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Abstract: Background: Whether the Fracture Risk Assessment Tool (FRAX) performed differently in
estimating the 10-year fracture probability in women of different genetic profiling and race remained
unclear. Methods: The genomic data in the Women’s Health Initiative (WHI) study was analyzed
(n = 23,981). The genetic risk score (GRS) was calculated from 14 fracture-associated single nucleotide
polymorphisms (SNPs) for each participant. FRAX without bone mineral density (BMD) was used to
estimate fracture probability. Results: FRAX significantly overestimated the risk of major osteoporotic
fracture (MOF) in the WHI study. The most significant overestimation was observed in women with
low GRS (predicted/observed ratio (POR): 1.61, 95% CI: 1.45–1.79) specifically Asian women (POR: 3.5,
95% CI 2.48–4.81) and in African American women (POR: 2.59, 95% CI: 2.33–2.87). Compared to the
low GRS group, the 10-year probability of MOF adjusted for the FRAX score was 21% and 30% higher
in the median GRS group and high GRS group, respectively. Asian, African American, and Hispanic
women respectively had a 78%, 76%, and 56% lower hazard than Caucasian women after the FRAX
score was adjusted. The results were similar for hip fractures. Conclusions: Our study suggested the
FRAX performance varies significantly by both genetic profile and race in postmenopausal women.

Keywords: genetic risk score (GRS); bone mineral density (BMD); single nucleotide polymorphism
(SNP); Fracture risk assessment tool (FRAX)

1. Introduction

Osteoporotic fracture continues to be a critical public health problem worldwide [1,2]. One main
reason is that the incidence of osteoporotic fracture increases exponentially throughout one’s life [3].
Approximately 40% of postmenopausal women will suffer at least one fracture in their lifetime [4–6].
Additionally, bone fractures often lead to devastating consequences, including functional decline,
prolonged disability, and death [7]. With longevity increasing globally, the potentially high cumulative
rate of osteoporosis and fractures, and the associated excess disability and mortality, will lead to an
inevitable increase in social and economic burdens worldwide [8,9].

Furthermore, osteoporosis is a silent disease because bone loss occurs without any signs or
symptoms [3]; therefore, fracture prediction becomes critically important. The Fracture Risk Assessment
Tool (FRAX), which is the most widely used tool for fracture risk assessment, was developed by the
Collaborating Centre for Metabolic Bone Diseases (Sheffield, UK) and is a computer-based program
that computes the 10-year probability of major osteoporotic fracture (MOF, a composite of hip, humerus,
forearm, and clinical vertebral fractures) and hip fracture. The FRAX can be used with or without
femoral neck bone mineral density (BMD) measurement [10]. Although FRAX improves fracture
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prediction over the BMD T-score method alone [11], the FRAX performance of predicting fracture
risk varies in different study populations [12–14]. Hence, there is room for further improvement in
fracture prediction.

FRAX was derived from nine cohorts and has been validated in 11 independent cohorts from
around the world [11]. The US FRAX was calibrated from the data of the Rochester Epidemiology
Project [15] cohort, which was composed predominantly of Caucasians [16]. For the US minorities, the
FRAX estimates were adjusted based on race-specific hip fracture incidence rates and race-specific
mortality [17]. This adjustment was not empirically based. Racial/ethnic differences that influence
fracture risk were not adequately taken into account by US FRAX [18]. Additional studies are needed
to examine the performance of FRAX in US minorities.

Additionally, genetic profiling is an essential predisposition to bone deterioration and fragility
fractures [19]. Genetic factors are also determinants of bone structure [20]. Although FRAX
does not factor in genetic elements, mounting evidence shows that fracture susceptibility is
genetically determined [21]. Virtually 50% of the variance in susceptibility to fragility fracture
is attributable to genetic elements [22]. With the advancement of genomic technologies in the past
two decades, major genome-wide association studies (GWASs) and genome-wide meta-analyses
have successfully identified numerous genetic loci associated with fracture [15,23,24]. To date, the
largest genome-wide meta-analysis on fracture, which involved 32,961 participants, revealed 14 single
nucleotide polymorphisms (SNPs) associated with fracture [15]. However, the way in which these
SNPs cause bone fragility and associated fracture remains unclear. As the allelic frequency of these
discovered SNPs featured high variability in the population, and each SNP is associated with small
effect size, the contribution of any single SNP to fracture susceptibility is expected to be minimal [25].
The cumulative effects of many associated genetic variants possibly cause osteoporotic fracture [26,27].
Thus polygenic scores summarized from risk alleles at each locus have commonly been employed to
quantify the overall genetic effect contributing to fracture risk [28].

The performance of FRAX with different genetic profiling has not been reported in the literature.
In addition, the performance of FRAX in minorities of the US was rarely studied. Thus our study
aimed 1) to evaluate whether FRAX performs differently in estimating the 10-year absolute probability
of MOF and hip fracture in postmenopausal women with different polygenic risk scores, and 2) assess
FRAX performance in the prediction of MOF hip fracture in minority women. We also examined if the
interaction of race and polygene score impacts the performance of FRAX in fracture prediction.

2. Experimental Section

2.1. Data Source

The Women’s Health Initiative (WHI) study is a nationwide, long-term health study that has
focused on heart disease, breast and colorectal cancer, and fragility fractures in postmenopausal women.
Between 1993 and 1998, the WHI has enrolled 161,808 women aged 50 to 79 years into one or more
randomized clinical trials (CT) or to an observational study (OS), which were conducted at 40 clinical
centers nationwide. Participants were provided by mail or telephone with questionnaires annually in
the observational study, or semiannually in the clinical trials. The Institutional Review Board at each
participating institution approved study protocols and consent forms [29].

