
  INTRODUCTION 
  High growth rates in animals are generally associated 

with musculoskeletal weakness because of the develop-
ment of bone that is much less organized, less dense, and 
more porous than the bones of slow-growing animals 
(Williams et al., 2004; Bennett, 2008). Rapid muscle 
growth in broiler chicks (meat-type chicks) through ge-
netic selection causes imbalance between meat produc-
tion and skeletal growth, resulting in abnormal skeletal 
development (Oviedo-Rondon et al., 2006). Leg prob-
lems and skeletal disorders, such as lameness, twisted 
legs, tibial dyschondroplasia (TD), and crooked toes, 
are the common causes of culling and mortality in 
broiler chicks (Bradshaw et al., 2002; Oviedo-Rondon 

et al., 2006). Because leg problems in broilers cause 
pain, limit their mobility to access feed and water, and 
result in economic losses estimated at $120 million/yr 
(Cook, 2000), these are important animal welfare and 
economic issues (Oviedo-Rondon et al., 2009). 

  One strategy that can be used to prevent leg prob-
lems and skeletal disorders is stimulating bone growth 
and strength in the early growth period. One potential 
nutrient or bioactive molecule is vitamin D3. Vitamin 
D3 is considered to be a prohormone generated in the 
skin through UV irradiation of 7-dehydrocholesterol or 
absorbed from the diet in the intestinal tract (DeLuca, 
2004). It is not biologically active in this initial form 
and needs to be converted to 25-hydroxyvitamin D3
in the liver and subsequently to 1,25-dihydroxyvitamin 
D3 in the kidney (DeLuca, 2004). 1,25-Dihydroxyvita-
min D3 acts through a nuclear receptor to express its 
numerous functions, including bone homeostasis, Ca, 
and phosphate absorption in the small intestine, Ca 
mobilization in bone, and Ca reabsorption in the kid-
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  ABSTRACT   A study was conducted to evaluate the 
effects of age, vitamin D3, and fructooligosaccharides 
(FOS) on bone mineral density (BMD), bone mineral 
content (BMC), cortical thickness, cortical and trabecu-
lar area, and mechanical properties in broiler chicks us-
ing peripheral quantitative computed tomography and 
mechanical testing. A total of 54 male broiler chicks 
(1 d old) were placed in battery brooders and fed a 
corn–soybean starter diet for 7 d. After 7 d, the chicks 
were randomly assigned to pens of 3 birds each. Each 
treatment was replicated 3 times. There were 6 treat-
ments: 1) early age control (control 1); 2) control 2; 3) 
125 µg/kg of vitamin D3; 4) 250 µg/kg of vitamin D3; 
5) 2% FOS); and 6) 4% FOS. The control 1 chicks were 
fed a control broiler diet and killed on d 14 to collect 
femurs for bone analyses. The remaining groups were 
killed on d 21. Femurs from 3-wk-old chicks showed 
greater midshaft cortical BMD, BMC, bone area, thick-
ness, and marrow area than those from 2-wk-old chicks 

(P = 0.016, 0.0003, 0.0002, 0.01, and 0.0001, respec-
tively). Total, cortical, and trabecular BMD of chick 
proximal femurs were not influenced by age. However, 
BMC and bone area were significantly affected by age. 
The femurs of 2-wk-old chicks exhibited significantly 
lower stiffness and ultimate load than those of 3-wk-old 
chicks (P = 0.0001), whereas ultimate stress and elastic 
modulus of the femurs of 2-wk-old chicks were signifi-
cantly higher than that of femurs of 3-wk-old chicks (P
= 0.0001). Chicks fed 250 µg/kg of vitamin D3 exhib-
ited significantly greater midshaft cortical BMC (P = 
0.04), bone area (P = 0.04), and thickness (P = 0.03) 
than control 2, 2% FOS, or 4% FOS chicks. In sum-
mary, our study suggests that high levels of vitamin 
D3 can increase bone growth and mineral deposition in 
broiler chicks. However, FOS did not have any benefi-
cial effects on bone growth and skeletal integrity. Age 
is an important factor influencing skeletal integrity and 
mechanical properties in broiler chicks. 
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ney (Farquharson et al., 1993; Leeson and Summers, 
2001; DeLuca, 2004). It has been reported that the 
supplementation of high levels of vitamin D3 reduced 
incidence of leg problem, such as TD and Ca rickets in 
broilers (Whitehead et al., 2004; Atencio et al., 2005; 
Driver et al., 2006). However, few studies have used pe-
ripheral quantitative computed tomography (pQCT) 
and mechanical testing to evaluate whether high levels 
of vitamin D3 stimulate bone growth and enhance skel-
etal integrity in young broilers.

