 994 -370X--002Xx%£2.40

5 ANT.-POST. DIA. OF COND.Y=17-0+-038X%2-03
-6 0 .
6 DIA. OF HEAD Y=13-94+-03I1X%22-18

7LGT. OF DIST. CART. vs[.738X" 3% +4.29
8LGT. OF PROX. CART Y=1.805X~ %32 4.99

50+ 9 ANT.-POST. DIA. OF SHAFT Y=+ 7:1+-014X%2.08
10 MIN. DIA. OF SHAFT Y=6-8+-009X%-93

PROPORTION TO TOTAL LENGTH OF SHAFT

MM 10 20 30 40 50 60 70 80 90 100
LENGTH OF OSSIFIED SHAFT

Fig. 7 The regression of femoral proportions upon length of ossified shaft.
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This difference in morphological complexity between proxi-
mal and distal cartilages has made it virtually impossible to
obtain comparable measurements of the two ends. The sec-
ond dimension of the proximal cartilage is the diameter of
the head. In view of the close relation of femoral head and
acetabular shape and size and, as pointed out by LeDamany
(’04), the correlation of these characteristics with torsion, the
proportionality increase of the head (0.030% : 1 mm) and the
standard error of the estimate (0.15 of the mean) should ob-
viously be studied in relation to factors other than femur
development alone. Within the distal cartilage, the differen-
tial growth process is such that, as was also observed by
Ingalls (’27), the condylar mass becomes relatively wider in
its transverse than in its antero-posterior axis. This is indi-
cated by comparison of rates of proportion change: 0.038% :
1 mm for antero-posterior and 0.093% : 1 mm for bicondylar
diameters. It would seem that the much larger standard er-
ror of estimate for the antero-posterior dimension might bhe
due to either pre- or postmortem compression in that axis
with the knee flexed. Indeed, a variable condition of pressure
in the flexed knee of the fetus might in some degree be re-
sponsible for the difference in rate of proportion change.

All the cartilage lengths, of course, show a decrease in pro-
portion as the length of the ossified shaft increases. At the
time when there is a 5 mm length of ossified shaft, the pro-
portion of cartilage (combined lengths of proximal and distal)
in the femur has been estimated to be 69.9%. When the
length of ossified shaft has become 50 mm this has decreased
to 25.4%, and when it is 100 mm, to 19.3%. This decrease,
best fitted by a hyperbola, is thus most rapid in the begin-
ning, and progressively lessens with increasing length of os-
sified shaft (fig. 7). The standard error of the estimate has
a ratio to the mean of 0.19.

The proportion of the lengths of the proximal and distal
cartilages decreases, of course, in a similar fashion. At the
time when there is a 5 mm length of ossified shaft, the proxi-
mal cartilage comprises an estimated 31.6% of femur length,
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when 50 mm, 11.5%, and when 100 mm, but 8.5%. The same
stages for the distal cartilage are: 30.8%, 13.9%, and 10.6%.
Before the time the ossified shaft has attained a length of
10 mm, the distal cartilage begins to exceed the proximal in
proportionality to femur length (fig. 7). The respective ra-
tios of the standard error of the estimate to the mean are
0.25 and 0.19.

The change in proportionality of the diameter of the dis-
tal chondro-osseous junction is opposite that for cartilage
length, that is, the dimension increases and its course is best
fitted by a parabola (fig. 7). At the time when there is a 5 mm
length of ossified shaft, the proportion is 11.7%, when 50 mm,
23.2%, and when 100 mm, 25.9%. The ratio of the standard
error of estimate to the mean is 0.14.

In the prenatal femur, or other long bone, any increase in
length must be due to increase in length of cartilage, proxi-
mal, or distal, or both. The change in the proportion of
cartilage and ossecous tissue is, then, dependent upon two fac-
tors: the rate of cartilage elongation and the rate at which
replacement of cartilage by bone occurs. In the present se-
ries, every 1 mm of increase in total length of shaft must be
the result of a 1 mm inecrease in cartilage length. Sinece it is
estimated that the ossified shaft increases 0.84 mm for each
1 mm increase in femur length, it may be said that approxi-
mately 84% of each increment in cartilage length is replaced
by osseous tissue while about 16% of the increment remains
as cartilage.

This relationship between rates of cartilage elongation and
cartilage replacement by bone is such that bone constitutes
approximately 80% and cartilage 20% of the length of the
femur at term (fig. 7). The femur of a two-year-old is ap-
proximately 85% ossified shaft and 15% growth cartilage,
secondary ossification center, and articular cartilage, whereas
in that of a 16-year-old the proportions are 90% and 10%.
Thus the femur of the circumnatal period has nearly attained
the relative proportions, of what is usually termed diaphysis
and epiphyses, that will persist until maturity. The basis
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for this is seen to best advantage in the distal end of the
neonatal femur. When the distal center of ossification ap-
pears at or near term it is only a very short distance from
the advancing shaft ossification, an average of only 4.5 mm
in the two oldest fetuses in the series. If the growth proc-
ess characteristic of the fetal period were to continue, the
small extent of cartilage remaining between the growing osse-
ous elements would be replaced quickly and there would be
“‘epiphyseal closure’’ only a short time after birth. This does
not oceur, of course, and there is thereafter a stabilized con-
dition in the immature skeleton in which each unit of carti-
lage replaced by bone is compensated for by cartilage pro-
liferation, the cartilage between the shaft and the secondary
center remaining approximately at a constant thickness. Al-
though the proximal end of the femur is without secondary
centers until later, the same general reasoning may be then
applied. Other aspects of the proximal chondro-osseous junc-
tion, pertinent to this period, will be discussed under ossified
shaft.

The most striking feature of the prenatal development of
the femur is the increase in robustness of the ends relative
to both total length of shaft and minimum diameter of the
shaft. As we have seen, the proportion of bicondylar width
to total length of shaft has the greatest rate of change rela-
tive to increasing length of ossified shaft. Head-trochanter
width, although distinetly less rapid in increase, is second.
Their increments in proportion to increase in length of os-
sified shaft are, respectively, 10.2 and 6.2 times as great as
that of minimum diameter of the shaft. In the antero-
posterior plane, the relative increase of the condyles is 2.7
times greater than that of the mid-shaft region. (In this
plane, it should be recalled, the mid-shaft dimension inereases
more rapidly and the condylar dimension less rapidly than do
the companion transverse dimensions.)