2.2. Participants

The female participants included in the present study were combined from four WHI sub-studies:
WHI Genomics and Randomized Trials Network (GARNET); National Heart Lung and Blood Institute
(NHLBI); Population Architecture using Genomics and Epidemiology (PAGE); and Women’s Health
Initiative Memory Study (WHIMS). These data were acquired through the database of Genotype
and Phenotype (dbGap) (https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=

phs000200.v12.p3) with the approval of the institutional review board at the University of Nevada, Las
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Vegas. The included participants were genotyped using either the Illumina (Illumina Inc., San Diego,
CA, USA) or Affymetrix 6.0 Array Set Platform (Affymetrix Inc., Santa Clara, CA, USA). Participants
self-reported their race/ethnicity, choosing from the listed categories, which included Caucasian, African
American, Hispanic, American Indian/Alaska Native, Asian, and American Indian. Participants who
reported taking any medication known to influence osteoporosis, including bisphosphonates, calcitonin,
parathyroid hormone, selective estrogen receptor modulators, luteinizing hormone-releasing hormone
agents, and somatostatin agents, as well as participants who had incomplete information regarding risk
factors included in FRAX, were excluded from the study sample. In total, 1513 subjects were excluded
from the present study, and there were 23,981 eligible participants from multiple racial backgrounds,
genotype data, and adjudicated fracture outcomes available.

2.3. Outcomes: Incident Fractures

The primary outcomes are major MOF and hip fractures. The WHI participants were followed
for 9 years on average from the baseline examination. The follow-up period was calculated from the
enrollment (OS) or randomization (CT) to the time of the first fracture or death. People who did not
experience a fracture or death were followed until the end of the initial WHI study. Self-reported
fracture outcomes were identified by questionnaires semiannually for CT participants and annually for
OS participants. Radiology reports were used to adjudicate all fractures in the CT, and hip fractures in
the OS. Hip fractures were centrally or locally adjudicated using the same criteria. The agreement
between central and local adjudication for hip fracture was 96%. Other types of fractures were locally
adjudicated at clinical centers where BMD was not measured [29].

2.4. Genotyping

Genotype data produced from blood samples were acquired through dbGap. Genotype imputation
was completed at the Sanger Imputation Server. The Haplotype Reference Consortium (HRC) reference
panel and Positional Burrows–Wheeler Transform (PBWT) imputation algorithm were used for
genotype imputation. All 14 fracture-associated SNPs, as reported by Estrada et al. [15], were
successfully imputed.

2.5. Genetic Risk Scores (GRS)

Genetic risk for fracture was quantified using a standardized metric described by Estrada et al. [15].
Briefly, this metric allows the composite assessment of genetic risk in complex traits by summarizing the
genetic predisposition. Based on 14 fracture-associated SNPs discovered in the largest genome-wide
meta-analysis [15], weighted genetic risk score (GRS) was calculated for each participant in this study
as GRS = sum (x_i × b_i); where x_i are individual’s genotype (0, 1, 2) for SNP i, and b_i are the effect
size of this SNP. Linkage disequilibrium (LD) pruning was performed in advance to eliminate possible
LD that existed between SNPs. None of the 14 SNPs were removed after pruning. To illustrate the
different cumulative incidence of fracture in participants with different genetic profiles, we divided
the participants into three GRS groups based on their weighted GRS, using distributions of 25%, 50%,
and 25%.

2.6. Fracture Probability

Since BMD measurement was unavailable for over 90% of the participants in this study sample,
the existing FRAX score calculated by the FRAX without BMD (US FRAX version 3.0, Sheffeld,
South Yorkshire, UK) for the 10-year probability of MOF and hip fracture in the data was used.
The performance of FRAX with BMD according to race and GRS will be addressed in a future study.
Predicted fracture probability in this study was estimated by FRAX without BMD unless otherwise
specified. The observed 10-year cumulative fracture incidence was assessed by race and GRS groups.
The cumulative incidence function (CIF) was applied to derive the observed 10-year fracture probability
for MOF, and hip fracture accounting for competing mortality risk [30].
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2.7. Statistical Analysis

Demographic and baseline clinical characteristics are presented as mean ± standard deviation
(SD) for continuous variables or frequencies (%) for categorical variables. Differences between the two
groups were examined by using Student’s t-test for continuous variables and by using chi-square tests
for categorical variables, respectively. The ratio between FRAX predicted fracture probability and
observed fracture probability (POR), with the corresponding 95% confidence interval (CI) calculated for
each group. Multivariable Cox proportional hazard models were employed to assess the effect GRS and
race had on survival time to the first fracture or death, with adjustment for baseline FRAX probability.

A sensitivity analysis was conducted on a small sample (n = 14,722) in which participants who
received interventions in any of the two clinical trials, namely Calcium and Vitamin D Trial (CAD) or
Hormone Therapy Trial (HT) were excluded. Statistical analyses were performed using SAS 9.4 (SAS
Institute, Inc., Cary, NC, USA).

3. Results

3.1. Baseline Characteristics

The study included a total of 23,981 women for analysis. During an average of 12 years of
follow-up, 5555 (23.23%) women died, and 1637 (6.9%) women sustained at least one MOF during the
follow-up. Table 1 compares the baseline characteristics of women with an MOF and women without
an MOF during the follow-up. Weighted GRS was significantly higher in women who sustained an
MOF than in those who did not (p < 0.0001). Women who sustained an MOF were also older, had
lower body mass index (BMI), more alcohol consumption, a higher prevalence of prior fractures, and
more hip fractures in their family history. FRAX scores of both MOF and hip were significantly higher
in women with a fracture incidence (p < 0.0001). The means of GRS between races are significantly
different (Appendix A Figure A1).

