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Abstract 

Background  Studies have confirmed that antioxidants contribute to a lower risk of osteoporosis, which is an 
independent factor for femoral neck fracture (FNF). However, the associations between blood antioxidant levels and 
femoral neck strength remain unclear.

Objective  Our aim was to test the hypothesis that levels of blood antioxidants are positively associated with com-
posite indices of bone strength in femoral neck, which integrate the bending strength index (BSI), compressive 
strength index (CSI), and impact strength index (ISI), in a population of middle-aged and elderly individuals.

Methods  This cross-sectional study utilized data from the Midlife in the United States (MIDUS) study. Blood levels of 
antioxidants were measured and analyzed.

Results  In total, data from 878 participants were analyzed. Results of Spearman correlation analyses indicated that 
blood levels of 6 antioxidants (total lutein, zeaxanthin, alpha-carotene, 13-cis-beta-carotene, trans-beta-carotene and 
total lycopene) were positively associated with CSI, BSI, or ISI in middle-aged and elderly individuals. Conversely, blood 
gamma-tocopherol and alpha-tocopherol levels were negatively associated with CSI, BSI, or ISI scores. Furthermore, 
linear regression analyses suggested that only blood zeaxanthin levels remained positively associated with CSI (odds 
ratio, OR 1.27; 95% CI: 0.03, 2.50; p = 0.045), BSI (OR, 0.54; 95% CI: 0.03–1.06; p = 0.037), and ISI (OR, 0.06; 95% CI: 0.00, 
0.13; p = 0.045) scores in the study population after adjusting for age and sex.

Conclusions  Our results indicated that elevated blood zeaxanthin levels were significantly and positively associated 
with femoral neck strength (CSI, BSI, or ISI) in a population of middle-aged and elderly individuals. These findings sug-
gest that zeaxanthin supplementation may reduce FNF risk independently.
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Introduction
Osteonecrosis of the femoral head (ONFH) is one of the 
most common debilitating diseases, as it increases the 
risk of traumatic and nontraumatic fracture occurrence 

in the general population [1, 2]. Existing evidence in 
ONFH patients suggests that these individuals have 
lower bone density of the femoral head, which may be 
related to a reduction in the osteogenic differentiation 
of bone marrow stromal cells (BMSCs) and an inhibi-
tion of osteogenic gene expression [2, 3]. A recent study 
demonstrated that nontraumatic ONFH patients had 
lower bone mineral density (BMD) of the lumbar spine 
and femoral neck than that of healthy populations [1]. 
Although BMD is widely used to evaluate bone strength 
[4, 5], other studies indicate that BMD may only reflect 
50%-70% of total bone strength [6, 7]. The comprehen-
sive indices of femoral neck strength include the bending 
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strength index (BSI), compressive strength index (CSI) 
and impact strength index (ISI) which are good indica-
tors of femoral bone strength, a measure that is consid-
ered a predictor for femoral neck fracture (FNF) [8].

Oxidative stress promotes bone loss and remodeling via 
its impact on the regulation of osteoblast survival and dif-
ferentiation and enhancement of inflammatory responses 
[9]. Conversely, antioxidants can inhibit oxidative stress 
and prevent the pathological process [10]. Existing evi-
dence indicates that the consumption of antioxidant 
rich fruits and vegetables, such as apples, tomatoes, and 
oranges, is related to attenuations in bone mass loss, a 
factor impacting fracture risk, in postmenopausal women 
[11]. However, the beneficial effects of an increased anti-
oxidant intake on bone strength are controversial. On the 
one hand, some epidemiological studies have reported 
that an increased intake of certain antioxidants, includ-
ing vitamin C, vitamin E, and carotenoids, may confer 
benefits to BMD in premenopausal and postmenopausal 
females [12–14]. On the other hand, several studies have 
reported a positive correlation between higher intakes of 
vitamin C and higher risk of osteoporosis [15, 16]. Fur-
thermore, previous evidence also indicated that antioxi-
dants may produce bone-site specific beneficial effects on 
bone health [17]. for example, a previous study reported 
that a high β-carotene consumption was related to 
increased BMD of the femoral neck and total hip rather 
than other body parts in postmenopausal women [12].