In spite of these comparative values, the actual changes in
proportions are not enough to result in the qualitative change
in robustness of the developing femur. The essential fea-
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ture of this change is not simply the alterations in the rela-
tionship of one linear dimension to another but rather the
fact that from a very constricted mid-section the femur flares
out progressively to its maximum diameter in the condylar
and head-neck region. Differences in the amount of flaring in
transverse or antero-posterior planes should not obscure this
basic feature. The basic process underlying this morpho-
genetic modification may be outlined as follows.

The juxta-osseous cartilage constitutes an area where all
significant growth potential, in terms of elongation of carti-
lage and diameter increase, has been lost. This cartilage may
be regarded as essentially a narrow zone of lost growth po-
tential moving progressively along the length of the femur
away from the middle region of the shaft. This movement
is propagated by the continuous replacement of cartilage by
bone on one side, and the concomitant addition of cartilage
from the extracapsular component on the other side. Ahead
of the encroachment of the juxta-osseous zone and the ac-
companying osseous replacement, the extracapsular cartilage
continues to increase in diameter and, of course, in length, as
the level occupied by the juxta-osseous zone, for all practi-
cal purposes, ceases to do so. This integrated process is re-
sponsible for the flaring of the femur away from its mid-
point. The rapidly growing cartilage, after alteration and loss
of growth potential, is replaced by bone. This replacement
occurs faster than the longitudinal growth of the cartilage,
but not sufficiently fast to prevent considerable increase in
the mass of the cartilage prior to replacement. Since the
predominant growth direction at the end of the femur is
transverse, the ossified shaft assumes the ever-larger diame-
ter of the cartilage it is replacing. At the minimum diameter
of the shaft, which reasonably can be considered to rep-
resent the original diameter of the cartilaginous shaft in-
creased by deposition of bone, apposition increases at a low
rate. The increase in the diameter of the chondro-osseous
junction, on the other hand, iz one of the highest rate.
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The proportion of the bicondylar width to total length of
shaft at term may be estimated to be 33% (fig. 7). In the
two-year-old femur it is 22%, and in a 16-year-old, 19%. This
is a clear indication that the trend of growth, leading to an
increasingly robust femur in the prenatal period, is reversed
postnatally. There are again certain features of the distal
end of the circumnatal femur which portend this modifica-
tion in growth. In the late fetal and neonatal femur the diame-
ter of the chondro-osseous junction has nearly come to equal
the greatest diameter of the distal cartilage (fig. 4). In this
circumstance there is the certain indication of the approach-
ing termination of the previous relationship of juxta-osseous
to extracapsular cartilage in which the zone of growth po-
tential loss moved into the mass of rapidly growing cartilage.
This 1s to be correlated with the fact that, as previously
discussed, the end of the ossified shaft, in its proximity to
the newly-formed distal center of ossification, has reached
practically its definitive level relative to the end of the fe-
mur. It should be noted too that bicondylar width, the in-
crease in which is used here as an indication of trausverse
cartilage growth, is never transgressed by the distal chondro-
osseous junction. Rather, once the junetion is stabilized rela-
tive to the end of the femur, increase in bicondylar width is
dependent upon the transverse growth of the cartilage just
behind the junction. This cartilage, largely related to pro-
liferation of the epiphyseal dise, apparently increases in
diameter only by appositional growth (Weinman and Sicher,
47).

The process just considered obviously is not the only one
in operation in the prenatal femur. Several secondary proe-
esses are clearly going on concurrently although they cannot
be so readily understood. The whole question of the relative
roles of appositional and interstitial growth is not clearly de-
fined. The possibility too of discrete but as yet unmeasured
differences in growth rates of very localized areas of car-
tilages must be recognized. Among such areas are the head
which grows progressively out of proportion to the neck, and
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the distal cartilage which grows more rapidly in the medio-
lateral than in the antero-posterior plane.

Ossified shaft

Thus far considered as an integral portion of the develop-
ing femur, the ossified shaft has certain characteristies that
warrant separate discussion.

The ends of the ossified shaft (i.e., chondro-osseous junc-
tion) are, in the younger stages of development, neither con-
vex nor concave (fig. 4, C, D). However, as ossification
progresses both ends, especially the proximal, become more
convex (fig. 4, ¥, G). The convexity is always and progres-
sively greater in the medio-lateral axis than in the antero-
posterior.

In further development the proximal end of the shaft
attaing, by replacement of cartilage, a diameter progressively
greater in the medio-lateral axis than in the antero-posterior.
Concomitantly, convexity in the medio-lateral axis increases
rapidly, while that in the antero-posterior axis undergoes
almost no increase. By the time the end of the shaft has
progressed to a level superior to the site of the lesser tro-
chanter, this convexity has altered to a rather distinet angula-
tion (fig. 4, X, Li). In this manner the proximal end of the
shaft (in terms of growth, the chondro-osseous junction) be-
comes divided into two major planes, neither of which even
approaches a perpendicular relation to the long axis of the
femur. The medial plane underlies the cartilage of the neck;
the lateral plane underlies the cartilaginous greater trochan-
ter (fig. 4, M). The angulation continues to increase and the
neck segment advances into the cartilage far enough so that
the two planes become diserete early in the postnatal period.
Although it is difficult to determine exactly, it appears that
in later development, bone from the shaft never grows quite
a third of the way toward the apex of the greater tronchan-
ter; replacement by bone from the shaft, on the other hand,
does occur throughout the neck and the basal half (or a little
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less) of the head. The proximal centers of ossification arise
postnatally. That of the head appears in an early posinatal
specimen in the present series, but that of the trochanter is
delayed well beyond the age range of this study.