Table 1. Baseline characteristics of 23,981 women according to whether they sustained a major
osteoporotic fracture (MOF) during follow-up.

Subjects with Major
Osteoporotic Fracture

Event (n = 1637)

Subjects without Major
Osteoporotic Fracture

Event (n = 22,281)
p-Value

Age (year), Mean ± standard
deviation (SD) 67.99 ± 6.52 63.26 (±7.32) <0.0001

Weight (kg), Mean ± SD 73.59 ± 15.21 77.32 (±16.92) <0.0001

Height (cm), Mean ± SD 161.25 ± 6.30 161.06 (±6.29) 0.28

Body mass index (kg/m2), Mean ± SD 28.27 ± 6.30 29.73 (±6.09) <0.0001

Smoking, n (%)

0.35Never 858 (52.42) 11,704 (52.52)

Past 639 (39.03) 8448 (37.92)

Current 140 (8.55) 2129 (9.56)

≥3 alcoholic drinks per day, n (%)
0.05Yes 24 (1.47) 216 (0.97)

No 1613 (98.53) 22,065 (99.03)

Rheumatoid arthritis, n (%)
0.91Yes 109 (6.66) 1500 (6.73)

No 1528 (93.34) 20,781 (93.27)
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Table 1. Cont.

Subjects with Major
Osteoporotic Fracture

Event (n = 1637)

Subjects without Major
Osteoporotic Fracture

Event (n = 22,281)
p-Value

Previous fragility fractures, n (%)
<0.0001Yes 835 (51.01) 6902 (30.98)

No 802 (48.99) 15,379 (95.04)

Familial history of hip fracture, n (%)
<0.0001Yes 271 (16.55) 2156 (9.68)

No 1366 (83.45) 20,125 (93.64)

Race, n (%)

Caucasian 1255 (76.66) 7948 (35.67)

<0.0001
American Indian 24 (1.47) 535 (2.40)

Asian 10 (0.61) 467 (2.10)

African American 189 (11.55) 9231 (41.43)

Hispanic 159 (9.71) 4100 (18.40)

Genetic risk score (GRS), Mean ± SD 0.58 ± 0.12 0.56 ± 0.13 <0.0001

Fracture Risk Assessment Tool
(FRAX®) for MOF (%), Mean ± SD 13.51 ± 8.57 7.39 ± 6.27 <0.0001

FRAX® for hip fracture (%),
Mean ± SD

4.02 ± 5.45 1.61 ± 2.88 <0.0001

GRS: genetic risk score calculated based on 14 fracture-related single nucleotide polymorphism (SNPs). Significant
results are in boldface.

3.2. Performance of Fracture Risk Assessment Tool (FRAX) in Predicting Major Osteoporotic Fracture (MOF)
and Hip Fracture

The crude 10-year cumulative incidence of MOF and hip fracture by the GRS group is shown in
Figure 1. Significant between-group differences were observed for both MOF (p < 0.001) and hip fracture
(p < 0.001). The incidences of MOF and hip fracture were greater in the high GRS group. The crude
10-year cumulative incidence of MOF and hip fracture by race is shown in Figure 2. Significant
between-group differences were observed for both MOF (p < 0.001) and hip fracture (p < 0.001).
The incidence of MOF and hip fracture were higher in Caucasian women.
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Figure 2. Crude (unadjusted) 10-year cumulative incidence of major osteoporotic (A) and hip fracture
(B) stratified by race, including competing mortality risk. The difference in the cumulative incidence
rates among different racial groups was tested by using Gray’s test, with p-value <0.01 indicating a
significant difference between the groups.
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The predicted versus observed 10-year probability of MOF by GRS groups, accounting for
competing mortality, are shown in Figure 3A. The 10-year MOF probability derived from FRAX
significantly overestimated risk across all GRS groups. The greatest overestimation by FRAX was
observed in women who had low GRS, in which the 10-year predicted probability of MOF was 6.02%
versus observed 3.74%, with a corresponding predicted/observed ratio (POR) of 1.61 (95% CI, 1.45–1.79),
followed by the high GRS group with a POR of 1.38 (95% CI, 1.27–1.50), and in the median GRS group,
the POR was 1.40 (95% CI, 1.32–1.49). For hip fracture outcome, the 10-year predicted probability
calculated by FRAX overestimated fracture risk in all GRS groups, however, the POR was similar
across the three GRS groups (Figure 3B).
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The predicted versus observed 10-year probability of MOF by racial groups, with competing
mortality risk accounted for are shown in Figure 4A. The 10-year probability of MOF calculated by
FRAX significantly overestimated fracture risk in most racial groups, and the greatest overestimation
was observed in Asian women. In Asian women, the predicted 10-year probability of MOF was 7.26%
versus observed 2.03%, and the POR was 3.5 (95% CI 2.48–4.81). In African American women, the
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predicted 10-year probability of MOF was 3.79% as opposed to observed 1.46%, with the POR being
2.59 (95% CI 2.33–2.87). The 10-year probability of hip fracture estimated without BMD overestimated
risk in all racial groups except American Indians. The 10-year predicted probability of hip fracture
was in this group, with 1.75% as opposed to observed 1.91%, and with the POR being 0.91 (95% CI
0.46–1.62) (Figure 4B).
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3.3. Race/Ethnicity and the Fracture Outcome

In the multivariate Cox proportional hazard model, after adjusting for baseline FRAX probability,
weighted GRS calculated from 14 fracture-related SNPs was significantly associated with subsequent
MOF. Compared to the low GRS group, the 10-year probability of MOF was 21% higher for women
with medium genetic risk (hazard ratio (HR) = 1.21, 95% CI 1.05–1.39) and 30% higher for women



J. Clin. Med. 2020, 9, 285 9 of 15

with high genetic risk (HR = 1.30, 95% CI 1.12-1.50). Similar findings with hip fracture outcomes were
observed. Compared to the low GRS group, the 10-year probability of hip fracture was 27% higher for
women in the medium GRS group (HR = 1.27, 95% CI 1.04–1.55) and 46% higher for women in the
high GRS group (HR = 1.46, 95% CI 1.17–1.80) (Table 2).

