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Purpose: Fragility fractures, the most serious complication of osteoporosis, affect life quality and increase medical expenses and
economic burden. Strategies to identify populations with very low bone mineral density (T-scores <-3), indicating very high fracture
risk according to the American Association of Clinical Endocrinologists/American College of Endocrinology (AACE/ACE), are
necessary to achieve acceptable fracture risk levels. In this study, the characteristics of persons with T-scores <—3 were analyzed in the
Chinese population to identify risk factors and develop a nomogram for very low bone mineral density (T-scores <-3) identification.
Materials and Methods: We conducted a cross-sectional study using the datasets of the Health Improvement Program of Bone
(HOPE), with 602 men aged >50 years and 482 postmenopausal women. Bone mineral density (BMD) was measured using dual
energy X-ray absorptiometry (DXA). Data on clinical risk factors, including age, sex, weight, height, previous fracture, parental hip
fracture history, smoking, alcohol intake >3 units/day, glucocorticoid use, rheumatoid arthritis, and secondary osteoporosis were
collected. A multivariate logistic regression to evaluate the relationship between the clinical risk factors and very low BMD (T-scores
<-3) was conducted. Parameter estimates of the final model were then used to construct a nomogram.

Results: Sixty-three of 1084 participants (5.8%) had BMD T-score <—3. In multivariable regression analysis, age (odds ratio [OR] =
1.068, 95% confidence interval [CI]: 1.037-1.099) and weight (OR = 0.863, 95% CI: 0.830-0.897) were significant factors that were
associated with very low BMD (T-scores <-3). These variables were the factors considered in developing the nomogram. The area
under the receiver operating characteristic (ROC) curve for the model was 0.861. The cut-off value of the ROC curve was 0.080.
Conclusion: The nomogram can effectively assist clinicians to identify persons with very low BMD (T-scores <-3) and very high
fracture risk in the Chinese population.
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Introduction

Osteoporosis is a systemic skeletal disorder characterized by reduced bone mass and destruction of bone microstructures,
which ultimately leads to increased bone fragility and fracture risk.' With the aging of the population, osteoporosis has become
a serious social and public health problem. Presently, about 200 million people live with osteoporosis globally, which
translates to the seventh commonest chronic disease.” An epidemiological survey in China revealed that the prevalence of
osteoporosis is directly proportional to age, and among the population aged >50 years, the prevalence was 29% among women
and 13.5% among men.” With the rapidly aging Chinese population, the prevalence of osteoporosis will increase steeply.
Fragility fractures are the most serious complication of osteoporosis. Common sites of fractures include the spine, hips, and
wrists. Spine and hip fractures may cause disability in middle or old age, affecting patients’ quality of life and life expectancy,
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and increasing medical expenses and economic burden. In 2010, China spent about $9.45 billion on osteoporotic fractures,
accounting for 1.8% of national health-care expenditure, whereas the United States’ cost was $18.7 billion, accounting for
0.7% of national health-care expenditure.”

The process of osteoporosis is always insidious, and it is often not recognized by patients until osteoporotic fractures
occur. Fracture Risk Assessment (FRAX) is an online-based tool developed to assess the risk for hip fractures or major
osteoporotic fractures among men and women. The assessment was based on clinical risk factors, while considering the
inclusion or exclusion of femoral neck bone mineral density (BMD).> FRAX considers age, sex, weight, height, previous
fracture, parental hip fracture history, current smoking, alcohol intake >3 units/day, glucocorticoid use, rheumatoid
arthritis, and secondary osteoporosis in assessing osteoporotic fracture risk.” It is non-invasive and reliable for use in
primary care.® Advancing age, women, higher body weight, a history of fracture, smoking, heavy alcohol consumption,
use glucocorticoid and rheumatoid arthritis also have been shown to be associated with low bone mass.’