This cross-sectional study was conducted using data 
from the Midlife in the United States (MIDUS) study. 
We aimed to investigate the associations between the 10 
blood antioxidants and BSI, CSI and ISI in the middle-
aged and elderly individuals.

Methods
Study participants
The MIDUS Study mainly aimed to investigate the psy-
chosocial and behavioral factors involved in age-related 
health conditions among a national sample of Ameri-
cans [18, 19]. Data used in our study were obtained 
from participants in the Biomarker Project of MIDUS II 
(N = 1,255). The Biomarker Project recruited participants 
from the original MIDUS I cohort and aimed to measure 
various biological indicators in blood, urine, saliva, and 
other biological samples from 2004 to 2009 [19]. Addi-
tional details regarding the study methods and samples 
have been published elsewhere [18, 19]. Of the 1,255 
participants in the Biomarker Project, we excluded data 
from 377 participants who had missing data on impor-
tant variables. The final analysis from 878 participant 
samples were seen in Fig.  1. All methods were carried 
out in accordance with relevant guidelines and regula-
tions, approval from appropriate Institutional Review 

Boards at the Midlife in the United States (MIDUS) study 
centers [three general clinical research centers (GCRC), 
including Georgetown University, the University of Cali-
fornia at Los Angeles and the University of Wisconsin-
Madison] was granted for this study and all participants 
gave informed consent before participation. We retro-
spectively analyzed MIDUS data from an open database 
(Inter-University Consortium for Political and Social 
Research).

Blood measurements
Details for the collection methods of biological samples 
in the Biomarker Project have been previously described 
[20]. In summary, we measured and analyzed blood levels 
of 10 antioxidant markers (total lutein, zeaxanthin, beta-
cryptoxanthin, 13-cis-beta-carotene, alpha-carotene, 
trans-beta-carotene, total lycopene, gamma-tocoph-
erol, alpha-tocopherol, and retinol). Blood antioxidant 

Fig. 1  Flow chart displaying the final analysis of the included 
samples
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measurements were obtained from fasting blood samples 
collected in the morning.

Assessment of femoral neck strength
During each participants visit, the BMD values of the left 
hip and lumbar spine (L1-L4) were measured by DXA 
scans via Hologic 4500 (UCLA and Georgetown sites) 
technology or GE Healthcare Lunar Prodigy (Madison 
site). Femoral neck width (FNW) and femoral neck axis 
length (FNAL) were also measured from the hip scans 
using manufacturer guidelines. The composite indices of 
femoral neck strength (g/kg-m), including CSI, BSI, and 
ISI, were calculated by the following formulas [21]: 1) 
CSI = BMD × FNW/Weight; 2) BSI = (BMD × FNW2)/
(FNAL × Weight); 3) ISI = (BMD × FNW × FNAL)/
(Height × Weight).

Statistical analyses
For research purposes, Spearman correlation analyses 
were preliminarily performed to examine the relation-
ships between the 10 antioxidants and femoral neck 
strength (BSI, CSI and ISI). Then, linear regression analy-
ses were conducted to assess the independent relation-
ships among variables with antioxidants as independent 
variables and femoral neck strength indices as dependent 
variables (CSI, BSI and ISI) in the models. Age and sex 
have been reported to be related to bone mass loss [22], 
therefore the models were adjusted for age (Model 1) and 
sex (Model 2) successively. Standardized correlation coef-
ficients and 95% confidence intervals (CIs) were reported 
for these models.

We used multiple linear regression analyses to explore 
the relationships between the 10 measured antioxi-
dants and femoral neck strength, stratified by age, sex 
and BMI. We used the median age value to form a cat-
egorical variable for age (< 53  years and ≥ 53  years) and 
dichotomized BMI as < 24 kg/m2 or ≥ 24 kg/m2. Then, we 
tested for effect modification of age, sex and BMI on the 
associations. R version 4.0 and SPSS 25.0 were used for 
all analyses. The P value ≤ 0.05 represented a statistically 
significant difference.