Another potential bioactive molecule is fructooligo-
saccharide (FOS). Fructooligosaccharides are low mo-
lecular weight, nondigestible carbohydrates that have 
previously been examined as prebiotics in laying hens 
for their ability to limit Salmonella Enteritidis coloni-
zation and their influence on bone metabolism (Kim 
et al., 2006; Donalson et al., 2007, 2008a,b). Fruc-
tooligosaccharides also have the potential to increase 
bone formation and reduce bone resorption (Ohta et 
al., 1998; Takahara et al., 2000). Several studies have 
demonstrated that FOS enhanced true Ca, Mg, Fe, 
and P absorptions in the intestine of rats (Ohta et al., 
1993, 1995; Kashimura et al., 1996; Morohashi et al., 
1998). Moreover, FOS compounds have been shown to 
increase Ca balance and bone mineral density (BMD) 
in growing rats (Ohta et al., 1998). Takahara et al. 
(2000) observed that FOS increased femoral bone vol-
ume and mineral concentrations in rats. It has been 
shown that FOS induced intestinal Ca-binding protein 
(calbindin-D9k) levels in rats (Takasaki et al., 2000). 
More recently, Zafar et al. (2004) reported that FOS 
increased femoral Ca content and BMD whereas FOS 
reduced bone resorption rate in ovariectomized rats. 
However, no research has been conducted to evaluate 
the effects of FOS on bone growth and Ca metabolism 
in broiler chicks.

Recently, dual-energy X-ray absorptiometry 
(DEXA) has been used to measure bone density and 
mineral content in broiler chicks and laying hens (Kim 
et al., 2004; Talaty et al., 2009). It has been demon-
strated that BMD and bone mineral content (BMC) 
obtained by DEXA are positively correlated with bone-
breaking force, bone ash, bone ash concentration, and 
bone weight in chickens (Mazzuco and Hester, 2005; 
Kim et al., 2006, 2008). Bone mineral density and BMC 
are highly correlated with each other and are good in-
dicators for bone strength. However, few studies have 
evaluated bone quality in broiler chicks using pQCT, 
which can serve as a noninvasive method for measur-
ing BMD, BMC, cross-section area, and 3-dimensional 
visualization of the bone (Clark et al., 2005). Because 
pQCT measures true volumetric bone density in spe-
cific sites (Korver et al., 2004; Kim et al., 2007), it 
can offer more precise and detailed information about 
site-specific BMD and cross-sectional geometry than 
DEXA. Thus, in the present study, we measured BMD 
and BMC in broiler chicks using pQCT.

We hypothesized that high levels of vitamin D3 and 
FOS supplementation in broiler diets would increase 

bone growth and skeletal integrity in broiler chicks and 
that pQCT and mechanical testing would be excellent 
tools for evaluating bone quality and mechanical prop-
erties in broiler chicks. Therefore, the objective of this 
study was to evaluate the effects of age, vitamin D3, 
and FOS on BMD, BMC, cortical thickness, cortical 
area, marrow area, and mechanical properties in broiler 
chicks by pQCT and mechanical testing.

