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ABSTRACT: Developmental dysplasia of the hip (DDH) is a well-
known precipitator of hip osteoarthritis. An increase in body weight
during the critical early postnatal growth period may alter joint
contact, and thus alter hip development and influence joint health in
adulthood. The objective of this study was to determine whether early
postnatal body weight affected the course of hip development and the
onset of osteoarthritis in a canine model of DDH. A longitudinal
study, from birth to skeletal maturity, was conducted. Serial body
weight, age at femoral head ossification onset, and femoral head
coverage at 4 mo were measured. Presence and severity of degener-
ation at 8 mo were determined using necropsy and cartilage biochem-
istry. There was a negative association between birth weight and age
at femoral head ossification onset; however, the association was
likely due to skeletal maturity level rather than body weight per se.
Lower birth weight subjects had greater femoral head coverage at 4
mo. Greater birth weight was associated with greater probability of
moderate degenerative changes or macroscopic lesions at 8 mo.
These results support the hypothesis that increased birth weight is
sufficient to alter the course of hip development and result in mea-
surable degenerative changes at adulthood. (Pediatr Res 60: 549–
554, 2006)

Developmental dysplasia of the hip (DDH), characterized
in the adult by a shallow acetabulum and a flattened

femoral head, is a well-known precipitator of early onset hip
osteoarthritis (OA) (1–3). In the human neonate (4) and
juvenile dog (5), DDH ranges from joint instability to com-
plete dislocation of the femoral head.
Incidence estimates for DDH in humans vary with exami-

nation technique, child age, and disease definition; the true
incidence is unknown (1,4). Screening surveys suggest that as
many as 1 in 100 newborns have evidence of hip instability
(4). Twenty percent to 50% of idiopathic OA cases have been
attributed to underlying subluxation or acetabular dysplasia
(1). Risk of DDH is greater for first borns, breech position,
female gender, left hips, an adverse intrauterine environment
such as oligohydramnios, and infants swaddled in a leg-

extended position (1,4). Greater risk of left hip DDH is likely
a result of two thirds of vertex presentations being in the left
occiput position (1,6). Abduction of the left hip is limited as
the fetus is pressed against the mother’s spine resulting in
decreased coverage of the femoral head by the acetabulum (7).
Risk is also greater for positive family history (affected parent
12%; affected parent and sibling 36%) (1).
Incidence estimates for DDH in dogs vary by breed, and are

greater for larger breeds. Approximately 20% of Labrador
retrievers, a large breed, are affected; incidence exceeds 50%
for St. Bernards (8). Heritability estimates range from 0.25 to
0.40 (9).
The dog is an established, naturally occurring model for the

study of early onset OA secondary to DDH and shares the
characteristic morphologic and biochemical features of DDH
in humans (1,5,9). A gender difference in incidence has not
been demonstrated in the dog model, and incidence is greater
for larger breeds than for humans. Dogs are skeletally mature
by 8 mo, enabling longitudinal observation of DDH from
incipience to degeneration.
A critical stage in hip development occurs during the early

postnatal period. In humans, the depth of the acetabulum
relative to its diameter is a minimum at birth, requiring that the
joint capsule and ligament of the femoral head play a greater
role in maintaining stability and congruent articulation (7).
Although no comparable study exists for dogs, the capsule and
ligament of the femoral head are largely responsible for
maintaining congruent articulation for the first month after
birth (5). Experimental animal models have demonstrated that
fully congruent contact between the cartilaginous femoral
head and acetabulum (Fig. 1 morphology) is necessary for
development of normal joint morphology (10,11) and that the
neonatal joint has a remarkable capacity to respond to the
local mechanical environment (12). In a rat model with a
unilateral amputation below the femoral neck, presence of the
femoral head within the acetabulum was sufficient to retain
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congruent articulating surfaces (11). The rate of growth rela-
tive to size is at a maximum during the early postnatal period
(Fig. 2). Small perturbations in joint contact during the critical
early postnatal growth period may alter the course of hip
development and may influence joint health in adulthood.
Increased body weight during later development and early

adulthood has been associated with a greater risk of hip OA.
Increased body weight after 2 mo of age in dogs has been
associated with a more severe expression of DDH (13) and a
greater prevalence of subsequent hip OA (14). A modest
increase in body mass index at 18 y in humans was associated
with an increased risk of hip OA leading to joint replacement
(15). However, the effect of increased body weight during
early postnatal development, when congruent articulation is
largely maintained by connective tissues, has not been inves-
tigated.
The objective of this study was to determine whether early

postnatal body weight affected the course of hip development
and the onset of OA in a canine model of DDH. We hypoth-
esized that greater body weight during the first 3 wk after birth
would result in an earlier age at ossification onset, reduced
femoral head coverage at 4 mo, and greater probability of
degenerative changes at 8 mo.