The WHO classifies BMD diagnosis into normal, low bone mass (osteopenia), osteoporosis, and severe or established
osteoporosis.® Stratification of patients by level of fracture risk is appropriate, because this may influence initial treatment
choice. Most patients receive initial treatment because of high fracture risk.” The American Association of Clinical
Endocrinologists/American College of Endocrinology (AACE/ACE) classifies fracture risk into high risk and very high
risk, where T-score <—3.0 is one of the diagnostic criteria for very high fracture risk.’ Patients with very high fracture risk
may require more aggressive treatment options to achieve an acceptable level of fracture risk.” There are many methods
of bone density measurement, for example, BMD by dual-energy x-ray absorptiometry (DXA), the so-called gold
standard for the diagnosis of osteoporosis,'” is not widely available in some communities and the cost of BMD and
lack of reimbursement may limit its widespread use in some Asian countries.'! Therefore, a simple tool would be useful
if it can identify a proportion of the population more (or less) likely to have very low bone mineral density (T-scores <-3).
Literature on the risk factors for very low bone mineral density (T-scores <-3) is minimal. Our study aimed to analyze the
risk factors for very high fracture risk with very low bone mineral density (T-scores <-3) as the standard, and to develop a
nomogram that incorporates noninvasive risk factors for identifying persons with very low bone mineral density (T-
scores <-3) in the population of Central and South China.

Materials and Methods
Study Participants

We conducted a cross-sectional study using the datasets of Health Improvement Program of Bone (HOPE), an ongoing
prospective study, in which patients who underwent physical examination at the Health Management Center of the
Second Xiangya Hospital were invited to participate. The HOPE study, which aims to achieve a sample size of 5000
participants over a period of one year, has already recruited more than 1800 participants since January 2021. Patients are
eligible for enrollment in the HOPE study, if they 1) are >40 years old and 2) undergo DXA for BMD measurement. The
exclusion criteria are 1) history of hip joint replacement or lumbar spine surgery, 2) inability to undergo DXA for any
reason, 3) history of treatment with antiosteoporosis drugs, or 4) history of malignant tumor.

For the present study, 1084 healthy postmenopausal women and men aged >50 years from the HOPE cohort were
recruited. Participants who did not complete surveys, physical examinations, or body density measurements were
excluded.

Informed consent was obtained from all patients, and the proposal for this study was approved by the Ethics
Committee of the Second Xiangya Hospital, Central South University, Changsha, Hunan, China.

Associated Factors

Data on study participants were obtained using a questionnaire with questions on variables such as sex, age, alcohol
intake, smoking, prior fracture and parental hip fracture history, glucocorticoid use, rheumatoid arthritis, and secondary
osteoporosis. Prior fracture history referred to fractures that occurred naturally or under mild external forces during
adulthood. Current use of glucocorticoids was defined as receiving glucocorticoid therapy or having received the
equivalent of prednisone >5 mg/d for more than three months. Secondary osteoporosis was defined as osteoporosis
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due to underlying diseases, such as type 1 diabetes, adult osteogenesis imperfecta, chronic untreated hyperthyroidism,
hypogonadism or early menopause (menopause at age <45 years), chronic malnutrition or malabsorption, and chronic
liver disease. Alcohol intake was significant if intake was >3 units/d.

Well-trained examiners performed anthropometric measurements, including of body weight and height, according to
standard protocols. Body mass index (BMI) was defined as weight (kg) per unit square of the body height (m?),
expressed in kg/m?.

BMD Measurements

BMD was measured by dual-energy X-ray absorptiometry (DXA; Discovery Wi S/N87556, Hologic, USA). Well-trained
and qualified technicians performed standardized daily quality control of DXA instruments using a spine phantom, prior
to the examination. BMD measurement sites included the femoral neck, total hip, and lumbar spine (L1-L4). According
to the manufacturer (Discovery Wi S/N87556, Hologic, USA), a daily controlled phantom scan of the spine showed a
longterm (>2 years) coefficient of variation (CV) of less than 0.7%. Based on repetitive scanning, the CVs were 1.1% for
the femoral neck, 0.9% for the total hip, and 1.2% for the lumbar spine. The guidelines for diagnosis and treatment of
primary osteoporosis in China were updated in 2017. One diagnostic criterion of osteoporosis was T-score of BMD
measured by DXA in the medial axial skeletons (L1-L4, femoral neck, and total hip) or one-third of the distal radius of
<—2.5 for postmenopausal women and men aged >50 years.'> According to the AACE/ACE, patients with very low bone
mineral density (T-scores <-3) were considered to have very high fracture risk. FRAX was used to determine the 10-year
probability of major osteoporotic fractures (MOFs) and hip fractures (HFs).’