Table 2. Hazard ratios (HR) with 95% confidence interval (CI) for outcomes of incidence fracture
according to the GRS group, adjusted for FRAX score: Results of multivariate Cox proportional
hazard model.

Major Osteoporotic Fracture Hip Fracture

HR (95% CI) HR (95% CI)

Adjusted for FRAX probability

low 1(reference) 1(reference)

medium 1.21 (1.05–1.39) 1.27 (1.04–1.55)

high 1.30 (1.12–1.50) 1.46 (1.17–1.80)

Adjusted for FRAX probability + race

low 1(reference) 1(reference)

medium 1.01 (0.88–1.16) 1.00 (0.81–1.22)

high 1.08 (0.92–1.25) 1.17 (0.93–1.46)

Significant results are in boldface.

After controlling for baseline fracture probability estimated by FRAX, race remained a significant
predictor of subsequent MOF and hip fracture. Compared to Caucasian women, Asian women had a
78% lower hazard of MOF (HR = 0.22, 95% CI 0.12–0.41) and hip fracture (HR = 0.22, 95% CI 0.09–0.52).
Similarly, the FRAX-adjusted hazard ratio of MOF and hip fracture for African-American women and
Hispanic women was also significantly lower (Table 3).

Table 3. Hazard ratios (HR) with 95% confidence interval (CI) for outcomes of incidence fracture
according to race, adjusted for FRAX score: Results of multivariate Cox proportional hazard model.

Major Osteoporotic Fracture Hip Fracture

HR (95% CI) HR (95% CI)

Adjusted for FRAX probability

Caucasian 1 (reference) 1 (reference)

American Indian 0.40 (0.26–0.59) 0.39 (0.21–0.70)

Asian 0.22 (0.12–0.41) 0.22 (0.09–0.52)

AA 0.24 (0.20–0.28) 0.22 (0.17–0.27)

Hispanic 0.44 (0.37–0.52) 0.25 (0.20–0.34)

Adjusted for FRAX probability + GRS group

Caucasian 1 (reference) 1 (reference)

American Indian 0.39 (0.26–0.59) 0.38 (0.21–0.68)

Asian 0.22 (0.12–0.40) 0.20 (0.09–0.49)

AA 0.24 (0.20–0.29) 0.20 (0.18–0.28)

Hispanic 0.43 (0.36–0.52) 0.24 (0.18–0.32)

Significant results are in boldface.
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3.4. GRS and the Fracture Outcome

The potential impact of GRS on the estimated probabilities of MOF and hip fractures across
different racial groups was also assessed. When adjusted for FRAX probability and race, high GRS
was associated with an increased probability of MOF (GRS high vs. low: HR = 1.08, 95% CI 0.92–1.25)
and of hip fracture (HR = 1.17, 95% CI 0.93–1.46) (Table 2); however, the increase was not statistically
significant in both outcomes. When adjusted for the baseline FRAX probability and GRS simultaneously,
the impact of race on the estimated probabilities MOF and hip fracture was slightly attenuated but
remained statistically significant. Compared to Caucasian women, American Indians, Asians, African
American, and Hispanic women had a 61%, 78%, 76%, and 57% lower hazard of MOF, respectively.
Similar findings were observed with hip fracture outcomes (Table 3).

3.5. Sensitivity Analysis

We conducted a sensitivity analysis in which we excluded subjects who received intervention in
either of the two clinical trials (CaD or HT). When adjusted for the FRAX probability, we observed an
increased HR of MOF with GRS (GRS high as opposed to low: HR = 1.39, 95% CI 1.10–1.74); additionally,
the impact of GRS on the estimated probability of hip fracture attenuated slightly (HR = 1.41, 95% CI
1.03–1.95), but remained significant. However, when adjusted for both race and FRAX probability,
the association between GRS and hip fracture was not significant (Appendix A Table A1). When
controlling for GRS and FRAX probability, the effects of race on the estimated probabilities of MOF
and hip fracture remained significant. Compared to Caucasian women, the race and FRAX-adjusted
hazard of MOF was 90%, 78%, and 66% lower in Asian, African-American, and Hispanic women,
respectively (Appendix A Table A2).

4. Discussion

The present study found that FRAX overestimated the risk of fracture in women aged 50–79 years,
and the degree of overestimation by FRAX in the low GRS group is greater than high genetic risk groups
in both outcomes of MOF and hip fracture. In the multivariate analysis, genetic profiling was further
demonstrated to be a significant predictor of MOF and hip fracture, independent of FRAX probability.

Genetic factors that influence osteoporotic fracture risk have long been recognized. Genetics are
determinants of bone structure and thus a predisposition to fragility. Hereditary factors contribute
almost half of the variance in fracture susceptibility [22]. However, genetic factors are not counted in the
FRAX or any other existing clinical fracture risk assessment model. Since FRAX is the most commonly
used fracture prediction model, determining if the performance of FRAX varies with different genetic
profiling has become crucially important. The largest and most updated GWAS meta-analysis has
identified 14 SNPs that are significantly associated with fracture risk at a significant genome-wide
level [22]. Although these individual SNPs have modest effect size on fracture risk, the GRS, as
summarized from these individual risk SNPs, enables us to examine if FRAX performance varies with
different genetic risk factors. The varied prediction performance of FRAX by GRS, as observed in our
study, suggests that the accuracy of FRAX can be improved by incorporating genetic profiling. Several
studies suggested that including GRS as a predictor may help improve the accuracy of various fracture
prediction models. For example, GRS of 39 SNPs increased the precision of non-vertebral fracture
prediction in postmenopausal Korean women [31]. Additionally, GRS based on 63 SNPs improved the
accuracy of non-trauma fracture prediction [26]. One of our recent studies on older US men also found
that GRS is one of the most important variables in MOF prediction models developed by the gradient
boosting approach [32].