MATERIALS AND METHODS

General Procedures
A total of 54 male broiler chicks (1 d old) were placed 

in heated Petersime battery brooders (Petersime Incu-
bator Co., Gettysburg, OH) and fed a corn–soybean 
broiler starter diet for 7 d. The starter diet contained 
23% CP, 3,200 kcal/kg of ME, 1% Ca, 0.45% available 
P, and 90 µg/kg of vitamin D3. The chicks were indi-
vidually weighed and then randomly assigned to pens 
of 3 birds each. Each treatment was replicated 3 times. 
There were 6 treatments: 1) early age control (control 
1); 2) control 2; 3) 125 µg/kg of vitamin D3; 4) 250 µg/
kg of vitamin D3; 5) 2% FOS; and 6) 4% FOS. Vitamin 
D3 and FOS were purchased from Sigma-Aldrich (St. 
Louis, MO). The control 1 chicks were fed a control 
broiler diet and killed by cervical dislocation on d 14. 
The chicks from the other groups were fed a control 
broiler diet and treatment diets containing 125 µg/kg 
of vitamin D3, 250 µg/kg of vitamin D3, 2% FOS, or 
4% FOS and were killed by cervical dislocation on d 
21. For vitamin D3 treatments, 125 or 250 µg/kg of 
vitamin D3 was added to the control diet containing 
90 µg/kg of vitamin D3. Left femurs were collected for 
BMD, BMC, bone area, bone thickness, and mechani-
cal testing. The bones were cleaned of attached tissue, 
wrapped in PBS-soaked gauze for pQCT and mechani-
cal testing, and stored at −20°C. All animal procedures 
were approved by the Texas A & M University Lab 
Animal Care Committee.

pQCT
Bone scans of left femurs were performed with an 

XCT Research instrument (Stratec, Norland, Fort At-
kinson, WI). This model has a minimum voxel size of 
0.07 mm and a scanning beam thickness of 0.50 mm. 
Scan sites included the midshaft femurs (3 slices of each 
bone located at one-half the total bone length ± 2 mm) 
for volumetric BMD of the cortical bones; the proximal 
femurs were scanned to assess metaphyseal trabecular 
volumetric BMD (3 slices located 8.0, 8.5, and 9.0 mm 
from the proximal end of the bone). All scans were ob-
tained at a scan speed of 2.5 mm/s, with a voxel resolu-
tion of 0.07 × 0.07 × 0.50 mm. In addition, the mid-
diaphyseal cross-sectional moment of inertia (CSMI), 
which is a measure of bone material in a cross-section 
area and indicates its distribution around the neutral 
bending axis to resist bending (Bennett, 2008), was ob-
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tained with respect to the neutral bending axis of the 
femur bone shaft during 3-point bending (mechanical 
property testing).

Mechanical Testing
After pQCT scans were completed, mechanical 

properties of the midshaft femurs were determined by 
3-point bending to failure with an Instron 1125 ser-
vo-controlled testing machine (Instron Corp., Canton, 
MA) according to previously published procedures (Al-
len and Bloomfield, 2003). The bones were thawed at 
room temperature and placed posterior side down on 
metal pin supports located ±10 mm (femurs) from the 
middiaphysis testing site. With a 455-kg load cell, qua-
sistatic loading (2.5 mm/min) was applied to the ante-
rior surface of the femurs until fractures occurred. All 
specimens were sprayed with PBS just before testing 
to maintain hydration. Displacements were monitored 
by a linear variable differential transformer interfaced 
with a personal computer. Raw data, collected at 10 Hz 
as load versus displacement curves, were analyzed with 
Table-Curve 2.0 software (Jandel, San Rafael, CA). 
Structural variables (ultimate load and stiffness) were 
obtained directly from the load:displacement curves. 
The maximum load obtained was defined as the ulti-
mate load (UL, in N), and the slope of the elastic por-
tion of the curve was defined as stiffness (S, in N/mm). 
Bone tissue material properties were calculated by nor-
malizing structural properties for cross-sectional bone 
geometry at the site of testing by using CSMI (in mm4 
from pQCT), bone diameter (D, in mm) as measured 
by calipers, and the appropriate bottom support span 
distance (L, which was 20 or 60 mm). The appropriate 
formulas for elastic modulus (E, in GPa) and ultimate 
stress (US, in MPa) were as follows:

E = S × L3/(48,000 × CSMI), and

US = UL × L × D/(8 × CSMI).