Results
Characteristics of participants
A total of 878 samples were analyzed. As shown in 
Table  1, the age [53 (44–61) years], sex [male, 356 
(40.55%)] and BMI [28.61 (25.07–32.97)] of our study 
sample were similar to the complete sample from the 
Biomarker Project. 377 Biomarker Project participants 
were mainly excluded from our analyses due to the pres-
ence of missing data for the femoral neck strength (BSI, 
CSI and ISI) and blood antioxidant variables. Hence, 
our study participants may have similar BDM [0.78 

(0.66–1.02) gms/cm2], CSI [3.49 (3.05–4.03) g/kg-m], 
BSI [1.17 (1.00–1.36) g/kg-m] and ISI [0.20 (0.16–0.23) 
g/kg-m] values with the Biomarker Project sample. Simi-
larly, the blood levels of antioxidants, including total 
lutein, zeaxanthin, beta-cryptoxanthin, 13-cis-beta-caro-
tene, alpha-carotene, trans-beta-carotene, total lycopene, 
gamma-tocopherol, alpha-tocopherol, and retinol, were 
0.20 (0.14–0.28) µmol/L, 0.05 (0.04–0.08) µmol/L, 0.17 
(0.11–0.27) µmol/L, 0.05 (0.03–0.09) µmol/L, 0.06 (0.03–
0.09) µmol/L, 0.37 (0.19–0.75) µmol/L, 0.39 (0.28–0.53) 
µmol/L, 3.66 (2.23–5.62) µmol/L, 25.95 (20.07–34.53) 
µmol/L and 1.58 (1.26–1.92) µmol/L, respectively.

Spearman correlation analyses between blood levels 
of the measured antioxidants and bone strength 
of the femoral neck
We observed that elevated blood levels of total lutein, 
zeaxanthin, 13-cis-beta-carotene, alpha-carotene, 
trans-beta-carotene and total lycopene levels were posi-
tively associated with CSI (all P ≤ 0.05), and blood levels 
of gamma-tocopherol and alpha-tocopherol were nega-
tively associated with CSI. Levels of circulating beta-cryp-
toxanthin and retinol were not associated with CSI (P > 0 
0.05). Circulating concentrations of total lutein, zeaxan-
thin, beta-cryptoxanthin, 13-cis-beta-carotene, alpha-
carotene, trans-beta-carotene and total lycopene were 
positively associated with BSI (all P ≤ 0.05). However, blood 

Table 1  General characteristics of the study population

BMI: Body mass index

Variables N (%) or Median 
(interquartile 
range)

Age (year) 53 (44–61)

Gender (male), n (%) 356 (40.55%)

BMI (kg/m2) 28.61 (25.07–32.97)

Femoral Neck bone mineral density (gms/cm2) 0.78 (0.66–1.02)

Compression Strength Index (g/kg-m) 3.49 (3.05–4.03)

Bending Strength Index (g/kg-m) 1.17 (1.00–1.36)

Impact Strength Index (g/kg-m) 0.20 (0.16–0.23)

Blood markers
  Blood total lutein (umol/L) 0.20 (0.14–0.28)

  Blood zeaxanthin (umol/L) 0.05 (0.04–0.08)

  Blood beta-cryptoxanthin (umol/L) 0.17 (0.11–0.27)

  Blood 13-cis-beta-carotene (umol/L) 0.05 (0.03–0.09)

  Blood alpha-carotene (umol/L) 0.06 (0.03–0.11)

  Blood all trans-beta-carotene (umol/L) 0.37 (0.19–0.75)

  Blood total lycopene (umol/L) 0.39 (0.28–0.53)

  Blood gamma-tocopherol (umol/L) 3.66 (2.23–5.62)

  Blood alpha-tocopherol (umol/L) 25.95 (20.07–34.53)

  Blood retinol (umol/L) 1.58 (1.26–1.92)
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gamma-tocopherol and alpha-tocopherol concentrations 
were inversely related to BSI (all P ≤ 0.05). Similar results 
were present for ISI (Table 2).