AVAVAVA

A B c D

Fig. 8 Developmental changes in shaping the proximal (above) and distal
(below) ends of the ossified shaft, Posterior view of the proximal end illus-
trates progressive deviation of end of shaft into two planes, and the detachment
of the chondro-osseous junection of the lesser trochanter. The distal ends reveal
the increasing conecavity. Secondary centers of ossification were present in the
last two. Total length of shafts: A, 25.0 mm; B, 54.4mm; C, 1053 mm; D,
160 mm. The left side is medial.

Except in its basal portion the lesser trochanter remains
cartilaginous thronghout the fetal period. The small chondro-
osseous junction at its base, however, does not arise by angu-
lation of a portion of the proximal end of the ossified shaft
away from the major plane, as described for the greater
trochanter. Rather, it appears that as ossification of the
proximal end of the shaft progresses past the base of the
cartilaginous lesser trochanter an area of preparation for
osseous replacement comes into existence in the basal part,
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and a small chondro-osseous junction is formed perpendicu-
lar to the main proximal one. The first manifestation of this
can be observed on the bare ossified shaft in a small, low
triangle the base and surface of which are continunous with,
and at right angles to, the edge of the proximal end of the
shaft (fig. 8, A-B). As the shaft elongates, this roughly tri-
angular platform becomes detached from the end of the shaft;
it is entirely detached by the time the proximal end of the
shaft first evidences a definite angulation into trochanterie
and neck planes. Thereafter, the base of the trochanter main-
tains its position relative to the end of the shaft.

Although the proximal end of the ossified shaft has thus
advanced into the complex region of the neck and trochanters
and has undergone the alterations in configuration just dis-
cussed, the distal end also has changed, though in a less
radical manner. In the process of replacing the cartilage
of the lower shaft, the distal end of the ossified shaft widens
greatly on its medio-lateral axis and much less so on the
antero-posterior. The distal end plane, like the proximal, is
at first flat, but becomes progressively more convex (fig. 8,
A-D). Convexity increases as the shaft elongates, until the
end has attained a level nearly at the site of the future dis-
tal center of ossification. In ossified shafts longer than ap-
proximately 75 mm (overall length of femur, about 92 mm)
it can be observed that the medio-lateral convexity has been
lost and that, instead, there is a depression in the middle of
the end plane (fig. 8 B-D). It appears from this that there
is a falling off of the rate of elongation of the ossified shaft,
le., a reduction in the rate of cartilage replacement, in the
area immediately adjacent to the site of the distal ossifica-
tion, about a month before the actual distal ossification cen-
ter appears. The replacement of cartilage by bone progresses
at a higher rate around this area, particularly medially and
laterally, and the convexity is replaced by an irregular con-
cavity.

Comparison of the ossified shaft of prenatal and postnatal
femurs makes it clear that there must be a striking difference
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between the two in the proportion of growth in length that
occurs from either end. Throughout more than half of the
fetal period the chondro-osseous junctions, although they un-
dergo changes in curvature, are approximately perpendicu-
lar to the longitudinal axis of the shaft. Assuming that car-
tilage at the ends of the shaft is replaced by bone at the
same rate, on the average, the two ends would contribute
equally to elongation. It has been pointed out (Keith, ’19;
Weinmann and Sicher, ’47) that growth of the postnatal fe-
mur in length occurs mainly from the distal epiphyseal dise
because it is the only one of the 4 discs of the femur that
lies perpendicular to the shaft’s axis. In this position, all
of its contribution to length is effective. The remaining discs
contribute only to the elongation and enlargement of their
respective processes, except that some addition to length can
be gained with the incorporation of the basal areas of the
angulated neck and greater trochanter by modelling resorp-
tion. In the early and progressive deviation of the proximal
chondro-osseous junction into neck and trochanteric planes
there can be seen a possible origin of the inequality of con-
tribution to the length of the femur. The process of devia-
tion is a gradual one and the results are probably not criti-
cal until some time after birth, when deviation is more or less
complete and the proximal chondro-osseous plane has sepa-
rated into two distinct entities.

The foregoing discussion rests on the assumption that equal
rates of cartilage replacement occur at the ends of the femur,
but contribute to growth with unequal effectiveness. It is
also possible that the rate at one end, as a regular develop-
mental characteristic, exceeds that at the other.

The inequality of contribution to elongation due to differ-
ences in actual growth rate at the two ends of a long bone
has been extensively considered (see Keith, 19, for survey
of early work on this topic). In particular reference to the
femur, Payton’s (’32) investigation of madder-stained bones
in the pig showed that the adjacent ends of the tibia and fe-
mur grow more rapidly than the opposite ends. Harris (26,
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’31), working with roentgenograms of children, and Aries
(’41), with alizarin-stained rat bones, agreed with this. Bis-
gard and Bisgard (’35), though supporting the findings of
Payton in their results from the postnatal period, observed
that in the prenatal period, as indicated by measurements
from phosphorus deposition lines, there is a more nearly
equal contribution of growth from the ends of the femur;
this was found to be particularly true of the early prenatal
period.

Fundamental as it is to the study of inequality of contribu-
tion of growth, the attempt to discover a natural fixed point
in non-stained or otherwise non-experimental bones has not
yet vielded a completely satisfactory result. Digby (’16), who
examined adult human long bones, concluded that the nutri-
ent artery represents the vascular portion of the original
periosteal bud and that the site of the original ossification
(endochondral) from which growth progresses in either direc-
tion could be located at the intersection of the axes of the
nutrient canal and the shaft. He presented data to show the
proportions of the shaft lying on either side of this refer-
ence point.