Statistical Analysis
All data were subjected to 1-way ANOVA as a com-

pletely randomized design using the GLM procedure of 
SAS (SAS Institute Inc., Cary, NC). Significant differ-
ences among the means were determined using Dun-
can’s multiple-range test at P < 0.05.

RESULTS

Effects of Age on Cortical BMD, BMC,  
Bone Area, Bone Thickness,  
and Mechanical Properties

First, we evaluated the effects of age on bone growth 
and skeletal integrity of chick midshaft femurs (Table 
1). Three-week-old chicks (control 2) had significantly 
higher BMD (P = 0.016) and BMC (P = 0.0003) com-
pared with 2-wk-old chicks (control 1; Table 1). Femurs 
from 3-wk old chicks also showed greater midshaft cor-
tical bone area (P = 0.0002), thickness (P = 0.01), 
and marrow area (P = 0.0001) than those from 2-wk-
old chicks. Next, we evaluated the effects of age on 
total, cortical, and trabecular BMD, BMC, and bone 
area of chick proximal femurs (Figure 1). Total, corti-
cal, and trabecular BMD of chick proximal femurs were 
not influenced by age. However, BMC and bone area 
were significantly affected by age. Total, cortical, and 
trabecular BMC of control 2 chicks (3 wk old) were 
significantly higher than that of control 1 chicks (2-wk 
old; P = 0.0002, 0.04, and 0.003, respectively). Total 
and cortical bone areas and marrow area of control 2 
chicks were also significantly larger than that of control 
1 chicks (P = 0.0003, 0.01, and 0.0007, respectively).

We further measured mechanical properties of chick 
femurs (Figure 2). The femurs of 2-wk-old chicks (con-
trol 1) exhibited significantly lower stiffness and ulti-
mate load (structural properties) than those of 3-wk-
old chicks (control 2; Figure 2A and B; P = 0.0001), 
whereas ultimate stress and elastic modulus (material 
properties) of the femurs of 2-wk-old chicks were signifi-
cantly higher than those of 3-wk-old chicks (Figure 2C 
and D; P = 0.0001). These results indicate that age is 
an important factor for bone growth and skeletal integ-
rity in broiler chicks.

Effects of Vitamin D3 and FOS on BMD,  
BMC, Bone Area, Bone Thickness,  
and Mechanical Properties

We evaluated the effects of vitamin D3 and FOS on 
bone growth and skeletal integrity in midshaft cortical 
bone of chick femurs (Figure 3). No significant differ-
ences were found in midshaft cortical BMD among the 
treatments (Figure 3A; P = 0.8306). However, chicks 
fed 250 µg/kg of vitamin D3 exhibited significantly 

Table 1. Effects of broiler age on midshaft cortical bone mineral density (BMD), bone mineral content (BMC), bone area, bone 
thickness, and marrow area of femurs (n = 3/treatment) 

Treatment1 BMD (mg/cm3) BMC (mg/mm) Bone area (mm2) Bone thickness (mm) Marrow area (mm2)