Adjusted associations between blood antioxidant levels 
and bone strength of the femoral neck
The results of our age and sex adjusted linear regression 
analyses, as shown in Table  3, confirmed that elevated 
blood zeaxanthin (r = 1.27; 95% CI: 0.03, 2.50; P = 0.045) 
and 13-cis-beta-carotene levels (r = 0.11; 95% CI: 0.28, 
1.94; P = 0.009) were associated with increased CSI in the 
femoral neck, whereas elevated blood gamma-tocopherol 
(r = -0.03; 95% CI: -0.05, -0.01; P = 0.006) and alpha-
tocopherol (r = -0.01; 95% CI: -0.01, -0.00; P = 0.024) 
levels were associated with lower CSI. Moreover, we 
found that blood total lutein (r = 0.19; 95% CI: 0.03, 
0.35; P = 0.024), zeaxanthin (r = 0.54; 95% CI: 0.03, 1.06; 
P = 0.037), beta-cryptoxanthin (r = 0.22; 95% CI: 0.09, 
0.36; P = 0.001), 13-cis-beta-carotene (r = 0.37; 95% CI: 
0.02, 0.71; P = 0.036) and alpha-carotene (r = 0.28; 95% 
CI: 0.02, 0.54; P = 0.035) levels were positively associated 
with BSI. Finally, the results of the linear regression anal-
yses were similar for ISI, as shown in Table 3.

Subgrouping analyses on the associations between blood 
zeaxanthin levels and bone strength of the femoral neck
The above results showed that only elevated blood zeax-
anthin levels were positively and significantly correlated 
with CSI, BSI, and ISI, respectively. Thus, we further 
analyzed scatter plots and found that higher blood zeax-
anthin levels may have contributed to higher composite 
indices of femoral neck strength (Fig.  2). Furthermore, 
we conducted subgrouping analyses to evaluate the 
effects of age, sex, and BMI on the relationship between 
blood zeaxanthin levels and bone strength of the femo-
ral neck. Interestingly, although the interaction effects 

for age, sex, and BMI were not statistically significant (all 
interaction P values ≥ 0.05), as shown in Table 4, we still 
found that elevated blood zeaxanthin levels were associ-
ated with higher CSI, BSI and ISI in female participants 
aged ≥ 53 years or with a BMI ≥ 24 kg/m2.

Discussion
There are many studies investigating the associations 
between antioxidants and bone health. For instance, it 
has been reported that greater serum carotenoid and 
lutein concentrations are associated with higher BMD 
in Chinese adults [23], and an adequate intake of veg-
etables may reduce the risk of osteoporotic fractures 
among elderly men. The antioxidation of carotenoids 
may counteract the mechanism of osteoporosis related 
to leanness [24]. Consistent with carotenoids, eleva-
tions in serum levels of lutein and zeaxanthin play a 
role in bone health [25]. Oxidative stress is associ-
ated with lower BMD, which is more pronounced in 
individuals with low serum levels of vitamin E, as are 
often observed in older men [26]. Consistently, our 
results also showed that increased antioxidant levels 
were cross-sectionally associated with elevated indices 
of femoral neck strength (CSI, BSI, and ISI) in a rep-
resentative sample of Americans. A positive correlation 
between zeaxanthin levels and femoral neck strength 
(CSI, BSI, and ISI) was also observed after adjustment 
for age and sex. One recent meta-analysis concluded 
that the role of vitamin A or its derivatives on BMD 
remain unclear, although most of the included studies 
showed a favorable effect of vitamin A on BMD [27]. 
This is also consistent with our results which showed 
no significant associations between blood retinol levels 
and BMD or bone strength of the femoral neck.