The present study also provides compelling evidence that FRAX overestimates the risk of MOF and
hip fracture in women 50–79 years old, across all racial groups, but especially in minorities. In Asian,
African-American, and Hispanic women, the observed probability of fracture, in terms of both MOF
and hip fracture, was significantly lower than the risk estimated by FRAX, indicating that the FRAX
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did not adequately capture racial and ethnic differences of fracture risk. Additionally, our multivariate
analysis demonstrated that race is a significant predictor of MOF and hip fracture independent of the
cumulative fracture risk estimated by FRAX, suggesting that FRAX does not have adequate adjustment
for racial difference. Racial and ethnic difference that influences fracture risk not being adjusted for
adequately in the FRAX has long been a concern [10]. As we know, the US FRAX was calibrated from
the Rochester Epidemiolofy Project data, composed predominantly of Caucasians. For non-Caucasian
minorities, the FRAX estimates were adjusted based on race-specific hip fracture incidence rates and
race-specific mortality [33]. This adjustment for minorities in FRAX is not empirically based, thus
making the prediction accuracy of FRAX increasingly uncertain, especially for MOF, a composite of
hip, humerus, forearm, and clinical vertebral fractures. The current FRAX adjustment model, based on
race-specific hip fracture incidence rate and race-specific mortality, remains likely to be inadequate
for MOF risk estimation in minorities. In this study, we observed that the overestimated risk for
MOF by FRAX was much higher than that for hip fracture, which validated that the US FRAX has
not adjusted race adequately for MOF. A prior study conducted on the same WHI sample assessing
the accuracy of FRAX without BMD in predicting fracture also demonstrated that the FRAX has
significantly lower sensitivity in identifying incidence fractures in African-American and Hispanic
women [34]. Another study on 2266 postmenopausal women who participated in the Hong Kong
osteoporosis study revealed that the predictive accuracy of FRAX with BMD was not substantially
different from the model with BMD alone [35]. Considering the generally lower incidence of fracture in
Asians than in Caucasians, as well as the prominent effect of BMD in fracture prediction in the Asian
population, the absence of BMD in the present study may explain the significant overestimation of
fractures in this racial group. Moreover, inconsistent findings regarding the performance of FRAX
without BMD was reported in several other studies. Leslie et al. observed that the fracture probability
estimated without BMD overestimate risk among the general population [36], which is consistent
with findings from the present study. Other studies have reported underestimation of fracture risk by
FRAX [12,37,38], but their methodologies have lately been found to be problematic because they either
compared incidence with probabilities or failed to take the competing mortality risk into account [39].

When both FRAX probability and race were adjusted simultaneously in the multivariate model,
the effect of GRS was reduced, which could be due to the following reasons. First, genetic profiling
regarding osteoporosis or osteoporotic fracture varies in different racial groups; the effect of race and
GRS on fracture could be overlapping (See Appendix A Figure A1). Second, the genetic effect on
fracture probability may not be fully captured by the limited number of discovered risk SNPs. With
more fracture-related genetic components being discovered in the future, a larger effect of GRS on
fracture risk prediction can be foreseen.

Limitations to this study are acknowledged. First, the WHI data we used only included women
aged 50–79 years, so our findings may not apply to men or to women who are not in the study age
range. Second, rare genetic variants with high effect size were not included in the present study, mainly
because risk SNPs used in this analysis were identified from a GWAS meta-analysis study, which likely
discovered common but not rare variants [15]. The limited number of fracture-associated SNPs may
not capture all genetic risk, which partially explained the reduced effect of GRS in the model when
both FRAX probability and race were included. Third, our study only focuses on FRAX without BMD
because the BMD measurement was unavailable for most of the study subjects. The performance of
FRAX with BMD will be examined in a future study. Finally, the sample size of Asian and American
Indian subjects was very small in this study; the results may, therefore, be underpowered.

5. Conclusions

To the best of our knowledge, this is the first study to assess FRAX performance in the prediction
of MOF and hip fractures in groups with different genetic profiling and of various races. Our findings
suggested genetic profiling of an individual should be considered in fracture prediction, as genetic
factors have been demonstrated to be a significant risk factor for osteoporotic fracture, independent
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of FRAX. Our results also demonstrated that FRAX performed differently in different races, and
thus the effect of race in osteoporotic fracture prediction has not heretofore adequately been taken
into account by existing FRAX models. Fully integrating genetic profiling and racial factors into the
existing fracture assessment model is very likely to improve the accuracy of fracture prediction. Thus,
developing racial/ethnic-specific, individualized fracture risk-assessment models will provide more
accurate fracture risk assessment. Further studies, especially those including men, larger samples of
minorities, and more comprehensive fracture-associated genetic variants, are clearly warranted.
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Appendix A

Table A1. Hazard ratios (HR) with 95% confidence interval (CI) for outcomes of Incidence fracture
according to the GRS group, adjusted for FRAX score: results from sensitivity analysis after excluding
subjects who received intervention in either of the three clinical trials. (n = 14,722).

