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Abstract

Objective—To examine whether the sex-related differences in vertebral cross-sectional area
(CSA) found in children and at the timing of peak bone mass — a major determinant of
osteoporosis and future fracture risk — are also present at birth.

Study desigh—Vertebral CSA, vertebral height, and intervertebral disc height were measured
using magnetic resonance imaging (MRI) in 70 healthy full-term newborns (35 male and 35
female). Additionally, measures of the length and CSA of the humerus, musculature, and adiposity
were obtained.

Results—Weight, body length, and head and waist circumferences did not significantly differ
between sexes (all P’s = 0.06). Compared with newborn boys, girls had significantly smaller
vertebral cross-sectional dimensions; 1.47 £ 0.11 vs. 1.31 £ 0.12; P < 0.0001. Multiple linear
regression analysis indicated that sex was a predictor of vertebral CSA independent of gestational
age, birth weight, and body length. In contrast, sexes were monomorphic with regard to vertebral
height, intervertebral disc height, and spinal length (all P’s = 0.11). There were also no sex
differences in the length or cross-sectional dimensions of the humerus or in measures of
musculature and adiposity (all P’s = 0.10).

Conclusions—Factors related to sex influence fetal development of the axial skeleton. The
smaller vertebral CSA in females is associated with greater flexibility of the spine that could
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represent the human adaptation to fetal load. Unfortunately, it also imparts a mechanical
disadvantage that increases stress within the vertebrae for all physical activities and the
susceptibility for fragility fractures later in life.

Keywords
sexual dimorphism; vertebral fracture risk; spinal flexibility

Accumulating evidence indicates that osteoporosis has its antecedents in early childhood.!
Recent data suggest that even the fetal environment shapes, not only one’s later risk for
metabolic and cardiovascular disease, but also for osteoporosis.? This phenomenon, known
as “programming,” refers to the fact that stimuli, when applied during early development,
generate permanent changes that persist throughout one’s lifespan. Clues that osteoporosis
may result from perturbations in the fetal programming of skeletal growth come from some,
but not all, epidemiological data showing a relationship between low birth weight and future
risk for lower bone mass and fragility fractures.2-> The importance of the fetal environment
to skeletal development is further supported by reports that maternal smoking, nutrition and
physical activity are linked to bone mass of the offspring at birth, and that placental volume
and morphology are associated with neonatal bone size and mineral content.’

Approximately 700,000 women in the United States are newly diagnosed with vertebral
fractures every year due to the inability of the vertebral body to withstand the loads
associated with normal daily activities as skeletal mass and strength decline with aging. A
diminished accrual of vertebral bone in girls is the basis for the lower peak bone mass
(PBM) in young women, which, in turn, is a major determinant of their two- to four-fold
higher incidence of vertebral fractures when compared with men.1: 8 The basis for the lower
PBM of women lay, in great part, in the smaller female vertebra because differences in
vertebral bone density are less striking or nonexistent.%-12 Women have a lower
compressive vertebral strength at all ages, largely due to their smaller cross-sectional area
(CSA).10 On average, the CSA of the vertebral bodies is 25% smaller in women than in
men, even after accounting for differences in body size.? Although the sexual dimorphism in
vertebral cross-sectional dimensions is also present in early childhood,!3 the time of life
when these differences first appear is currently unknown.

Our limited understanding regarding sex differences in fetal skeletal development stems
from a lack of modalities to provide accurate non-invasive assessments of the three-
dimensional morphology of the axial skeleton in healthy infants. Recent advances in
magnetic resonance imaging (MRI) allow for fast and reliable determinations of normal
newborn musculoskeletal development without the need for sedation.* In this study, we
used MRI to test the hypothesis that sex differences in vertebral cross-sectional dimensions
— a key structural determinant of the strength of the vertebra — are present at birth.