Table 2  Spearman methods for correlation between blood antioxidant levels and bone strength of femoral neck

Spearman correlation analysis, * < 0.05; ** < 0.01

Variables Femoral Neck bone mineral 
density (gms/cm2)

Compression Strength 
Index (g/kg-m)

Bending Strength 
Index (g/kg-m)

Impact 
Strength Index 
(g/kg-m)

Blood total lutein (umol/L) -0.086* 0.122** 0.096** 0.104**

Blood zeaxanthin (umol/L) 0.002 0.110** 0.076* 0.073*

Blood beta-cryptoxanthin (umol/L) -0.154** 0.055 0.094** 0.049

Blood 13-cis-beta-carotene (umol/L) -0.095** 0.129** 0.093** 0.083*

Blood alpha-carotene (umol/L) -0.145** 0.083* 0.083* 0.073*

Blood all trans-beta-carotene (umol/L) -0.208** 0.075* 0.087* 0.086*

Blood total lycopene (umol/L) 0.001 0.068* 0.071* 0.073*

Blood gamma-tocopherol (umol/L) 0.022 -0.106** -0.068* -0.093**

Blood alpha-tocopherol (umol/L) -0.109** -0.108** -0.066* -0.068*

Blood retinol (umol/L) -0.068* -0.041 -0.033 0.011
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Table 3  Linear regression analysis for correlation between blood antioxidant levels and bone strength of femoral neck

Model 1: Adjusted for age

Model 2: Adjusted for age and gender
*  < 0.05; ** < 0.01

Variables Model 1 Model 2

Sβ (95% CI) P Value Sβ (95% CI) P Value

Femoral Neck bone mineral density (gms/cm2)
  Blood total lutein (umol/L) -0.21 (-0.34, -0.09)  < 0.001** -0.17 (-0.30, -0.05) 0.007**

  Blood zeaxanthin (umol/L) -0.20 (-0.60, 0.20) 0.322 -0.16 (-0.55, 0.23) 0.423

  Blood beta-cryptoxanthin (umol/L) -0.14 (-0.25, -0.04) 0.007** -0.12 (-0.22, -0.02) 0.022*

  Blood 13-cis-beta-carotene (umol/L) -0.28 (-0.55, -0.01) 0.039* -0.21 (-0.47, 0.05) 0.119

  Blood alpha-carotene (umol/L) -0.24 (-0.44, -0.04) 0.020* -0.21 (-0.41, -0.02) 0.035*

  Blood all trans-beta-carotene (umol/L) -0.03 (-0.06, -0.01) 0.007** -0.03 (-0.05, -0.00) 0.048*

  Blood total lycopene (umol/L) -0.01 (-0.10, 0.08) 0.814 -0.04 (-0.13, 0.05) 0.338

  Blood gamma-tocopherol (umol/L) 0.00 (-0.00, 0.01) 0.268 0.00 (-0.00, 0.01) 0.509

  Blood alpha-tocopherol (umol/L) -0.00 (-0.00, 0.00) 0.153 -0.00 (-0.00, 0.00) 0.834

  Blood retinol (umol/L) -0.03 (-0.06, -0.00) 0.024* -0.02 (-0.05, 0.01) 0.123

Compression Strength Index (g/kg-m)
  Blood total lutein (umol/L) 0.32 (-0.06, 0.71) 0.102 0.38 (-0.01, 0.77) 0.059

  Blood zeaxanthin (umol/L) 1.28 (0.05, 2.52) 0.042* 1.27 (0.03, 2.50) 0.045*

  Blood beta-cryptoxanthin (umol/L) 0.20 (-0.12, 0.53) 0.220 0.23 (-0.09, 0.56) 0.165

  Blood 13-cis-beta-carotene (umol/L) 1.15 (0.32, 1.98) 0.007** 1.11 (0.28, 1.94) 0.009**

  Blood alpha-carotene (umol/L) 0.64 (0.01, 1.27) 0.046* 0.59 (-0.04, 1.21) 0.067

  Blood all trans-beta-carotene (umol/L) 0.05 (-0.03, 0.13) 0.209 0.05 (-0.03, 0.13) 0.216

  Blood total lycopene (umol/L) 0.07 (-0.21, 0.35) 0.627 0.06 (-0.22, 0.34) 0.661

  Blood gamma-tocopherol (umol/L) -0.02 (-0.04, -0.01) 0.014* -0.03 (-0.05, -0.01) 0.006**

  Blood alpha-tocopherol (umol/L) -0.01 (-0.01, -0.00) 0.009** -0.01 (-0.01, -0.00) 0.024*