Control 1 692b 9.2b 13.3b 1.33b 8.02b

Control 2 744a 17.9a 24.1a 1.62a 15.92a

Pooled SE 8.5 0.51 0.55 0.04 0.17
P-value 0.016 0.0003 0.0002 0.01 0.0001

a,bMeans within a column with different superscripts differ significantly (P < 0.05).
1Control 1 = 2-wk-old chicks; control 2 = 3-wk-old chicks.
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higher midshaft cortical BMC than control 2, 2% FOS, 
or 4% FOS chicks (Figure 3B; P = 0.04). Furthermore, 
chicks fed 250 µg/kg of vitamin D3 had significantly 
larger midshaft cortical bone area and thickness com-
pared with control 2, 2% FOS, or 4% FOS chicks (Fig-
ure 3C and D; P = 0.04 and 0.03, respectively). Bone 
marrow area of chicks fed 250 µg/kg of vitamin D3 was 

significantly larger than that of control 2, 2% FOS, 
or 4% FOS chicks (Figure 3E; P = 0.01). In the pres-
ent study, no significant differences were found in feed 
intake and weight gain among the treatment groups 
(data not shown; P = 0.643 and 0.478, respectively).

We also determined total, cortical, trabecular BMD, 
BMC, and area and mechanical properties of proximal 

Figure 1. Effect of age on total, cortical, and trabecular bone mineral density (BMD), bone mineral content (BMC), and bone area of proxi-
mal femurs (n = 3/treatment). Control 1 = 2-wk-old chicks (early age control); control 2 = 3-wk-old chicks. Means with different letters differ 
significantly (P < 0.05).
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femurs (Figures 4, 5, and 6). Total density of chicks 
fed 250 µg/kg of vitamin D3 was significantly higher 
than that of those fed 125 µg/kg of vitamin D3 or 2% 
FOS (Figure 4; P = 0.0487). However, no significant 
differences were found in cortical and trabecular BMD 
of proximal femurs among the treatments (Figure 4; P 
= 0.279 and 0.601, respectively). Chicks fed 250 µg/kg 
of vitamin D3 had significantly higher total and corti-

cal BMC than those fed 125 µg/kg of vitamin D3 or 
2% FOS (Figure 5; P = 0.01). However, no significant 
differences were found in total, cortical, and bone mar-
row area among the treatments (Figure 6; P = 0.2676, 
0.107, and 0.3325, respectively). We also evaluated the 
effects of vitamin D3 and FOS on mechanical prop-
erties. However, no significant differences were found 
in all mechanical properties (stiffness, ultimate load, 
ultimate stress, and elastic modulus) among the treat-
ments (data not shown; P = 0.533, 0.949, 0.086, and 
0.479, respectively).

DISCUSSION
In this study, we found that 3-wk-old chicks exhib-

ited significantly greater midshaft cortical BMD, BMC, 
bone area, bone thickness, and marrow area than 2-wk-
old chicks, indicating that age is an important factor 
for bone growth and skeletal integrity. This result also 
indicates that endocortical resorption by osteoclasts 
(bone resorbing cells) occurs on the endosteal surface 
(inner edge of cortical shell) to increase marrow area 
while new bone formation by osteoblasts (bone forming 
cells) occurs on the periosteal surface (outside of corti-
cal shell) to increase cortical bone area in broiler chicks 
as chick age increases. This is called radial or periosteal 
expansion (Bain and Watkins, 1993) and is a way to in-
crease bone size and bone marrow area in broiler chicks 
as chick age increases. Interestingly, unlike midshaft 
femurs, total, cortical, and trabecular BMD values of 
proximal femurs were not influenced by age, whereas 
BMC and bone area of proximal femurs from 3-wk-old 
chicks were significantly higher than that of 2-wk-old 
chicks. These results suggest that bone density in spe-
cific sites of bones may be differently influenced by age.