METHODS

Animals. Labrador retrievers were obtained from a colony maintained by
the James A. Baker Institute for Animal Health, Cornell University. Dogs
were randomly selected from first available litters (phenotype of both sire and
dam was either dysplastic or normal). The pattern of inheritance for hip
morphology is complex. Dysplastic offspring from phenotypically normal
parents, and vice versa, are common. Between 2 and 4 dogs were selected
from 5 litters, resulting in a total of 17 subjects (Table 1).

Pups were introduced to solid food at 4 wk and were weaned at 6 wk;
feeding was ad libitum thereafter. Body weight was recorded daily for the first
three weeks. Enclosures provided area for exercise. The Cornell University
Institutional Animal Care and Use Committee approved all aspects of this
study.

Radiography for onset of ossification. The pelvis was radiographed in a
ventro-dorsal, hip-extended position (16). Radiographs were obtained every
second day beginning at day 6 until ossification was observed in both femoral
capital epiphyses. The age at which ossification was first observed for each
femoral capital epiphysis was recorded as the age at ossification onset.

Radiography for femoral head coverage. The dorso-lateral subluxation
procedure (17) was used to measure femoral head coverage at 4 mo. Dogs
were anesthetized and placed in sternal recumbancy on a positioning pad with
stifles flexed and femora in contact with and perpendicular to the table-top.
Hips were in a neutral position and bore a portion of the body weight. The
percentage of the femoral head area covered by the dorsal rim of the
acetabulum was calculated from the dorso-ventral radiographic projection.

Necropsy evaluation and tissue collection. Subjects were euthanized at
approximately 8 mo by barbiturate overdose. The articular cartilage collection
procedure has been described previously (2). Soft tissues were dissected and
the joint capsule was excised. The joint was evaluated for macroscopic
fibrillation of articular cartilage and capsular fibrosis, and volumes of synovial
fluid and ligament of the femoral head were measured. Cartilage was collected
from the superior perifoveal region of the femoral head characteristic for early
lesion formation. The entire lesion was collected as a single sample if present.
Cartilage was also collected from the concentric surrounding area.

Biochemical assays. Biochemical assays were performed to detect the
characteristic increase in water and fibronectin, and decrease in sulfated
glycosaminoglycan (GAG) contents that precede macroscopic lesion forma-
tion (2,18). Cartilage samples were lyophilized and weighed. Water content
was expressed as a percentage of the weight at collection.

Dimethylmethylene Blue Assay: GAG content was measured by dimeth-
ylmethylene blue assay (19). 1,9-dimethyl-methylene blue (all chemicals:
Sigma-Aldrich, Inc., St. Louis, MO, USA), a strongly metachromatic dye,
was added to papain digested samples and the absorbance of the GAG-dye
complex was measured at 535 nm on a spectrophotometer (Beckman Instru-
ments, Inc., Fullerton, CA, USA). The standard was a serial dilution of
chondroitin-4 sulfate.

Fibronectin ELISA: Fibronectin content was measured by ELISA (20).
Urea extracted samples were assayed with a sandwich ELISA. The capture
and detector antibodies were goat anti-human fibronectin (all antibodies:
ICN/Cappel, Aurora, OH, USA) and rabbit anti-human fibronectin, respec-
tively. Antigen-detector antibody complexes were quantified using a peroxi-
dase-linked goat anti-rabbit IgG antibody and an O-phenylenediamine sub-
strate. Absorbance was measured at 490 nm with a reference wavelength of
630 nm on a microtitre plate reader (Tecan, Research Triangle Park, NC,
USA). The standard was a serial dilution of purified plasma fibronectin.