Although there has been general agreement that the nu-
trient artery and its canal arc closely related to the initial
ossification, more recent investigators have contested the
conclusions and even the observations referred to above. Al-
though Bisgard and Bisgard (’35) supported Digby’s conclu-
sions, Payton (’34) took strong issue with the concept of the
fixed central point after finding that in his series of madder-
stained pig bones the nutrient foramen appeared to vary in
position independent of shaft growth. Although offering no
substitute explanation, Hendryson (’45) questioned the va-
lidity of Digby’s conclusion and reported that in his own se-
ries of human bones the variation about the mean position
for the central point was so great as to cast doubt upon its
utility as a landmark from which to measure; Liitken (’50)
published essentially similar observations.
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Of the previous investigators, only the Bisgards treated the
prenatal period and that in the goat. In an investigation such
as the present one, restricted as it is to gross morphology,
only slight additions can be made to knowledge of these ques-
tions. Nevertheless, some of the facts to be presented may
be of value because they are concerned with the prenatal pe-
riod of human skeletal development, which has been much
less intensively studied. Roentgenographs were made of the
lateral projections of a series of 10 femurs evenly spaced
over the series. Upon enlarged tracings of these pictures the
central point was determined in the manner of Digby and
Payton. It was observed that the point of intersection of the
axis of the nutrient canal with that of the medullary cavity
was in all cases almost exactly at the narrowest diameter of
the medullary cavity. In two cases there were double nutri-
ent canals, one pointing inward and distally and the other
inward and proximally. In these cases the central point was
considered to be midway between the two points of inter-
section. In these 10 femurs the proportion of the total length
of the ossified shaft between the proximal end and the point
of intersection was 48.6% on the average (standard devia-
tion, 2.21). The maximum was 52%, the minimum 44%. The
youngest (smallest) specimen had a value of 50%, the oldest,
47%.

These findings, although from a relatively small series of
femurs, suggest that, at least in the fetal period, the point
of intersection may well be a central point on either side of
which the ossified shaft elongates. The fact that the point
nearly coincides with the narrowest diameter of the medullary
cavity is important; that diameter, in the sharply constricted
cavity of fetal long bone may in itself be considered a ‘‘cen-
tral point,”” since the narrowest internal diameter of the
growing femur should coincide with the original central por-
tion of the early periosteal collar.

The decrease in the percentage of the ossified shaft proxi-
mal to the central point, however small, is of interest. In
the smallest femur in the series (18.3 mm total length of
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shaft) the 10 mm ossified shaft is equally divided by the
point. In the largest specimen (109 mm) the 84.3 mm ossified
shaft is divided into 40.0 mm proximal and 44.3 mm distal.

Angular dimensions

Up to this point the emphasis has been on the develop-
mental characteristics of the femur that can be attributed
directly to growth per se, that is to say, manifestations of
cellular activity and tissue increase along certain genetically
determined lines. As has been shown by experiments in which
long bones were cultivated w vitro, this inherent pattern is
rather rigid (Murray, ’36). Yet the femur or any other long
bone is acted upon, in its normal environment, by the circum-
jacent connective tissues and muscles, the presence of which
sets up pressures and tensions. It is affected, also, by the
postural habits of the organism, and, quite likely, in the fetal
period, by the confining action of the uterine wall. Within
poorly defined limits all such forces can be effectively coun-
tered by the inherent configuration and substance of the fe-
mur; beyond these limits there is an adaptation of the in-
herent configuration to meet the individual situation.

Precisely how much adaptation to the individual environ-
ment is hidden in what one usually terms the inherent de-
velopmental pattern is a question. It does not appear that
there has ever been a quantitative study of the exact dif-
ferences existing between series of long bones grown nor-
mally and ones grown i vitro. There are, however, several
femoral characteristics that, because of their high degree of
individual variation, can be readily classified as functional
adaptation as such, or perhaps as inherent characteristics
with a superimposed variation in the individual adaptation.
These characteristics are all such as can be expressed in
angles. In the order of their discussion, they are torsion,
inclination, and obliquity. Although it might at first be con-
sidered that the angular dimensions cannot be measured as
accurately as, for example, bicondylar width, it should be
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noted that obliquity, which has the largest standard error
of the estimate of any in this study, is determined from land-
marks as easily and as reliably located as those for the bi-
condylar dimension. Approximately the same may be said
for torsion, which has the second largest standard error of
the estimate. Finally, and most critically, individual varia-
tion of the angular dimension is so marked that it can be rec-
ognized by direct inspection.

As far as T am aware, this is the first time that these three
angular dimensions have been studied quantitatively in the
same series of fetal specimens. In previous studies of one or
another of these characteristics there has almost always been
offered some form of explanation of supposed causative fac-
tors. None of these explanations, whether they point to fac-
tors inherent in the femur, or to extraskeletal factors, or
both, seems at all probable when applied to all three devel-
oping characteristics. It seems obvious that all must be con-
sidered as a complex, and for that reason no explanation is
either cited or suggested at this time.

Torsion. Values for torsion of the adult femur, that is to
say the angular displacement of the head and neck anterior
(anteversion or positive torsion) or posterior (retroversion
or negative torsion) to the frontal plane, have been reported
since before the beginning of this century. Mikulicz (1879)
presented data from which Elftman (’45) computed a mean
of 11.67°. LeDamany (’03a, ’03b) showed a variation between
left and right femurs with an average of 11.33° on the right
and 14.07° on the left. Pearson and Bell (’19) found roughly
the same condition: 11.63° for the right and 14.71° for the
left. However, the opposite variation was observed by In-
galls (’24), whose series had an average of 11.76° on the
right and 9.73° on the left. Elftman (’45) gave a bilateral
average of 11.23°. Kingsley and Olmstead (’48) derived a
bilateral average of 8.02°, with 7.47° for the left and 8.54°
for the right. As illuminating as the means are the varia-
tions expressed by the standard deviations computed by sev-
eral of the authors: Pearson and Bell, 8.80; Ingalls, 7.87;
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Elftman, 6.21, and Mikulicz (computed by Elftman), 9.61.
Ingalls, commenting on the femur as a whole, stated that the
differences between left and right are very small and that,
of the two, the right seems to be slightly more constant.

There are, naturally, differences in the technique of meas-
uring torsion employed by the various investigators, but these
differences do not appear significant. Certainly there is not
enough difference in method to account for the range within
and between the reported series of measurements.

A highly significant feature of human femoral torsion is
the manner in which it progresses through ontogeny. Alt-
mann ('24) showed that non-human femurs, although posses-
sing torsion to an extent varying with the taxonomic group,
do not undergo a reduction of torsion after birth.