Major Osteoporotic Fracture Hip Fracture

HR (95% CI) HR (95% CI)

Adjusted for FRAX probability

low 1 (reference) 1 (reference)

medium 1.37 (1.11–1.70) 1.32 (0.98–1.77)

high 1.39 (1.10–1.74) 1.41 (1.03–1.95)

Adjusted for FRAX probability + race

low 1 (reference) 1 (reference)

medium 1.15 (0.93–1.43) 1.04 (0.77–1.40)

high 1.18 (0.93–1.50) 1.15 (0.82–1.61)

Significant results are in boldface.

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000200.v12.p3
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000200.v12.p3
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Table A2. Hazard ratios (HR) with 95% confidence interval (CI) for outcomes of Incidence fracture
according to the GRS group, adjusted for FRAX score: results from sensitivity analysis after excluding
subjects who received intervention in either of the three clinical trials. (n = 14,722).

Major Osteoporotic Fracture Hip Fracture

HR (95% CI) HR (95% CI)

Adjusted for FRAX probability

Caucasian 1 (reference) 1 (reference)

American Indian 0.31 (0.19–0.50) 0.32 (0.16–0.65)

Asian 0.10 (0.04–0.28) 0.15 (0.05–0.48)

AA 0.22 (0.18–0.27) 0.21 (0.16–0.28)

Hispanic 0.34 (0.27–0.43) 0.22 (0.15–0.31)

Adjusted for FRAX probability + GRS group

Caucasian 1 (reference) 1 (reference)

American Indian 0.30 (0.19–0.49) 0.31 (0.15–0.64)

Asian 0.10 (0.04–0.27) 0.15 (0.05–0.47)

AA 0.23 (0.18–0.28) 0.22 (0.17–0.29)

Hispanic 0.34 (0.27–0.43) 0.21 (0.15–0.30)

Significant results are in boldface.
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3. Sözen, T.; Özışık, L.; Başaran, N.Ç. An overview and management of osteoporosis. Eur. J. Rheumatol. 2017, 4,
46–56. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00198-004-1627-0
http://www.ncbi.nlm.nih.gov/pubmed/15490120
http://dx.doi.org/10.1007/s00198-006-0172-4
http://www.ncbi.nlm.nih.gov/pubmed/16983459
http://dx.doi.org/10.5152/eurjrheum.2016.048
http://www.ncbi.nlm.nih.gov/pubmed/28293453


J. Clin. Med. 2020, 9, 285 14 of 15

4. Reginster, J.Y.; Burlet, N. Osteoporosis: A still increasing prevalence. Bone 2006, 38, S4–S9. [CrossRef]
[PubMed]

5. Watts, N.B.; Bilezikian, J.P.; Camacho, P.M.; Greenspan, S.L.; Harris, S.T.; Hodgson, S.F.; Kleerekoper, M.;
Luckey, M.M.; McClung, M.R.; Pollack, R.P.; et al. American Association of Clinical Endocrinologists Medical
Guidelines for Clinical Practice for the diagnosis and treatment of postmenopausal osteoporosis. Endocr.
Pract. 2010, 16, 1–37. [CrossRef] [PubMed]

6. Wright, N.C.; Looker, A.C.; Saag, K.G.; Curtis, J.R.; Delzell, E.S.; Randall, S.; Dawson-Hughes, B. The recent
prevalence of osteoporosis and low bone mass in the United States based on bone mineral density at the
femoral neck or lumbar spine. J. Bone Miner. Res. 2014, 29, 2520–2526. [CrossRef] [PubMed]

7. Dyer, S.M.; Crotty, M.; Fairhall, N.; Magaziner, J.; Beaupre, L.A.; Cameron, I.D.; Sherrington, C. A critical
review of the long-term disability outcomes following hip fracture. BMC Geriatr. 2016, 16, 158. [CrossRef]

8. Sànchez-Riera, L.; Carnahan, E.; Vos, T.; Veerman, L.; Norman, R.; Lim, S.S.; Hoy, D.; Smith, E.; Wilson, N.;
Nolla, J.M.; et al. The global burden attributable to low bone mineral density. Ann. Rheum. Dis. 2014, 73,
1635. [CrossRef]

9. Harvey, N.; Dennison, E.; Cooper, C. Osteoporosis: Impact on health and economics. Nat. Rev. Rheumatol.
2010, 6, 99–105. [CrossRef]

10. Kanis, J.A. World Health Organization Scientific Group. Assessment of Osteoporosis at the Primary Health-Care Level;
Technical Report; World Health Organization Collaborating Centre for Metabolic Bone Diseases: Sheffield,
UK, 2008.

11. Kanis, J.A.; Oden, A.; Johnell, O.; Johansson, H.; De Laet, C.; Brown, J.; Burckhardt, P.; Cooper, C.;
Christiansen, C.; Cummings, S.; et al. The use of clinical risk factors enhances the performance of BMD in
the prediction of hip and osteoporotic fractures in men and women. Osteoporos. Int. 2007, 18, 1033–1046.
[CrossRef]

12. Sornay-Rendu, E.; Munoz, F.; Delmas, P.D.; Chapurlat, R.D. The FRAX tool in French women: How well
does it describe the real incidence of fracture in the OFELY cohort? J. Bone Miner. Res. 2010, 25, 2101–2107.
[CrossRef] [PubMed]

13. Crandall, C.J.; Schousboe, J.T.; Morin, S.N.; Lix, L.M.; Leslie, W. Performance of FRAX and FRAX-Based
Treatment Thresholds in Women Aged 40 Years and Older: The Manitoba BMD Registry. J. Bone Miner. Res.
2019, 34, 1419–1427. [CrossRef] [PubMed]