Degeneration score assignment. A degeneration score of 0 to 3 was
assigned to each hip based on cartilage biochemistry and necropsy examina-
tion (Table 2). Constituent values from the superior perifoveal area charac-
teristic for lesion formation and the surrounding area were used for score
assignment. Changes in gross joint structure characteristic of degeneration
associated with DDH include capsular fibrosis, hypertrophy of the femoral
head ligament, effusion, and macroscopic cartilage fibrillation. Hips were
scored independently by two of the authors (W.S.V.B.-F., R.J.T.). Discrep-
ancies were reviewed and a score was reached by consensus.

Table 1. Sample summary

Parental phenotype Litter Gender Litter size

Dysplastic 1 2 female 8
2 1 female, 2 male 8
3 2 female, 2 male 9

Normal 4 2 female, 2 male 12
5 2 female, 2 male 7

Figure 1. Hip at 1 d of age. Bar � 5 mm.

Figure 2. Rate of growth for body weight normalized by concurrent weight
(study example).
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Statistical analyses. Data in this study occur in a natural hierarchical
structure, with hips nested within dogs and dogs nested within litters. Obser-
vations are not independent, as hips within a dog are expected to be more
similar than hips from different dogs, and dogs from the same litter are
expected to be more similar than dogs from different litters. Hierarchical
linear models (HLMs) explicitly address data dependency by using a sub-
model for each level of the hierarchy; each submodel includes a level-specific
error term (21).

A key feature of HLMs is that the total variance of the response variable
is decomposed into components contributed by individual levels. A represen-
tative 2-level random effects model for the observed growth rate contained the
grand mean, �00, a litter-level error (random) term u0j, and a dog-within-litter
error (random) term rij; the growth rate for dog i in litter j, �ij, was

�ij � �00 � u0j � rij (1)

Variance of the growth rate was

var��ij� � var�u0j� � var�rij� � �litter
2 � �dog

2 (2)

Variance components were expressed as intraclass correlations, a measure
of within-group similarity, for 2-level models (22) or as a percentage of the
total variance for 3-level models. HLMs used included both fixed effects
(phenotype, gender) and random effects (litter, dog within litter, hip within
dog). See (23) for a review of effect classification in mixed models.

The 8-mo hip degeneration score was an ordinal variable. A proportional
odds model was used to estimate the effect of the independent variable on the
log odds of a particular degeneration score (24). A typical model was

logit�P�score� j�� � �j � �w, j� 1, . . . , J	 1 (3)

The model assumes that the effect of the independent variable body weight, w,
is the same (proportional) for all degeneration score categories. The proba-
bility of a hip degeneration score indicating moderate biochemical changes
(score 2) or lesion (score 3) was estimated from model results.

HLMs were implemented using the MIXED procedure in the SAS statis-
tical software package (version 9.1, SAS Institute, Cary, NC). The restricted
maximum likelihood procedure was used to estimate variance components.
Degrees of freedom for F statistics were estimated using the Kenward-Roger
approximation for unbalanced data (25). Estimated degrees of freedom are
often fractional values. Proportional odds models were implemented using the
LOGISTIC procedure in SAS. Rate of growth for the first three weeks of age
was estimated using a simple exponential growth model (W � W0e

�t).
Strength of the linear relationship between body weight at successive ages and
onset of ossification was estimated using ordinary least squares.

Statistical analysis consisted of three stages. First, the pattern of growth
(body weight gain) for days 0–20 was examined. Next, the ability of the
growth parameters to predict the age at ossification onset for the femoral
capital epiphyses was investigated. Finally, the ability of the early growth
parameters to predict outcomes of femoral head coverage and degeneration at
early adulthood was investigated. p-values below 0.05 were considered
statistically significant.