Although the degree of torsion present in the femur of the
human infant, child and adolescent has been well enough in-
vestigated to admit generalization, information concerning its
sequence is still far from complete. Mikulicz (1879) pre-
sented the following values for 38 specimens: 0 to 2 years
(14 specimens), — 19° to 39°; 2 to 5 years (13), — 8° to
22°. 5 to 18 years (11), 4° to 28°. LeDamany (’03a) gave
data on the left and right femurs of 8 term fetuses. Com-
putations from his data yield an overall mean of 35°, with
a range of from 21° to 50°. A fairly well distributed series
was presented by Rogers (’31, ’34), from whom the follow-
ing means and ranges were adapted: 18 specimens, 6 months
to 4 vears, 38.5° (15° to 57°); 26, 4 to 8 years, 23.5° (8°
to 35°); 54, 8 to 12 years, 20.0° (8° to 38°); 2, 12 to 14 years,
16.0°. Kingsley and Olmstead (’48) have published findings
on torsion in 32 infants and children, two to 15 years of age.
Their average for the left side was 16.4° (— 4° to 38°) and
for the right, 17.9° (5° to 33°). The bilateral average was
17.2°.

From these data it is apparent that femoral torsion is
somewhat more variable in the early postnatal period than in
the adult. From a circumnatal value of 30° to 40° there is
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a reduction in torsion toward the average adult value of ap-
proximately 12°.

During the prenatal period, qunite the opposite trend is
seen. Altmann’s (’24) reconstructed femurs of less than 5 mm
overall length had a torsion range as follows: 2 mm femur,
— 10° (side not given); 2mm femur, — 9° right, — 6° left;
3mm femur, — 4° right, — 9° left. The embryo lengths
were, respectively, 17, 19.7, and 28.5 mm (apparently C-R).
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Friedlander (’01) stated that there is about — 10° torsion
at the time the femur becomes cartilage. Pitzen (’23), in
three fetuses under 29 mm length, found torsion values of
—4°, — 22° and — 15°. From these data it appears that the
initial torsion is negative and that the femur is initially dif-
ferentiated with that orientation.

Utilizing the equation (fig. 9) describing the line of best
fit for the torsion-total length of shaft relation of the pres-
ent series, it may be estimated that torsion increases ap-
proximately one-half as rapidly as does femoral length
(0.49:1). The ratio (0.43) of the standard error of estimate
to the mean is second in magnitude only to that of another
angular dimension, obliquity. Marked individual variation is,
therefore, as much a significant feature of torsion as its onto-
genetic increase and subsequent decrease, and is worthy of
closer scrutiny. Figure 10 illustrates the range in torsion
values, by 5mm intervals of total length of shaft, for the
femurs of this series and for those of Altmann (’24), Brandt
(’28), and deCuveland (’50). Of previous studies of femoral
torsion, only these have presented the femur lengths corre-
sponding to the torsion values. Because there appeared to
be no significant difference in the techniques used in colleet-
ing the 4 sets of data, the depicted ranges may be considered
indicative of those possible over the femur length range stud-
ied. The findings may be summarized as follows. In the
present series, the greatest negative value found was — 26°
in a 144 mm femur (C-R length, 63 mm), and the greatest
positive one 64° in a 99.5 mm femur (C-R length, 310 mm).
The smallest fetus (C-R length, 31.0 mm) had 7.5° torsion
in an 8.4 mm femur; the single infant (C-R length, 485 mm),
52° in a 110.6 mm femur. The arbitrarily chosen, but typi-
cal, adult average of 11.23° (Elftman, '45) is exceeded in
80% of the cases (40 of 50 femurs). The 10 specimens in
which torsion was less than the adult value averaged only
20.1 mm in total length of shaft (range, 8.4-49.6 mm) and the
fetuses from which they were collected had an average of
only 71.8 mm in C-R length (31.0-163.0 mm).
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For the combined series (fig. 10), the following observa-
tions appear pertinent. The greatest value for torsion ex-
ceeds the adult average in 91% of the 22 5 mm groups, and
an average for 12 years of age (Rogers, '34) is exceeded in
73% of the groups. The least value in the range is less than
the adult average in 50% of the groups and less than the
12-year-old average in 73%. In all the groups above 50 mm
total length of shaft the average torsion exceeds that of the
adult, whereas this occurs in only 33% of those groups be-
low 50 mm. Conversely, the least value of torsion is less than
the adult value in 23% (three of 13) of the groups above
50 mm total length of shaft but is less than the adult value
in 88% (8 of 9) of the groups below 50 mm.

From these data it is obvious that torsion, at any given
fetal level, shows a very high degree of individual variation
and that its increase in the prenatal period is even greater
than its postnatal decrease. In addition, it is seen that in-
crease in torsion is characteristic of the whole of the pre-
natal period. This fact, although demonstrated by others, is
not indieated by LeDamany, whose work especially has influ-
enced orthopedic thought concerning torsion.

Pitzen (’23) found that torsion was not restricted to the
proximal region of the fetal femur but was present through-
out its length. In order to determine this in the present se-
ries, 4 femurs of distinetly different degrees of torsion were
sectioned and the torsion of each section determined as aec-
curately as possible. Femurs A to D (table 1) represent low,
moderate, and relatively high values of positive torsion, and
high negative torsion, respectively. The technique for han-
dling these selected specimens was more elaborate than that
described for the series as a whole. They were decaleified in
1% HC], washed, and infiltrated with a 10% warm gelatin
solution, then embedded in 25% warm gelatin. Care was
taken to have the condyles and trochanter on a level with the
bottom of the block, that is, the femur was orientated rela-
tive to the base of the block in the same manner as it was
to the turntable on which previous photographs were taken.
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The gelatin was allowed to set in cold air, and was further
hardened overnight in a 10% solution of formalin. Section-
ing was done with a razor at 5 levels: (1) through the head
and neck, (2) through the lesser trochanter, (3) at mid-length,
(4) through the condyles, and (5) at a point between the last
two.