14. Briot, K.; Paternotte, S.; Kolta, S.; Eastell, R.; Felsenberg, D.; Reid, D.M.; Glüer, C.-C.; Roux, C. FRAX®:
Prediction of Major Osteoporotic Fractures in Women from the General Population: The OPUS Study. PLoS
ONE 2014, 8, e83436. [CrossRef] [PubMed]

15. Estrada, K.; Styrkarsdottir, U.; Evangelou, E.; Hsu, Y.H.; Duncan, E.L.; Ntzani, E.E.; Oei, L.; Albagha, O.M.;
Amin, N.; Kemp, J.P.; et al. Genome-wide meta-analysis identifies 56 bone mineral density loci and reveals
14 loci associated with risk of fracture. Nat. Genet. 2012, 44, 491–501. [CrossRef] [PubMed]

16. Melton, L.J., III. History of the Rochester Epidemiology Project. Mayo Clin. Proc. 1996, 71, 266–274. [CrossRef]
[PubMed]

17. Dawson-Hughes, B.; Tosteson, A.N.; Melton, L.J., III; Baim, S.; Favus, M.J.; Khosla, S.; Lindsay, R.L.
Implications of absolute fracture risk assessment for osteoporosis practice guidelines in the USA. Osteoporos.
Int. 2008, 19, 449–458. [CrossRef]

18. World Health Organization. WHO Scientific Group on the Assessment of Osteoporosis at the Primary Health-Care
Level in Summary Meeting Report; World Health Organization: Geneva, Switzerland, 2007.

19. Stewart, T.L.; Ralston, S.H. Role of genetic factors in the pathogenesis of osteoporosis. J. Endocrinol. 2000,
166, 235–245. [CrossRef]

20. Mikkola, T.M.; Sipilä, S.; Rantanen, T.; Sievänen, H.; Suominen, H.; Kaprio, J.; Koskenvuo, M.; Kauppinen, M.;
Heinonen, A. Genetic and Environmental Influence on Structural Strength of Weight-Bearing and
Non–Weight-Bearing Bone: A Twin Study. J. Bone Miner. Res. 2008, 23, 492–498. [CrossRef]

21. Koromani, F.; Trajanoska, K.; Rivadeneira, F.; Oei, L. Recent Advances in the Genetics of Fractures in
Osteoporosis. Front. Endocrinol. 2019, 10, 337. [CrossRef]

22. Michaëlsson, K.; Melhus, H.; Ferm, H.; Ahlbom, A.; Pedersen, N.L. Genetic Liability to Fractures in the
Elderly. Arch. Intern. Med. 2005, 165, 1825–1830. [CrossRef]

23. Kim, S.K. Identification of 613 new loci associated with heel bone mineral density and a polygenic risk score
for bone mineral density, osteoporosis and fracture. PLoS ONE 2018, 13, e0200785. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bone.2005.11.024
http://www.ncbi.nlm.nih.gov/pubmed/16455317
http://dx.doi.org/10.4158/EP.16.S3.1
http://www.ncbi.nlm.nih.gov/pubmed/21224201
http://dx.doi.org/10.1002/jbmr.2269
http://www.ncbi.nlm.nih.gov/pubmed/24771492
http://dx.doi.org/10.1186/s12877-016-0332-0
http://dx.doi.org/10.1136/annrheumdis-2013-204320
http://dx.doi.org/10.1038/nrrheum.2009.260
http://dx.doi.org/10.1007/s00198-007-0343-y
http://dx.doi.org/10.1002/jbmr.106
http://www.ncbi.nlm.nih.gov/pubmed/20499352
http://dx.doi.org/10.1002/jbmr.3717
http://www.ncbi.nlm.nih.gov/pubmed/30920022
http://dx.doi.org/10.1371/journal.pone.0083436
http://www.ncbi.nlm.nih.gov/pubmed/24386199
http://dx.doi.org/10.1038/ng.2249
http://www.ncbi.nlm.nih.gov/pubmed/22504420
http://dx.doi.org/10.4065/71.3.266
http://www.ncbi.nlm.nih.gov/pubmed/8594285
http://dx.doi.org/10.1007/s00198-008-0559-5
http://dx.doi.org/10.1677/joe.0.1660235
http://dx.doi.org/10.1359/jbmr.071205
http://dx.doi.org/10.3389/fendo.2019.00337
http://dx.doi.org/10.1001/archinte.165.16.1825
http://dx.doi.org/10.1371/journal.pone.0200785
http://www.ncbi.nlm.nih.gov/pubmed/30048462


J. Clin. Med. 2020, 9, 285 15 of 15

24. Morris, J.A.; Kemp, J.P.; Youlten, S.E.; Laurent, L.; Logan, J.G.; Chai, R.C.; Vulpescu, N.A.; Forgetta, V.;
Kleinman, A.; Mohanty, S.T.; et al. An atlas of genetic influences on osteoporosis in humans and mice. Nat.
Genet. 2019, 51, 258–266. [CrossRef]

25. Bush, W.S.; Moore, J.H. Chapter 11: Genome-wide association studies. PLoS Comput. Biol. 2012, 8, e1002822.
[CrossRef]

26. Ho-Le, T.P.; Center, J.R.; Eisman, J.A.; Nguyen, H.T.; Nguyen, T.V. Prediction of Bone Mineral Density and
Fragility Fracture by Genetic Profiling. J. Bone Miner. Res. 2017, 32, 285–293. [CrossRef] [PubMed]

27. Eriksson, J.; Evans, D.S.; Nielson, C.M.; Shen, J.; Srikanth, P.; Hochberg, M.; McWeeney, S.; Cawthon, P.M.;
Wilmot, B.; Zmuda, J. Limited clinical utility of a genetic risk score for the prediction of fracture risk in
elderly subjects. J. Bone Miner. Res. 2015, 30, 184–194. [CrossRef] [PubMed]