RESULTS

Body weight for 0–20 d. Mean body weight at birth was
0.44 kg (SE 0.04). All pups were within two standard devia-
tions of the colony mean (
 0.43, � 0.08 kg). Of the total
variance in birth weight, 85.1% was due to among-litter
differences and 14.9% to within-litter differences. Litter size

was strongly associated with birth weight (F(1, 2.77) � 39.37,
p � 0.010), accounting for 94.7% of the among-litter vari-
ance; pups from larger litters had lower birth weights. Birth
weight for females was less than that for males (by 19.8 g);
however, the difference was not significant (F(1, 12.9) � 1.41,
p � 0.256) when controlling for litter size. There was no
difference in birth weight between normal and dysplastic
parental phenotypes (F(1, 1.85) � 0.54, p � 0.543) when
controlling for litter size. The body weight growth trajectory
for the first 20 d was approximately exponential (Fig. 3).
Mean exponential growth rate (EGR) for body weight was
0.064 1/d (SE 0.004). EGR for females was less than that for
males (by 0.007) (F(1, 11.4) � 8.74, p � 0.013) when
controlling for birth weight. An intraclass correlation of
71.3% indicated the EGR was more similar within litters than
among litters. Birth weight prediction of EGR approached
conventional levels of significance (F(1, 11.5) � 3.69, p �
0.080), with lower birth weight subjects having a greater EGR.
Inclusion of birth weight in the model reduced among-litter
variance by 25.5% and within-litter variance by 20.1%. There
was no difference in EGR between normal and dysplastic
parental phenotypes (F(1, 1.9) � 0.27, p � 0.657). The
percentage of the total variance in body weight explained by
litter size decreased from 82.7% at day 0 (birth) to 32.8% at
age 8 d. By age 12 d, the association between litter size and
body weight was no longer significant.

Table 2. Degeneration score assignment guidelines

Score Necropsy observation Cartilage biochemistry

0 No abnormalities Within normal range*

1 Mild changes: ligament hypertrophy (volume �1 ml), mild capsular Water increase �5%
fibrosis, minimal effusion, no cartilage fibrillation GAG** decrease

Fibronectin
�20%
�600 ng/mg

2 Moderate changes: ligament hypertrophy (volume �1 ml), Water increase �5%
extensive capsular fibrosis, effusion, no cartilage fibrillation GAG decrease �20%

Fibronectin �600 ng/mg

3 Macroscopic lesion present

* Reference values based on (2).
** Expressed per mg cartilage dry weight.

Figure 3. Body weight means for males (�) and females (Œ) from 0 to 20 d
(n � 9 female, n � 8 male). Error bars represent SE.
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Age at femoral head ossification onset. Mean age at ossi-
fication onset was 12.12 d (SE 0.99). All pups were within two
standard deviations of the colony mean (
 12.69, � 3.72 d). Of
the total variance in age at ossification onset, 68.8% was due
to among-litter differences, 23.4% to within-litter differences,
and 7.8% to between-hip differences. Age at ossification
onset was strongly associated with birth weight (F(2, 30) �
38.27, p � 0.001), with lower birth weight pups having a later
age at onset. There was a significant interaction between parental
phenotype and birth weight (F(1, 12) � 5.14, p � 0.043), with
pups of normal parental phenotype having a slope of greater
magnitude (Fig. 4). Inclusion of the interaction in the model
reduced the within-litter variance by 22.8%. The slope for the
dysplastic parental phenotype was not significantly different from
zero (t(12) � �1.64, p � 0.126). Ossification onset occurred
1.5 d earlier for females at the birth weight mean (F(1, 12) �
9.43, p � 0.010). The percentage of the total variance in age at
ossification onset explained by body weight decreased rapidly
from 65% at day 0 (birth) to 17% at age 8 d (Fig. 5). (The
strength of the initial relationship would persist if all subjects had
identical growth rates.) Inclusion of body weight in the model did
not reduce within-litter variance at any age before the age at
ossification onset. Age at ossification onset was not significantly
associated with the EGR (F(1, 14) � 0.24, p � 0.632).
Four-month femoral head coverage. Mean femoral head

coverage was 64.0% (SE 1.9). No dislocations were detected
radiographically or during physical exams. Femoral head cov-
erage was associated with birth weight (F(1, 15) � 6.59, p �
0.021) and day 1 weight (F(1, 15) � 4.59, p � 0.049); lower
weight subjects had greater femoral head coverage (Fig. 6). Of
the total variance in femoral head coverage, 4.5% was due to
among-litter differences, 35.3% to within-litter differences,
and 60.3% to between-hip differences. Inclusion of birth
weight in the model reduced within-litter variance by
40.0% and accounted for all of the among-litter variance.
Femoral head coverage was not associated with parental
phenotype (F(1, 3.12) � 0.00, p � 0.955).
Eight-month joint degeneration score. At 8 mo, 9 hips had