  Blood retinol (umol/L) -0.07 (-0.16, 0.01) 0.076 -0.05 (-0.14, 0.03) 0.192

Bending Strength Index (g/kg-m)
  Blood total lutein (umol/L) 0.18 (0.02, 0.34) 0.029* 0.19 (0.03, 0.35) 0.024*

  Blood zeaxanthin (umol/L) 0.59 (0.09, 1.10) 0.021* 0.54 (0.03, 1.06) 0.037*

  Blood beta-cryptoxanthin (umol/L) 0.22 (0.09, 0.35) 0.001** 0.22 (0.09, 0.36) 0.001**

  Blood 13-cis-beta-carotene (umol/L) 0.46 (0.12, 0.80) 0.008** 0.37 (0.02, 0.71) 0.036*

  Blood alpha-carotene (umol/L) 0.35 (0.10, 0.61) 0.007** 0.28 (0.02, 0.54) 0.035*

  Blood all trans-beta-carotene (umol/L) 0.04 (0.01, 0.07) 0.019* 0.03 (-0.00, 0.06) 0.080*

  Blood total lycopene (umol/L) 0.05 (-0.06, 0.17) 0.350 0.08 (-0.04, 0.19) 0.200

  Blood gamma-tocopherol (umol/L) -0.01 (-0.01, 0.00) 0.117 -0.01 (-0.02, 0.00) 0.064

  Blood alpha-tocopherol (umol/L) -0.00 (-0.00, 0.00) 0.200 -0.00 (-0.00, 0.00) 0.286

  Blood retinol (umol/L) -0.04 (-0.07, -0.01) 0.018* -0.03 (-0.06, 0.00) 0.094

Impact Strength Index (g/kg-m)
  Blood total lutein (umol/L) 0.02 (-0.00, 0.04) 0.060 0.02 (0.00, 0.04) 0.050

  Blood zeaxanthin (umol/L) 0.07 (0.01, 0.13) 0.025* 0.06 (0.00, 0.13) 0.045

  Blood beta-cryptoxanthin (umol/L) 0.02 (0.00, 0.03) 0.049* 0.02 (0.00, 0.03) 0.043*

  Blood 13-cis-beta-carotene (umol/L) 0.05 (0.01, 0.09) 0.024* 0.04 (-0.01, 0.08) 0.097

  Blood alpha-carotene (umol/L) 0.05 (0.02, 0.08) 0.003** 0.04 (0.01, 0.07) 0.020*

  Blood all trans-beta-carotene (umol/L) 0.00 (0.00, 0.01) 0.023 0.00 (-0.00, 0.01) 0.101

  Blood total lycopene (umol/L) 0.01 (-0.00, 0.03) 0.083 0.02 (0.00, 0.03) 0.036

  Blood gamma-tocopherol (umol/L) -0.00 (-0.00, -0.00) 0.002 -0.00 (-0.00, -0.00)  < 0.001

  Blood alpha-tocopherol (umol/L) -0.00 (-0.00, -0.00) 0.021 -0.00 (-0.00, -0.00) 0.035

  Blood retinol (umol/L) -0.00 (-0.01, 0.00) 0.281 -0.00 (-0.00, 0.00) 0.714
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Antioxidants are important substances for elimi-
nating free radicals. It can reduce the oxidative stress 
responses in the body and increase BMD. Therefore, 
consuming adequate amounts of fruits and vegetables 
can reduce the risk of osteoporosis and its complica-
tions, such as pain and fracture [28]. Recent epidemio-
logical evidence concluded that relatively high intakes 
of antioxidants, including carotenoids [6], vitamin E, 
vitamin C, and flavonoids were linked to an increased 
BMD in postmenopausal women [12–14, 29]. A recent 
study reported a causal link between increased circu-
lating α-tocopherol and elevated BMD [30]. Another 
observational study also found that total dietary antiox-
idant capacity of as inversely associated with the risk of 
osteoporosis in postmenopausal women and positively 
associated with bone mass in both pre- and postmeno-
pausal women [31]. These previous observational stud-
ies consistently asserted that the intake of antioxidants 
may strongly impact BMD in femoral neck. Conversely, 
our study showed negative associations between blood 
total lutein, beta-cryptoxanthin, alpha-carotene and all 
trans-beta-carotene levels and BMD, after adjusting 
for age and sex. There were no significant associations 
between blood gamma-tocopherol or alpha-tocopherol 
concentrations and BMD. A possible reason for this 
finding is that we included a sample of generally healthy 
participants in our analyses rather than a specific pop-
ulation, such as postmenopausal women or elderly 
individuals. Another important reason may be that we 
measured the participants’ circulating antioxidant lev-
els, rather than assessing fruit and vegetable intake, 
which was a commonly used method in previous stud-
ies. Our results showed that the circulating levels of 
antioxidants were negatively correlated or uncorre-
lated with the BMD of the femoral neck, which is an 