We also found that stiffness and ultimate load of 
femurs increased whereas ultimate stress and elastic 
modulus decreased as chick age increased. It appears 
that stiffness and ultimate load are negatively related 
to ultimate stress and elastic modulus in broiler chicks. 
Age-dependent changes of mechanical properties have 
been suggested by other researchers (Lawrence et 
al., 1994; Baumer et al., 2009). Our mechanical test 
showed that stiffness and ultimate load of chick femurs 
increased but ultimate stress and elastic modulus de-
creased as chick age increased. Because stiffness is im-
portant for effective locomotion (Kjaer, 2004), stiffer 
bones in older chicks might help improve the efficiency 
of leg movements. Furthermore, rapid growth in broiler 
chicks significantly reduces ultimate stress and elastic 
modulus independent of the bone size that confers in-
creased stiffness and ultimate load. These results are in 
agreement with a swine study conducted by Baumer et 
al. (2009). Stiffness of the infant porcine parietal bone 
has been demonstrated to increase with age, whereas 
ultimate stress was reduced with age (Baumer et al., 
2009). The results in the current study suggest that 
mechanical properties in broiler chicks are influenced 
by chick age.

Figure 2. Effect of age on A) stiffness, B) ultimate load, C) ulti-
mate stress, and D) elastic modulus of chick femurs (n = 3/treatment). 
Control 1 = 2-wk-old chicks (early age control); control 2 = 3-wk-old 
chicks. Means with different letters differ significantly (P < 0.05).
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In the present study, although no significant differ-
ences were found in midshaft cortical BMD among the 
treatments, chicks fed 250 µg/kg of vitamin D3 had 
significantly higher midshaft cortical BMC and larger 
bone area, bone thickness, and marrow area compared 

with control. These results indicate that 250 µg/kg of 
vitamin D3 stimulates mineral deposition and radial 
growth of midshaft cortical bone in broilers. Increased 
rates of mineral deposition and radial growth by 250 
µg/kg of vitamin D3 were well balanced in midshaft 

Figure 3. Midshaft cortical bone mineral density (BMD), bone mineral content (BMC), bone area, and bone thickness of femurs from 3-wk-old 
chicks (n = 3/treatment). Control 2 = 3-wk-old chicks; 125 µg/kg Vit D3 = 3-wk-old chicks fed a broiler diet containing 125 µg/kg of vitamin D3; 
250 µg/kg Vit D3 = 3-wk-old chicks fed a broiler diet containing 250 µg/kg of vitamin D3; 2% FOS = 3-wk-old chicks fed a broiler diet containing 
2% fructooligosaccharides; 4% FOS = 3-wk-old chicks fed a broiler diet containing 4% fructooligosaccharides. Means with different letters differ 
significantly (P < 0.05).
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femurs to maintain similar BMD values to those of 
control. However, 250 µg/kg of vitamin D3 treatment 
did not change any mechanical properties. It also has 
been shown that chicks fed 250 µg/kg of vitamin D3 
had significantly lower incidence of TD (Whitehead et 
al., 2004), a metabolic skeletal disorder in fast-growing 
meat-type poultry such as broilers and turkeys (Rath 
et al., 2004). Stimulating bone growth by high levels 
of vitamin D3 may be beneficial in reducing incidence 
of TD. However, FOS treatments did not affect any 
of the bone parameters. Although several studies have 

reported that FOS compounds increase BMD, BMC, 
and bone volume in rats (Ohta et al., 1998; Takahara 
et al., 2000; Zafar et al., 2004), FOS treatments did not 
increase BMC, BMD, bone area, or bone thickness in 
chicks. Species differential effects of FOS on bone and 
mineral metabolisms may exist.

In summary, our study suggests that high levels of 
vitamin D3 can increase bone growth and mineral depo-
sition in broiler chicks. However, FOS did not have any 
beneficial effects on bone growth and skeletal integrity. 
To reduce incidence of skeletal disorders, high levels 
of vitamin D3 dietary amendment may be a solution. 
Because chicks possess a high tolerance for vitamin D3, 
dietary supplementation of vitamin D3 higher than 250 
µg/kg needs to be investigated to further confirm the 
potential for increases in bone growth and mineral con-
tents, which in turn should lead to the reduction of 
skeletal problems in broiler chicks. Age is an important 
factor influencing skeletal integrity and mechanical 
properties in broiler chicks.
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