no abnormalities, 7 hips were mildly affected, 12 hips were

moderately affected, and 6 hips had a macroscopic lesion
(Table 3, Fig. 7 example). Right and left hips were affected
similarly with a maximum score difference of 1. The proba-
bility of moderate cartilage abnormality or lesion increased with
increasing birth weight (�2 � 6.24, p � 0.013) and was lower for
females than for males (�2 � 4.08, p � 0.043) (Fig. 8). This
probability increased with decreasing 4 mo femoral head cover-
age (�2 � 11.93, p � 0.001). The probability was not associated
with parental phenotype (�2 � 0.51, p � 0.477).

DISCUSSION

Much research has focused on cartilage degeneration second-
ary to DDH (1–3); however, little is known about influences such
as body weight on early postnatal hip development. The objective
of this initial study was to determine whether early postnatal
body weight affected the course of hip development and joint
health at adulthood in a canine model of DDH.
When studying early postnatal skeletal growth, prenatal

growth and skeletal maturity at birth must be considered.
Prenatal growth is the result of the interaction between the
fetal genotype and the maternal intrauterine environment. One
way in which the intrauterine environment influences growth
is through a uterine size constraint during late gestation. The

Figure 4. Age at femoral head ossification onset for pups from normal (Œ,
- - -) and dysplastic (�, —) parental phenotypes (n � 34 hips; n � 16 normal,
n � 18 dysplastic phenotype). Coincident data points were moved by 0.0025 kg
increments (�) to improve clarity (2 points: ��, ��; 3 points: ��, 0, ��).

Figure 5. Percent of total variance for age at ossification onset explained by
body weight for each age (n � 34 hips).

Figure 6. Femoral head coverage at 4 mo as a function of birth weight (n �
34 hips). Solid line represents the hierarchical linear model.
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uterine size constraint results in a negative association be-
tween the number of fetuses and birth weight. This effect is
seen in humans, where fetal weight for singletons and twins is
similar until approximately 28 wk, after which the rate of
growth for twins slows relative to that of singletons (26). A
similar effect is seen in mice, where the negative correlation of
litter size and fetal weight does not begin until day 17.5 in a
19 d gestation (27). After birth, a period of accelerated, or
catch-up, growth occurs (28). A negative association between
litter size and birth weight was also found in this study. Lower
birth weight pups had a greater EGR, indicating that postnatal
catch-up growth occurred. Intrauterine growth restriction was
likely greater for larger litters.
If ossification rate is positively associated with volumetric

growth rate, pups from larger litters would be skeletally less
mature (proportionately less ossification) at birth than pups
from smaller litters. There is little research addressing the
relationship between birth weight and the extent of skeletal
ossification. In late term pregnancy for rats (day 21), the

extent of ossification in skeletal structures where ossification
is beginning or still in progress is positively related to fetal
weight (29). If this result in rats represents a general phenom-
enon of mammalian prenatal development, then the lower
birth weight pups in the present study can be expected to have
proportionately less ossification of the acetabulum and prox-
imal femur at birth.
Skeletal maturity at birth is also determined by length of

gestation. Gestation length in litters of five or more pups has
been shown to be shorter by 1.1 d than litters with fewer than
5 pups (30). Any decrease in length of gestation for larger
litters would be a minor additive influence to the effects of late
term growth rate reduction.
The age at ossification onset was significantly associated with

birth weight; however, the variance attributed to body weight
decayed rapidly with increasing age. This result is consistent with
the degree of skeletal maturity at birth being the primary deter-
minant of age at onset rather than body weight per se. Inclusion
of body weight in the model did not reduce within-litter variance
in age at ossification onset. A delay in skeletal maturity due to
intrauterine crowding is a feature common to all pups within a
litter. The remaining variance attributed to body weight at days 1
to 8 is likely due to the residual correlation between body weight
and weight at birth.
The interpretation that degree of skeletal maturity at birth