28. Gibson, G. On the utilization of polygenic risk scores for therapeutic targeting. PLoS Genet. 2019, 15, e1008060.
[CrossRef]

29. The Women’s Health Initiative Study Group. Design of the Women’s Health Initiative clinical trial and
observational study. Control Clin. Trials 1998, 19, 61–109. [CrossRef]

30. Zhang, M.-J.; Zhang, X.; Scheike, T.H. Modeling cumulative incidence function for competing risks data.
Expert Rev. Clin. Pharmacol. 2008, 1, 391–400. [CrossRef]

31. Lee, S.H.; Lee, S.W.; Ahn, S.H.; Kim, T.; Lim, K.H.; Kim, B.J.; Cho, E.H.; Kim, S.W.; Kim, T.H.; Kim, G.S.; et al.
Multiple gene polymorphisms can improve prediction of nonvertebral fracture in postmenopausal women.
J. Bone Miner. Res. 2013, 28, 2156–2164. [CrossRef]

32. Wu, Q.; Nasoz, F.; Jung, J.; Bhattarai, B.; Han, M.V. Machine learning approaches for fracture risk assessment:
a comparative analysis of genomic and phenotypic data in 5,130 older men. medRxiv 2020. [CrossRef]

33. Ettinger, B.; Black, D.M.; Dawson-Hughes, B.; Pressman, A.R.; Melton, L.J., 3rd. Updated fracture incidence
rates for the US version of FRAX. Osteoporos. Int. 2010, 21, 25–33. [CrossRef] [PubMed]

34. Crandall, C.J.; Larson, J.; LaCroix, A.; Cauley, J.A.; LeBoff, M.S.; Li, W.; LeBlanc, E.S.; Edwards, B.J.;
Manson, J.E.; Ensrud, K. Predicting Fracture Risk in Younger Postmenopausal Women: Comparison of the
Garvan and FRAX Risk Calculators in the Women’s Health Initiative Study. J. Gen. Intern. Med. 2019, 34,
235–242. [CrossRef] [PubMed]

35. Cheung, E.; Cheung, C.L.; Kung, A.W.; Tan, K.C. Possible FRAX-based intervention thresholds for a cohort
of Chinese postmenopausal women. Osteoporos. Int. 2014, 25, 1017–1023. [CrossRef] [PubMed]

36. Leslie, W.D.; Morin, S.N.; Lix, L.M.; Niraula, S.; McCloskey, E.V.; Johansson, H.; Harvey, N.C.; Kanis, J.A.
Performance of FRAX in Women with Breast Cancer Initiating Aromatase Inhibitor Therapy: A Registry-Based
Cohort Study. J. Bone Miner. Res. 2019, 34, 1428–1435. [CrossRef]

37. Bolland, M.J.; Siu, A.T.; Mason, B.H.; Horne, A.M.; Ames, R.W.; Grey, A.B.; Gamble, G.D.; Reid, I.R. Evaluation
of the FRAX and Garvan fracture risk calculators in older women. J. Bone Miner. Res. 2011, 26, 420–427.
[CrossRef]

38. Pluskiewicz, W.; Adamczyk, P.; Franek, E.; Leszczynski, P.; Sewerynek, E.; Wichrowska, H.; Napiorkowska, L.;
Kostyk, T.; Stuss, M.; Stepien-Klos, W.; et al. Ten-year probability of osteoporotic fracture in 2012 Polish
women assessed by FRAX and nomogram by Nguyen et al.—Conformity between methods and their clinical
utility. Bone 2010, 46, 1661–1667. [CrossRef]

39. Kanis, J.A.; Oden, A.; Johansson, H.; McCloskey, E. Pitfalls in the external validation of FRAX. Osteoporos. Int.
2012, 23, 423–431. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41588-018-0302-x
http://dx.doi.org/10.1371/journal.pcbi.1002822
http://dx.doi.org/10.1002/jbmr.2998
http://www.ncbi.nlm.nih.gov/pubmed/27649491
http://dx.doi.org/10.1002/jbmr.2314
http://www.ncbi.nlm.nih.gov/pubmed/25043339
http://dx.doi.org/10.1371/journal.pgen.1008060
http://dx.doi.org/10.1016/S0197-2456(97)00078-0
http://dx.doi.org/10.1586/17512433.1.3.391
http://dx.doi.org/10.1002/jbmr.1955
http://dx.doi.org/10.1101/2020.01.09.20016659
http://dx.doi.org/10.1007/s00198-009-1032-9
http://www.ncbi.nlm.nih.gov/pubmed/19705048
http://dx.doi.org/10.1007/s11606-018-4696-z
http://www.ncbi.nlm.nih.gov/pubmed/30334182
http://dx.doi.org/10.1007/s00198-013-2553-9
http://www.ncbi.nlm.nih.gov/pubmed/24196720
http://dx.doi.org/10.1002/jbmr.3726
http://dx.doi.org/10.1002/jbmr.215
http://dx.doi.org/10.1016/j.bone.2010.02.012
http://dx.doi.org/10.1007/s00198-011-1846-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Data Source 
	Participants 
	Outcomes: Incident Fractures 
	Genotyping 
	Genetic Risk Scores (GRS) 
	Fracture Probability 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Performance of Fracture Risk Assessment Tool (FRAX) in Predicting Major Osteoporotic Fracture (MOF) and Hip Fracture 
	Race/Ethnicity and the Fracture Outcome 
	GRS and the Fracture Outcome 
	Sensitivity Analysis 

	Discussion 
	Conclusions 
	
	References