interesting phenomenon and needs to be confirmed in 
future investigations.

Osteoporosis typically occurs in individuals who are 
50  years of age or older. A decrease in bodily hormone 
levels, particularly in postmenopausal women, leads 
to the proliferation of osteoclasts and the acceleration 
in bone loss. Increased fruit and vegetable intake has 
been related to bone mineral content in premenopau-
sal women [28]. Further, the increased intake of vitamin 
C was related to higher femur BMD in premenopau-
sal women [32]. These studies suggest that antioxidant 
intake confers clear benefits on BMD in premenopau-
sal women. Consistently, our study also suggested that 
blood antioxidant levels were positively associated with 
femoral neck strength (CSI, BSI and ISI) in female sub-
jects aged ≥ 53  years. These findings confirm that the 
consumption of antioxidant rich food is beneficial to 
increase femoral neck strength and may subsequently 
prevent FNF. Interestingly, we also observed a positive 
correlation between blood antioxidant levels and femoral 
neck strength in participants with overweight or obesity 
(BMI ≥ 24 kg/m2), but not in participants with a normal 
BMI (BMI < 24  kg/m2). This may suggest that supple-
mentation with antioxidants is beneficial to increase the 
strength of the femoral neck in individuals with an over-
weight or obese BMI.

Compared with previous observational studies, our 
study has several advantages. Our data were obtained 
from the MIDUS study, which enrolled a representative 
sample of Americans. The MIDUS II Biomarker Project 
conducted high-quality assessments on blood samples, 
which were obtained from a large sample of the general 
population. Our study included measures of almost all 
lipid soluble antioxidants, which allowed us to compre-
hensively analyze the relationships between blood anti-
oxidants and bone strength. In addition to BMD, we also 

Fig. 2  Scatter diagram depicting the associations between blood zeaxanthin and the femoral neck strength (BSI, CSI and ISI)



Page 7 of 9Niu et al. BMC Musculoskeletal Disorders          (2023) 24:252 	

Ta
bl

e 
4 

G
ro

up
in

g 
an

al
ys

is
 fo

r c
or

re
la

tio
n 

be
tw

ee
n 

bl
oo

d 
ze

ax
an

th
in

 le
ve

ls
 a

nd
 b

on
e 

st
re

ng
th

 o
f f

em
or

al
 n

ec
k

Ad
ju

st
ed

 fo
r a

ge
 a

nd
 g

en
de

r

P*
 In

te
ra

ct
io

n 
P 

va
lu

e

Va
ri

ab
le

s
Fe

m
or

al
 N

ec
k 

bo
ne

 m
in

er
al

 d
en

si
ty

 
(g

m
s/

cm
2 )

Co
m

pr
es

si
on

 S
tr

en
gt

h 
In

de
x 

(g
/k

g-
m

)
Be

nd
in

g 
St

re
ng

th
 In

de
x 

(g
/k

g-
m

)
Im

pa
ct

 S
tr

en
gt

h 
In

de
x 

(g
/k

g-
m

)

Sβ
 (9

5%
 C

I)
P 

Va
lu

e
P*

Sβ
 (9

5%
 C

I)
P 

Va
lu

e
P*

Sβ
 (9

5%
 C

I)
P 

Va
lu

e
P*

Sβ
 (9

5%
 C

I)
P 

Va
lu

e
P*

A
ge

 (y
ea

r)
 <

 5
3

-0
.2

0 
(-0

.8
6,

 0
.4

6)
0.