METHODS

The study population comprises of 70 white singleton full-term infants (35 male and 35
female; aged two to seven days), who were recruited from The Institute for Maternal-Fetal
Health — an established alliance between the Hollywood Presbyterian Medical Center
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(HPMC) and Children’s Hospital Los Angeles (CHLA) between November 2013 and
October 2014. The Research Oversight Committee at HPMC and the Institutional Review
Board for clinical investigations at CHLA approved these studies, which were compliant
with the Health Insurance Portability and Accountability Act. Written informed consent was
obtained from the parent(s) of all subjects.

Only neonates born vaginally and the product of a full-term pregnancy (37-42 weeks) with a
birth weight, length, and head circumference between the 10t and 90t percentile (according
to the World Health Organization growth charts), a 1-minute Apgar score of 7 or greater and
a 5-minute Apgar score of 8 or greater, and no history of cardiac, respiratory,
gastrointestinal, or other systemic disease were included in this study. Infants born to
mothers with a history of diabetes or gestational diabetes mellitus or the consumption of
tobacco, alcohol, and illegal drugs were also excluded from this study.

MRI Measurements of Musculoskeletal Development and Adiposity

All studies were performed within one-week of age and without the use of general
anesthesia and/or sedatives. Parents were instructed to keep the neonate awake as long as
possible before the study and to plan a feeding (nursing or bottle) immediately prior to the
scan. Then, the newborn was swaddled in cloth blankets, given protective ear muffs, and
monitored with a pulse oximetry system. All subjects were examined with a 3.0 Tesla
whole-body MRI scanner (Achieva R3.2, Philips Healthcare, Cleveland, Ohio) with a
standard 8-channel pediatric Head/Spine coil. Subjects were scanned in the supine position.
Sagittal, coronal, and axial T2-weighted images were acquired using a single shot fast spine-
echo (SSFSE) sequence with 3 mm thick slices without any gap and 1 mm in-plane
resolution. The repetition time ranged from 562—-644 ms and the echo time ranged from
102-120 ms. Acquisition time was between 27-63 seconds.

All measurements were analyzed offline with commercial image segmentation software
(SliceOmatic, Tomovision, Inc.). For the purpose of this study, the vertebral CSA, vertebral
height, and intervertebral disc height were measured from the sixth thoracic to the fifth
lumbar vertebrae in all newborns (Figure 1, A). Vertebral CSA determinations were
obtained for a 3-mm section centered around the midpoint of each vertebral body. The
length of the spine was also measured from the first cervical vertebrae to the coccyx as a
proxy for truncal length. Paraspinous musculature CSA was defined as the mean of the
CSA:s of the erector muscles of the spine and psoas major muscle at the five lumbar
vertebrae; additionally, measures of subcutaneous (SC) adiposity were obtained at the same
locations (Figure 1, B). Due to the frequent flexion of the lower extremities, measures of the
appendicular skeleton were obtained at the midshaft of the humerus rather than the femur.
Arm musculature was defined as the sum of the cross-sectional dimensions of the biceps,
triceps, and brachialis muscles at the midshaft of the humerus. The coefficients of variation
for repeated MRI measurements of vertebral height and CSA, intervertebral disc height,
spinal length, and truncal and arm musculature and SC adiposity were between 1.2—4.0%.
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Statistical Analyses

All results are expressed as mean + SD. Descriptive, unpaired t-test, and simple and multiple
regression analyses were performed with Statview software (version 5.0.1; SAS Institute,
Cary, NC). To exclude the possibility of multi-collinearity, the goodness of fit for the
regression models was evaluated using the post-estimation procedures of Stata (StataCorp,
College Station, TX).

RESULTS

As expected, there were no differences in the gestational age or chronological age of the
newborn boys and girls. There were also no sex differences in weight, body length, or waist
circumferences; although values for head circumference tended to be greater in males, this
difference did not reach statistical significance. MRI measures of musculature and SC
adiposity in the upper extremity or trunk did not significantly differ between sexes; females,
however, tended to have less musculature and more adiposity than males at both locations
(Table I).