A protractor was so arranged that its center coincided with
that of a cross-line on a counting ocular for a compound mi-
croscope. The cross-line was adjusted, by rotation of the ocu-
lar and manipulation of the mechanical stage, so that it was

TABLE 1

Torsion (in degrees) at different levels in four femurs (see text for explanation)

FEMURS A B c D

Femur in toto 1.0 8.0 30.0 — 26.0

Levels 1 0.0 7.0 28.5 —19.0
2 0.0 5.5 22.0 —11.0
3 0.0 0.0 14.0 — 6.0
4 0.0 0.0 6.0 — 0.5
3 0.0 0.0 0.0 0.0

parallel with the base of the section on a slide. A zero read-
ing was taken on the protractor. The section was then moved
on the mechanical stage until the cross-line, by further ad-
justment, appeared to pass through the major longitudinal
and transverse axes of the section of cartilage or bone. The
torsion at the station was read as the difference between the
first and a final reading of the position of a fixed needle
on the protractor. It must be admitted that, by this tech-
nique, one is not always measuring equivalent things at all
levels of a femur, for torsion thus determined is based upon
the shape of the external outline of the section. Neverthe-
less, approximately the same thing is being measured at any
one level in all 4 femurs and the torsion in a given section
is higher or lower depending upon whether the femur in ques-
tion has a greater or lesser degree of torsion at the proximal
end. The values are listed in table 1.
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The values just given make it evident that in the femur
torsion is not a feature restricted to a localized area as is
the case in the humerus. As was pointed out by Krahl (47,
’48), torsion in the humerus occurs at the junction of the
diaphysis and the proximal epiphysis. In the femur, on the
basis of the work of Pitzen and the above values, torsion is
a total characteristic, present throughout most of the shaft.

Inclination. Almost nothing concerning the prenatal state
of this relationship was found in the literature. Friedlander
(’01) noted that the angle of the head and neck to the femoral
shaft is generally highest in very early fetuses (i.e., the neck
is more nearly in line with the shaft). Pitzen (’23) com-
mented that in the 11 mm human femur inclination amounts
to 130° and that there is apparently little change in this
angle during the fetal period. It has been indicated by Stra-
ver (’43) as well that the head and neck deviate from the
shaft very early in development. It is indeed surprising that
the angle of inclination has been ignored in almost all the
studies of early torsion development, especially considering
the fact that both angles are, superficially at least, measure-
ments of the same anatomical complex in different planes.
Compared with torsion, inclination in the adult femur again
has been less well examined. Humphry (1888) stated an
adult value of 124°, Pearson and Bell (’19), 126°, Ingalls
(724), 129.6°, and Pick et al. (’44), 126.40°.

Perhaps the major reason for the sparsity of data on fetal
inclination lies in the difficnlties related to its determination,
particularly in smaller fetuses. In the present study, no pro-
cedure could be devised that would allow the femurs to he
so manipulated as to permit photographing the head-neck re-
gion perpendicular to the plane of inclination without jeop-
ardizing the practicability of the overall technique. As a re-
sult, the degree of torsion present in a given specimen will
affect the amount of inclination seen in a frontal photograph.
What is presented here, then, is apparent inclination and,
other factors being equal, the head-neck axis will appear
more in line with the shaft in a specimen with high torsion.
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The present inclination values can be considered, therefore,
as subject to two variables: the probable high individual
variation in actual inclination and the artifact introduced by
equal or greater variation in torsion.

In this study, inclination has been measured as an angle
which opens superior to the head-neck axis rather than in-
feromedially as is traditional in soteometric technique (Mar-
tin, ’28, for example). This was done simply because it takes
cognizance of the direction of the change and because it
demonstrates the alteration from the primordial condition in
which the head-neck and shaft axes are most nearly in a
straight line (blastemal stage). To correct the present equa-
tion to the traditional sense, the estimated values should be
subtracted from 180°. The positive regression would then,
of course, become a negative one.

Although presented with definite reservations, the data on
inclination in this series are not without value. From the
equation (fig. 9) it can be estimated that inclination increases
approximately 0.04° for every millimeter increase in total
length of shaft. When, however, one considers the relation-
ship of apparent inclination to the highly variable torsion,
it appears obvious that the actual increase is greater than
that estimated and that the relatively low standard error of
estimate (ratio to mean, 0.14) is perhaps fortuitous.

Obliquity. Nothing was found in the literature concerning
the angle of obliquity during the period of fetal development,
excepting Pitzen’s (’23) observation that the angle of the
infracondylar plane to the axis of the femur is greater
throughout most of the prenatal period than it is in the
postnatal. The illustration of the reconstructions of Bardeen
(’05) and Altmann (’24) also indicate this. Neither of these
authors discuss the point. Ingalls (’27) stated that obliquity
is less at term than in the adult femur. For the adult, Pear-
son and Bell (’19) gave figures of, for right, 8.69°, for left,
11.59°. Grossberg (’24) had higher values for right (10.32°),
but lower for left (8.70°), while Ingalls gave right and left
figures of 8.63° and 8.70°.



DEVELOPMENT OF THE HUMAN FEMUR 39

In the present series, obliquity (fig. 9) was found to de-
crease at the rate of 0.09° for every millimeter increase in
total length of shaft. It was rather surprising that this
dimension exhibited the largest standard error of the esti-
mate (ratio to mean: 0.61) of any studied, particularly in
view of the amount of attention that has been given in the lit-
erature to variation in torsion. One femur (13.2 mm) has a
negative obliquity of — 3.0°. The smallest femur had an
angle of 9.0°, the largest, 3.0°. The highest value was 28.0°
(14.9 mm femur), the lowest, 1.0° (76.2 mm femur). It ap-
pears that the lateral condyle increases in mass more rap-
idly than the medial (Ingalls, ’27). Although this points to
the possibility of a ‘‘simple’’ growth factor in lowering the
infracondylar plane on the lateral side and so decreasing the
angle, it affords no explanation of the extremely high indi-
vidual variation in the angle. If the inherently greater rate
of growth of the cartilage of the lateral condyle is responsible
for the decrease in the angle, this factor must be modified by
others of approximately the same range of magnitude as those
operating in the case of torsion.