Statistical Analysis

Continuous data were summarized by mean + standard difference (SD), and analyzed using #-test when the data was
normally distributed, otherwise using the Mann—Whitney U-test, and one-way analysis of variance or Kruskal-Wallis
H-test. Categorical data were described as frequencies (percentages) and analyzed using the Chi-square test or Fisher’s
exact test, as appropriate. Participants were stratified by BMD T-score. To investigate independent associated risk factors
for very low bone mineral density (T-scores <-3), variables with significant differences in univariable analyses were
incorporated into multivariable logistic regression analysis (forward: LR method), expressed by odds ratios (ORs) and
their 95% confidence intervals (Cls). Only statistically significant variables in multiple variable analysis were considered
for inclusion in the final binary logistic regression model and were used to develop the nomogram model using R
software. The prediction results of the nomogram prediction model were internally validated; that is, the modeling data
were used to verify the prediction effect of the model. The area under the receiver operating characteristic (ROC) curve
was used to assess the ability of the predictive model to correctly distinguish individuals with a high probability of very
low bone mineral density (T-scores <-3) from individuals with a low probability. The point closest to the upper left corner
of the ROC curve is the cut-off value, which is the most appropriate value for distinguishing people at very low bone
mineral density (T-scores <-3) from non-very low bone mineral density. Calibration degree referred to the degree of
consistency between the predicted probability from the prediction model and the real probability, which is usually
displayed by the calibration curve. Two-tailed P-values <0.05 were considered to be statistically significant. All data were
analyzed using SPSS software version 23.0 (IBM Corp., Armonk, NY, USA) and R version 4.0.5.

Results

A total of 1084 participants, including 602 men aged >50 years (59.48 + 8.10 years) and 482 postmenopausal women
(60.19 + 8.49 years), with mean age of 59.79 + 8.28 were included in the study. Of all participants, 169 (15.6%) were
diagnosed with osteoporosis (BMD T-score <-2.5). Sixty-three (37.3%) participants had T-score <—3 among these
osteoporosis patients. The incidence of osteoporosis in men aged >50 years and postmenopausal women was 11.0% and
21.4%, respectively. In both sexes, the mean age was significantly higher in the osteoporotic group (BMD T-score <—2.5)
than in the non-osteoporotic group (BMD T-score >—2.5), but height, weight and BMI were significantly higher in the
non-osteoporotic group. In addition, smoking and glucocorticoid use were associated with osteoporosis in men aged >50
years (Table 1).
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Table | Demographic, Anthropometric and Clinical Characteristics of the Osteoporosis and Non-Osteoporosis Individuals

Variable Overall Men (n = 602) Women (n = 482)
(n = 1084)
Score >-2.5 T-Score <-2.5 P T-Score >-2.5 T-Score <-2.5 P
(n=536) (n =66) (n =379) (n =103)

Age (years) 59.79+8.28 59.04+7.96 63.02+8.41 <0.001 58.72+7.77 65.59+8.88 <0.001
Height (cm) 162.10+8.13 167.60+5.75 164.47+5.61 <0.001 156.34£5.10 152.89+6.4| <0.001
Weight (kg) 63.85+10.80 70.55+9.08 61.51+7.95 <0.001 57.76+7.44 52.77+7.67 <0.001
BMI (kg/m?) 24.20%2.96 25.09+2.76 22.74+2.73 <0.001 23.63+2.86 22.57+2.99 0.001
Rheumatoid arthritis, n (%) 41 (3.78) 10 (1.9) 2 (3.0 0.631 22 (5.8) 7 (6.8) 0.708
Smoking, n (%) 236 (21.77) 195 (36.4) 36 (54.5) 0.004 5(1.3) 0 (0.0) 0.590
Glucocorticoid use, n (%) 16 (1.48) 6 (I.1) 5(7.6) 0.004 5(1.3) 0 (0.0 0.590
Parental hip fracture, n (%) 117 (10.79) 63 (11.8) 4 (6.1) 0.165 38 (10.0) 12 (11.7) 0.632
Prior fracture, n (%) 114 (10.52) 33 (6.2) 6 (9.1) 0.422 53 (14.0) 22 (21.4) 0.067
Alcohol intake, n (%) 129 (11.90) 119 (22.2) 9 (13.6) 0.109 | (0.3) 0(0.0) 1.000
Secondary osteoporosis, n (%) 105 (9.69) 32 (6.0) 8 (12.1) 0.067 49 (12.9) 16 (15.5) 0.492
MOFs (%) 3.28%1.79 2.50+1.12 4.55+1.73 <0.001 3.61£1.70 6.06+2.13 <0.001
HFs (%) 1.01£1.27 0.62+0.68 2.63%1.72 <0.001 0.77+0.84 2.95+2.01 <0.001