was the primary determinant of age at ossification onset does
not imply that mechanical forces were not important for
stimulating the onset of ossification. In clear cases of unilat-
eral DDH, the onset and progression of ossification in the
affected hip are delayed relative to the normal hip (31). The
normal hip serves as a control for environmental and systemic
factors, so the response due to differences in local mechanical
environmental variables can be distinguished from other in-
fluences. This result supports the claim by Wilkinson (31) that
a delay in the onset of ossification for the femoral epiphyses
(up to age 12 mo in human infants) was “of little conse-
quence”; however, a unilateral retardation of ossification
“might well suggest some pathological condition.”
The interaction between birth weight and parental pheno-

type was significant when gender differences and birth weight
were controlled. The magnitude of the slope for pups from
dysplastic parental phenotype was less than the slope for pups
from normal parental phenotype. The variance accounted for
by the interaction was at the within-litter level. DDH in the
Labrador retriever model is associated with greater hip joint
laxity (9). If laxity is present at birth, the femoral head for
pups with a dysplastic parental phenotype may be loaded in a
more focal, eccentric manner, thus altering the stimulus for
ossification onset. Parental phenotype, however, was not pre-
dictive of 4 mo femoral head coverage or 8 mo degeneration

Figure 7. Articular surface for normal (L) and lesion (R) femoral heads. Note
roughness in lesion example. Bar � 5 mm.

Figure 8. Probability of moderate abnormality or lesion of femoral head
cartilage for males (—) and females (- - -) at 8 mo (n � 9 female, n � 8 male).

Table 3. Summary of cartilage extracellular matrix constituents and femoral head coverage by degeneration score group

Score Water (%) GAG* (
g/mg) Fibronectin*† (ng/mg) Femoral head coverage (%)

0 or 1 74.9 (0.77) 136.6 (6.99) 317.4 [251.4, 465.0] 68.1 (1.7)
2 or 3 78.1 (0.78) 115.5 (4.73) 958.4 [691.3, 1221.1] 60.5 (2.0)

* Expressed per mg tissue dry weight.
† Data summarized as median [1st, 3rd quartiles]; all other data summarized as mean (SE).
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score. The interpretation of an interaction for a small sample
size should be made with considerable caution. Existence of
this interaction must be confirmed in a larger sample.
Greater birth and day 1 weights were associated with

reduced femoral head coverage at 4 mo. Birth weight reduced
the within-litter variance by 40.0%. Greater birth weight may
exceed the capacity of the immature connective tissues to
maintain fully congruent articulation between the femoral
head and the acetabulum. A subluxated femoral head will
result in a smaller contact area and thus greater contact
stresses on the dorsal lateral margin of the acetabulum (32).
This result suggests that birth weight was an important factor
in establishing the manner in which the femoral head and
acetabulum articulated, and as a result, influenced the devel-
opment of acetabular depth.
The probability of moderate biochemical changes or lesion

of the femoral head cartilage increased with increasing birth
weight. The probability of degenerative changes for a given
birth weight was lower for females than for males. There is no
clear gender difference in DDH incidence for dogs as there is
for humans (9). Persistence of a gender difference would be
unlikely in a larger study population. The increased probabil-
ity of degenerative changes with decreased femoral head
coverage was similar to previous findings in Labrador retriev-
ers (33). Degenerative changes were located in the character-
istic superior perifoveal region of the femoral head that artic-
ulates with the dorsal rim of the acetabulum in subluxated hips
(2). The degenerative changes are likely due to elevated contact
stress that is a result of the focal, eccentric loading (34).
The lack of association between parental phenotype and 4

mo femoral head coverage and 8 mo degeneration score was
likely due to the small sample size. Dysplastic progeny from
phenotypically normal matings, and vice versa, are common.
With this inheritance pattern, it is unlikely that parental phe-
notype will be strongly predictive of offspring phenotype in a
small sample.
In conclusion, this study shows that increased early post-

natal body weight, particularly birth weight, was associated
with reduced femoral head coverage at 4 mo and a greater
probability of degenerative changes at 8 mo. Increased birth
weight was negatively associated with age at ossification onset
for the femoral head; however, the effect was likely due to
differences in skeletal maturity rather than to weight per se.
These results support the hypothesis that increased body
weight during the critical early postnatal period was sufficient
to alter the course of hip development and result in measurable
degenerative changes at adulthood.
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