We found that newborn girls had significantly smaller vertebral cross-sectional dimensions
when compared with newborn boys of similar gestational age, weight, and body length
(Table I). This was true whether the mean values for all vertebrae from T6 to L5 were
compared or whether the respective values for each of the 12 vertebrae were evaluated
separately (Figure 2, A). On average, the CSA of the vertebral bodies was 10.6% smaller in
girls than in boys; 1.47 + 0.11 vs. 1.31 + 0.12 (P < 0.0001). Moreover, the 75! percentile
value for any female vertebra was below the 50t percentile value for the corresponding
male vertebra (Figure 2, A). In contrast, the sexes were monomorphic with regard to
vertebral height, intervertebral disc height (Figure 2, B), and the length of the spine (Table

).

Multiple regression analysis indicated that the disparity in vertebral CSA between sexes was
independent of gestational age, birth weight, and body length (Table 11). We found that once
sex and spinal length were included in the analysis, no other anthropometric or MRI
measure of body composition significantly improved the predictive power of the model.

Whereas factors related to sex had a significant effect on the axial skeleton, MRI measures
of the appendicular skeleton did not differ between sexes; values for both the length and
cross-sectional dimensions of the humerus were similar in male and female newborns (Table

).

DISCUSSION

Available data indicate that, when compared with males, females have smaller vertebral
bodies throughout childhood and young adulthood, even after accounting for differences in
body size. The results of the current study provide evidence that this sexual dimorphism is
present as early as at birth, and that factors related to sex are key regulators in the fetal
development of the axial skeleton. The vertebral CSA of the thoracic and lumbar spine were,
on average, 10.6% smaller in newborn girls than in newborn boys — a difference that was
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independent of gestational age, birth weight, and body length. In contrast, the sexes were
monomorphic with regard to values for vertebral height, intervertebral disc height, and
spinal length.

The cross-sectional area of the vertebral body is a major determinant of its compressive
strength.? In both males and females, values for the CSA increased from T6 to L5,
consistent with their design to bear progressively larger mechanical loads as the weight of
the body to be borne increases.® The smaller cross-sectional dimensions of the vertebral
body confers a biomechanical disadvantage that increases the stress within the vertebrae
throughout life and, if persists, increases the susceptibility for fragility fractures in the
elderly.® Support for this notion comes from data showing that elderly patients with
osteoporosis and vertebral fractures have significantly smaller non-fractured vertebrae than
patients with a similar degree of osteoporosis who do not experience fractures in the axial
skeleton.16: 17 Indeed, vertebral size has been proposed as an independent vertebral fracture
risk factor.1’

Previous studies examining sex differences in skeletal mass at birth were limited by the
inability of techniques used to assess the CSA of vertebra and yielded discrepant results.
Although most found that sex had no effect on lumbar spine bone mass,18-21 one showed
that boys had higher bone mass than girls but did not account for differences in body size or
examine bone morphology.” Using multi-planar assessments of skeletal structure, we
provide new evidence for a sexual dimorphism in the intrauterine development of the axial
skeleton. These results in newborns are in line with prior investigations indicating that the
lower vertebral bone mass of young women when compared with men is a manifestation of
early childhood differences in the size of bones.13 Knowledge that little, if any, bone is
gained from the periosteal surface of vertebral bone in adult women and the overall CSA of
their vertebrae remain relatively stable underscores the importance of early variations in
vertebral growth.22: 23

Whereas sex had a significant effect on the intrauterine development of the axial skeleton,
values for humeral CSA did not differ between boys and girls at birth — consistent with
existing data in children and adolescents showing that the cross-sectional dimensions of the
appendicular and axial skeletons are influenced by separate determinants. Changes in the
cross-sectional dimensions of the long bones in the appendicular skeleton are strongly
associated with anthropometric indexes and primarily regulated by mechanical stresses,
independent of sex.24 Changes in the CSA of the vertebral body during growth are not only
associated with increases in body size, but are also strongly influenced by sex.?