56
1

0.
72

0
0.

46
 (-

1.
52

, 2
.4

3)
0.

65
1

0.
17

3
0.

34
 (-

0.
41

, 1
.1

0)
0.

37
5

0.
34

9
0.

02
 (-

0.
07

, 0
.1

2)
0.

62
9

0.
17

1

 ≥
 5

3
-0

.0
5 

(-0
.5

3,
 0

.4
3)

0.
84

2
2.

19
 (0

.6
2,

 3
.7

6)
0.

00
6

0.
83

 (0
.1

5,
 1

.5
2)

0.
01

8
0.

11
 (0

.0
3,

 0
.1

9)
0.

00
6

G
en

de
r

M
al

e
-0

.0
4 

(-0
.8

4,
 0

.7
6)

0.
92

6
0.

76
7

1.
01

 (-
0.

82
, 2

.8
4)

0.
28

1
0.

67
6

0.
67

 (-
0.

18
, 1

.5
2)

0.
12

4
0.

87
1

0.
03

 (-
0.

08
, 0

.1
5)

0.
56

6
0.

39
7

Fe
m

al
e

-0
.1

7 
(-0

.5
9,

 0
.2

6)
0.

45
0

1.
58

 (0
.0

7,
 3

.0
9)

0.
04

1
0.

58
 (-

0.
06

, 1
.2

2)
0.

07
6

0.
09

 (0
.0

2,
 0

.1
6)

0.
01

4

BM
I (

kg
/m

2)
 <

 2
4

-0
.0

8 
(-0

.8
2,

 0
.6

6)
0.

83
5

0.
87

9
0.

55
 (-

1.
49

, 2
.5

9)
0.

59
8

0.
58

6
0.

14
 (-

0.
75

, 1
.0

3)
0.

75
8

0.
40

8
0.

04
 (-

0.
08

, 0
.1

7)
0.

49
5

0.
74

1

 ≥
 2

4
-0

.1
5 

(-0
.6

0,
 0

.2
9)

0.
49

9
1.

39
 (0

.0
6,

 2
.7

2)
0.

04
1

0.
66

 (0
.0

9,
 1

.2
3)

0.
02

2
0.

07
 (0

.0
0,

 0
.1

3)
0.

03
5



Page 8 of 9Niu et al. BMC Musculoskeletal Disorders          (2023) 24:252 

analyzed femoral neck strength indices (CSI, BSI, and 
ISI), making this the first study to analyze the relation-
ship between blood antioxidants and femoral neck frac-
ture-related indicators. Importantly, the retrospective 
analyses conducted in the present study did impose some 
limitations. First, the inherent disadvantages of cross-
sectional studies made it difficult to assess causal associa-
tions between antioxidants and both BMD and femoral 
neck bone strength, although the pathological mecha-
nism by which reducing oxidative stress may attenuate 
bone mass loss is well characterized. Second, the sta-
tistical models were adjusted for age, sex, and BMI, but 
there are other known and unknown confounding vari-
ables that were not measured or included in the analyses. 
For example, we did not include information on disease 
history, including such conditions as hypertension, cor-
onary heart disease and diabetes, in the analyses. Addi-
tionally, data related to menopausal status in females and 
drug treatment status (e.g., vitamin D supplementation 
or other drug treatments that may cause osteoporosis) 
were not included in the analyses. Therefore, the results 
may be impacted by these factors. Third, 377 samples 
from the MIDUS II Biomarker Project (N = 1,225) were 
not analyzed due to missing data, and only data from 878 
subjects were included in our study, potentially produc-
ing an offset of the sample section.

Conclusion
We comprehensively conducted a cross-sectional analy-
sis of the relationship between blood levels of 10 anti-
oxidants and bone strength of the femoral neck. Our 
results indicate that increasing blood levels of antioxi-
dants, especially zeaxanthin, may increase femoral neck 
strength (CSI, BSI, and ISI). These findings supported 
that antioxidant supplementation can further reduce 
FNF risk.
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