According to the determined equation for obliquity in this
series, femurs of less than 25 mm total length of shaft ex-
ceed the average of the adult values cited above (9.42°).
Femurs of a length greater than 25 mm should have angles
of less than 9.42°. The actual figures bear out this estima-
tion. Only 6 scattered femurs below 25 mm length have angles
of obliquity less than the average adult and above that size
only three have angles exceeding the adult average. Thus,
obliquity has a developmental history akin to that of torsion,
but in the opposite sense. Whereas torsion increases during
the fetal period to exceed the adult value, obliquity decreases
to less than the adult value.

SUMMARY

1. The material for this study was 53 femurs, mixed left
and right, 8.4 mm to 110.6 mm in total shaft length, from 53
fetuses and neonatal infants 31 mm to 485 mm C-R length
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(9th fetal week to third postnatal week). Specimens were
stripped to periosteum and cartilage, stained in alizarin in
KOH and cleared in glycerin. Major dimensions were meas-
ured from projected line drawings taken from photographs of
4 views. In addition to linear dimensions, the angles of tor-
sion, inclination, and obliquity were determined.

2. The regression of 10 femoral proportions (measurement/
total length of shaft) on length of ossified shaft is rectilinear
with two exceptions: cartilage lengths, hyperbolic; diameter
of the chondro-osseous junction, parabolic. Rectilinear equa-
tions also best express the regression of the angular dimen-
sions on total length of shaft.

3. The femur is described as consisting of three growing
units: the proximal and distal cartilages and the ossified
shaft. Iach cartilage is further divided, on the basis of
growth processes, into intracapsular, extracapsular, and
juxta-osseous parts.

4. The greatest change in proportion in the fetal period is
in extent of ossification. The next greatest change is in the
transverse dimensions across the proximal and distal car-
tilages. The least change is in diameters of the ossified shaft.
This results in an increasing robustness of the ends of the
femur in relation to its length. Comparison with postnatal
femurs indicates that this trend is reversed sometime early
in the postnatal period, for later femurs are more gracile.

5. The increasing robustness of the ends relative to the
length of the femur may be attributed to the presence of
large masses of cartilage at either end of the ossified shaft.
These rapidly increase in diameter and advancing ossifica-
tion replaces constantly larger diameters of cartilage. In the
postnatal femur, with secondary centers present and ossifica-
tion extending along the shaft to the level of the maximum
diameters, relatively more cartilage is directly concerned with
ossification than in the fetal femur.

6. The angular deviation of the proximal end of the shaft
into trochanteric and neck planes begins in the latter third
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of the fetal period and increases rapidly. The distal end of
the shaft is shown to become concave, at a period long be-
fore the onset of ossification of the secondary center. The
position of the point of intersection of the axis of the medul-
lary cavity and the axis of the canal of the nutrient artery
was examined in 10 selected femurs. It was found to be at
approximately mid-shaft level in the smallest specimen and
more proximal than distal in the largest. These changes in
the ossified shaft are discussed in relation to shaft elonga-
tion and shape change.

7. Torsion is found to have a range in this series of from
negative 26° to positive 64°. The smallest femur had 7.5°
and the largest 52° torsion. Torsion is estimated to increase
by 0.49° per 1 mm increase in femur length. With high in-
dividual variation, torsion generally exceeds the average
adult value by the time the femur is 30 mm in length. A com-
posite picture of torsion range in this and three other series
is presented.

8. Ineclination of the head-neck axis from the shaft in-
creases slightly over the series. Obliquity of the shaft de-
creases in such a fashion that at term it is less than in the
average adult femur.

LITERATURE CITED

ArutMaxy, F. 1924 TUntersuchungen iiber die Torsio femoris und damit im Zu-
sammenhang stehende Fragen. Z. Anat. Entwg., 76 82-126.

ArIEs, L. J. 1941 Experimental analysis of the growth pattern and rates of
appositional and longitudinal growth in the rat femur. Surg., Gyn.
Obst., 72: 679-689.

BarDEEN, C. R. 1905 Studies of the development of the human skeleton. Am. J.
Anat., 4: 265-302.

BarDEEX, C. R., AND W. H. LEwIs 1901 The development of the limbs, body-wall,
and back. Am. J. Anat., 1: 1-37.

Biscagp, J. D., axp M. E. Bisearp 1935 Longitudinal growth of long bones.
Arch. Surg., 31: 568-578.

BrANDT, G. 1928 Die Torsion der unteren Extremitdt und ihre Bedeutung fiir
die Deformititenentstehung. Z. Orthop. Chir., 49: 481-541.

BrasH, J. C. 1934 Some problems in the growth and developmental mechanies
of bone. Edin. Med. J., 41: 305-319, 363-386.



42 WILLIAM J. L. FELTS

Braus, H. 1904 Die Entwicklung der Form der Extremititen und des Extremi-
tiitenskeletts. (In O. Hertwig’s Handbuch der vergleichenden und ex-
perimentellen Entwickelungslehre der Wirbeltiere, 7: 167-338) G.
Fischer, Jena.

pE CUVELAND, E. F. 1950 Ein Beitrag zur Frage der Entstehung der Femur-
torquierung im intrauterinen Leben. Z. Orthop. Chir., 44: 213-223.

Diey, K. N. 1916 The measurement of diaphysial growth in proximal and distal
directions. J. Anat., 50: 187-188.

Doops, G. 8. 1832 Osteoelasts and cartilage removal in endochondral ossification
in certain mammals. Am. J. Anat., 50: 97-127,

Dopps, G. S., aNnp H. C. CAMERON 1934 Studies on experimental rickets in rats.
I. Structural modifications of the epiphyseal cartilages in the tibia and
other bones. Am, J. Anat., 55 135-155.

ErrrMaN, H. 1945 Torsion of the lower extremity. Am. J. Phys. Anthrop., 32
(n.s. 3): 146-163.

FRIEDLANDER, F. R. 1901 TUeber die Entstehung der angcborenen Hiiftverren-
hung. Z. Anat. Eutwg., 9: 515-543.