To date, there has been limited application of MRI to the study of sex differences in muscle
or adipose tissue content in neonates. In the current study, females tended to have less
musculature and more adiposity than males, but these differences did not reach statistical
significance, likely due to the small sample size. Although an earlier study using MRI also
found no substantial sex differences in total or regional body fat content at birth,2 available
data indicates that sex has a strong effect on body composition even before the onset of
sexual development.13 Sex differences in total fat content have been previously reported in
large cohorts of infants using dual-energy X-ray absorptiometry.”- 27 Further studies are
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needed to better determine the degree and timing of when boys begin to accumulate
significantly greater muscle but lesser fat than girls.

The mechanism(s) responsible for the smaller female vertebral body during the fetal stages
of skeletal development is unknown, but likely results from complex interactions involving
sex steroids, growth hormone (GH), and insulin-like growth factor.28 Although both
estrogens and androgens are important modulators of GH secretion and promote bone
accretion, there are major differences in the effects of sex steroids. During adolescence,
estrogens are particularly key for the regulation of epiphyseal function in both boys and
girls, and higher levels in the latter lead to earlier physeal closure and a shorter appendicular
skeleton by young adulthood.2?: 30 Androgens promote periosteal new bone formation,
which has a dramatic effect on the width of the bone and have been implied to have a
preferential effect on the growth of the axial skeleton. Observations on the treatment of
children with hypopituitarism suggest that growth in the upper body segment, or trunk, is
relatively more dependent on testosterone, whereas growth in the lower extremities is
primarily under the control of GH.30-32 However, the factors of relevance during fetal life
that influence the sexual dimorphism in vertebral development remain unknown. Although
the absence of the SRY gene in females may dictate this difference, the downstream events
of importance need further investigation. Moreover, although insulin and insulin-like growth
factor 2 are known regulators of fetal growth,33 no investigations to date reveal sexual
dimorphism in these values. We anticipate that careful evaluations of newborns with
disorders of sex development, such as females with congenital adrenal hyperplasia, will aid
in deciphering the role of androgens in mediating the fetal development of the axial
skeleton. Conversely, testicular feminization syndromes may demonstrate the opposite
effect, provided that estrogens and androgens influence fetal vertebral growth.

Regardless of the mechanism(s) by which sex influences intrauterine vertebral growth, it
should be noted that we found no sex differences in the heights of the intervertebral discs —
the fibrous cartilage tissue that act as shock absorbers with a similar size and shape as the
endplates of the flanking vertebrae.1> The height of the intervertebral disc, the compliance
of its fibrous cartilage, and the dimensions of adjacent vertebrae are important determinants
of spinal mobility.1> A greater range of motion occurs when the disc is tall and/or the
vertebral CSA is small.1% 34 Thus, for comparable disc thickness and stiffness, the smaller
female vertebral CSA results in greater flexion/extension and lateral flexion.1> This notion is
in agreement with anatomical and clinical studies suggesting that the lumbar spine of girls
and young women have significantly greater anterior and lateral flexibility when compared
with males of the same age.35-37

A key question is why the female fetus would be programmed with a structural
characteristic that while renders her spine more flexible, also confers a higher risk for
vertebral fractures later in life. A proposed explanation for the human sexual dimorphism in
vertebral size could be that it improves maternal performance in posture and locomotion.
The human pregnancy has some unique features relative to other mammals and requires
many adaptations of the axial skeleton by virtue of the need to maintain bipedal posture.
Previous comparative morphometric studies between pregnant quadrupedal chimpanzees
and humans showed that human females have evolved a derived curvature and

J Pediatr. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ponrartana et al. Page 7

reinforcement of the lumbar vertebrae to compensate for this bipedal obstetric load.38 In
order to counteract the shift in the center of mass associated with increases in abdominal size
and weight, pregnant mothers habitually extend their lumbar spine.3 Because greater
flexibility of the spine may facilitate the lordosis needed to maintain upright posture,38 one
could hypothesize that fetal load is a selection factor in the evolution of the discrepant spinal
morphology between sexes among humans.