GARDNER, E., AND D. J. Gray 1950 Prenatal development of the human hip joint.
Am. J. Anat., 87: 163-211.

GrAY, D. J., AND E. GARDNER 1950 Prenatal changes in the human knee and
superior tibiofibular joints. Am. J. Anat., 86: 235-288.

GRrROSSBERG 1924 Data cited by Ingalls, *24.

Haas, 8. L. 1917 The localization of the growing point in the epiphyseal car-
tilage plate of bones. Am. J. Orthop. Surg., 15: 563-586.

————— — 1931 Further observation on the transplantation of the epiphyseal
cartilage plate. Surg., Gyn. Obst., 52: 958-963.

Ham, A, W. 1932 Cartilage and bone. (In Cowdry’s Special Cytology, 2nd ed.)
Hoeber, New York.

1953 Histology, 2nd ed., J. P. Lippincott Co., Philadelphia.

Harris, H. A. 1926 The growth of the long bones in childhood. Arch. Int. Med.,

38: 785-806.

1931 Lines of arrested growth in the long bones in childhood: the
correlation of histological and radiographic appearances in elinical and
experimental conditions. Brit. J. Radiol., §: 561-638.

Harris, H. A, AND A, E, RusseLL 1933 The atypical growth of cartilage as the
fundamental factor in dwarfism and achrondoplasia. Proc. Roy. Soc.
Med., 26 : 1-9.

HenprysoN, I. E. 1945 An evaluation of the estimated percentage of growth
from the distal epiphyseal line. J. Bone Joint Surg., 27: 208-210.

HrpLICKA, A. 1920 Anthropometry. Wistar Institute, Philadelphia.

HuMpPHRY 1888 Observations on the angle of the neck of the thigh hone. J.
Anat. Physiol.,, London, 23 387-389.

INeaLLs, N. W. 1924 Studies on the femur. General characteristics of the femur
in the male white. Am. J. Phys. Anthrop., 7: 207-253.

—————— 1927 Studies on the femur. IV. Some relations of the head and
condyles in the white and negro. Am. J. Phys. Anthrop., 10: 393-405.

KEeitH, A. 1919 Bone repair and growth. Brit. J. Surg., 5: 685-693.




DEVELOPMENT OF THE HUMAN FEMUR 43

KingsLey, P. C., anD K. L. OLMSTEAD 1948 A study of the angle of anteversion
of the neck of the femur. J. Bone Joint Surg., 830+ 745-751.
Kraur, V. E. 1947 The torsion of the humerus: its localization, cause and dura-
tion in man. Am. J. Anat., 80: 275-319.
1948 The bicipital groove: a visible record of humeral torsion.
Anat. Ree., 701: 319-331.
KraHL, V. E,, AXD C. W. MUELLER 1947 Permanent dry preparations of earti-
lage and bone. A method especially applicable to fetal material. Anat.
Ree., 97 41-45.
Lacroix, P. 1949 L’organisation des os. Editions Desoer, Liege.
Le DaMmaxy, P. 1903a Les torsions osscuses. Leur role dans la transformation
des membres. J. Anat. Physiol., Paris, 89: 126-134, 161-165.
1903b  (Same title). J. Anat. Physiol., Paris, 39: 313-337.
1904 La cavite cotyloide. J. Anat. Physiol.,, Paris, 40: 387-413.
LUTkEN, P. 1950 Investigation into the position of the nutrient foramina and
the direction of the vessel eanals in the shafts of the humerus and
femur in man. Acta Anat., 9: 56-68.
Marnn, F. P, 1918 On the age of human embryos. Am. J. Anat., 23: 397422,
MarTiN, R. 1928 Lehrbuch der Anthropologie, 2nd ed., vol. I. G. Fischer, Jena.
Maxiaow, A, A, axp W. Broom 1952 A Textbook of Histology, 6th ed. W. B.
Saunders Co., Philadelphia.
McLEeaN, F. C, anp W. BrooM 1940 Calcification and ossification. Caleification
in normal growing bone. Anat. Ree., 78: 333-353.
Mixuviicz, A. 1879 Individuelle Formdifferenzen an Femur und Tibia des Men-
schen. Arch. Anat. Entwg., 36: 351404.
Murray, P. D. F. 1936 Bones. A study of the development and structure of the
vertebrate skeleton. Cambridge Univ. Press.
NoBack, C. R, axp E. NoBack 1944 Demonstrating the osseous skeleton of
human embryos and fetuses. Stain Tech., 19: 51-54.
ParTEN, B. M. 1946 Human Embryology. The Blakiston Co., Philadelphia.
Pavyron, C. G. 1932 The growth in length of the long bones of the madder-fed
pig. J. Anat., 66 : 414-425.
1934 The position of the nutrient foramen and the direction of the
nutrient canal in the long bones of the madder-fed pig. J. Anat., 68:
500-511.
PearsoN, K., axp J. BELL 1919 A study of the long bones of the English skele-
ton. Part I. The femur. Draper’s Co. Research Mem., Biometric Series
X, London.
Pick, J. W., J. K. STACK AND B. J. AXsoN 1944 Measurements on the human
femur. I. Lengths, diameters and angles. Quart. Bull. Northwestern
Univ. Med. Seh., 15: 281-289.
PrrzeN, P. 1923 Das menschliche Femur wihrend seiner Entwicklung. Arch.
Anthrop., 19: 57-80.
ROGERS, S. P. 1931 A method of determining the angle of torsion of the neck of
the femur. J. Bone Joint Surg., 13: 821-824.
1934 Observations on torsion of the femur. J. Bone Joint Surg.,
16: 284-289.



44 WILLIAM J. L. FELTS

STRAYER, L. M. 1943 The embryology of the human hip joint. Yale J. Biol.
Med., 16 : 13-26.

STREETER, G. L. 1921 Weight, sitting height, head size, foot length, and men-
strual age of human embryos. Carnegie Contrib. Embryol., 11 : 143-170.

WEINMANN, J. P, AND H. SicHER 1947 Bone and Bones. Fundamentals of Bone
Biology. C. V. Mosby Co., St. Louis.