This study showing the power of noninvasive imaging methods to examine human newborn
subjects has notable limitations. Data are observational in nature and fraught with potential
biases such as selection and unknown maternal variables. Although the subjects were not
recruited from the community at large, any bias introduced by the method of selection would
apply equally to both sexes. To facilitate homogeneity within this relatively small cohort, the
sample only included vaginal deliveries of white singleton newborns between the 10t and
90t percentiles for weight and length. Moreover, beyond knowledge that they were born to
mothers without a history of diabetes or gestational diabetes mellitus, information regarding
highly heritable variables, such as maternal weight gain, BMI, and bone mass, were not
examined. Clearly, future studies are needed to establish the generalizability of our results in
other newborn populations; however, it is unlikely that these potential confounders would
invalidate the large sexual dimorphism in vertebral size found in this study.
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Figure 1. MRI images of the spine in a 3-day old newborn
(A) Coned-down sagittal T2-weighted SSFSE image of the spine showing the vertebral

bodies and intervertebral discs, labels at T6 and L5, and the location (white line) of (B) the
axial T2-weighted SSFSE image outlining the vertebral body (green), paraspinous
musculature (brown), and subcutaneous adiposity (yellow).
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Figure 2. Spinal dimensions in newborns

(A) Box plots of MRI vertebral CSA

values from T6 to L5 in 35 boys (blue) and 35 girls

(red), showing significantly smaller female mean cross-sectional area at all locations; all P’s

< 0.008. (B) Bar plots of vertebral an

d intervertebral disc heights in the same newborns

showing similar values between males and females; all P’s = 0.085. Values are expressed as

mean = SD.
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Ages, anthropometric measures, and MRI measures of fat, muscle, and bone in 70 healthy newborns.

Table |

Gestational Age (wk)

Age (day)

Weight (kg)

Body length (cm)

Head circumference (cm)

Waist Circumference (cm)

Appendicular skeleton
Arm SC adiposity (cm?)
Arm musculature (cm?)
Humeral length (cm)
Humeral CSA (cm?)

Axial Skeleton

Males (n = 35)
38.9+1.17
294 +1.43
3.38+0.42
50.6 +2.39
34.0+1.31
30.8 +1.47

495+1.13
3.38£0.68
8.18 £ 0.37
0.37£0.07

Abdominal SC adiposity (cm?) 11.4+1.85

Paraspinous musculature (cm?) 4.10 £ 0.68

Spinal length (cm)

23.6+1.22

Intervertebral disc height (cm) 0.23+0.02

Vertebral Height (cm)
Vertebral CSA (cm?)

0.64 £ 0.06
147+0.11

Females (n = 35)
39.0+1.21
3.43+1.87
3.26 £ 0.40
50.4+2.73
33.4+1.41
30.7 £ 2.05

516 +1.10
3.19+£0.66
8.05+0.40
0.35+0.08

11.8+2.25
3.85+0.58
23.1+1.22
0.23+£0.03
0.62 +0.06
1.31+0.12

P-value
0.721
0.227
0.215
0.743
0.060
0.827

0.422
0.222
0.151
0.386

0.439
0.102
0.108
0.323
0.151
<0.0001
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Table Il

Multiple regression model of measures for vertebral CSA in 70 newborns with gestational age, sex, weight
and length as independent variables.

B SE  P-value R?
Vertebral CSA 0.372
Gestational age (wk) -0.092 0.015  0.468
Sex -0.550 0.028 <0.0001
Weight (kg) 0.003 0.047  0.983
Length (cm) 0.272  0.008  0.056
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