Abbreviations: BMI, body mass index; MOFs, major osteoporotic fractures; HFs, hip fractures.
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Participants were stratified by BMD T-score into four groups: normal (T >—1), low bone mass (2.5 < T <-1),
osteoporotic (—3 < T <-2.5), and very low bone mineral density (T <—3). The incidence of very low bone mineral density
(T-scores <-3) in men aged >50 years and postmenopausal women was 2.5% and 10.0%, respectively (Figure 1).

In univariate analysis, advancing age, women, lower weight, shorter height, prior fractures, and secondary osteo-
porosis contributed to very low bone mineral density (T-scores <-3) in men and women. The multivariable regression
analysis found that age (odds ratio [OR] = 1.068, 95% confidence interval [CI]: 1.037-1.099, P < 0.001) and weight (OR
=0.863, 95% CI: 0.830-0.897, P < 0.001) had significant, independent associations with very low bone mineral density
(T-scores <-3), and they were included in the final prediction model (Table 2).

From this model, a nomogram was created to predict the probability of very low bone mineral density (T-scores <-3)
based on patients’ characteristics (Figure 2). The scoring part, marked “Points” in the figure, represented the score
corresponding to the value for each variable. The subsequent two lines (“age” and “weight”) were the risk factors
(variables) used in the model. The line segment corresponding to each variable was marked with a scale, which
represented the range of possible values of each variable. The length of the line reflected the contribution of each
variable to the occurrence of very low bone mineral density (T-scores <-3). A vertical line was drawn from the value for
each variable to the “Points” scale, to obtain the score for each variable. The two scales toward the bottom of the figure
are “Total Points” and “VLBMD (very low bone mineral density) Probability”. “Total Points” was the sum of the scores
for all variables. “VLBMD Probability” was the predicted probability of patients developing very low bone mineral
density (T-scores <-3); the point on the “VLBMD Probability” axis corresponding to the total score was the probability of
very low bone mineral density (T-scores <-3) for the patient.

The model was assessed with calibration curves, which measured the relationship between the probability of very low
bone mineral density (T-scores <-3) predicted by the nomogram and the actual probability. The findings suggested that
the predictions by the nomogram approximated the actual outcomes (Figure 3). The area under the ROC curves for this
model was 0.861. The cut-off value of the ROC curve was 0.080. When the point on the “VLBMD Probability” axis was
not less than 0.08 based on the age and weight of the subject, the subject was thought to be very low bone mineral density
(T-scores <-3) population (Figure 4).

Variance inflation factors were calculated to evaluate possible interrelationships of the model variables with one

another. For all variables, the variance inflation factors ranged between 1 and 3, which suggested substantial multi-
13

collinearity was unlikely to be present.

WT>-1 WT>-1

W-2.5<T<-1 W-2.5<T<-1

W-3<T<25 B-3<T<2.5
T<3 T<3

Figure | The proportion of various T-score in men aged 250 and postmenopausal women. Participants were grouped by BMD T-score: normal (T 2—1), low bone mass
(-2.5 < T <—1), osteoporotic (-3 < T £-2.5), and very low bone mineral density (T <—3). (A) is the incidence of each group based on various T-score in men aged 250. (B) is
the incidence of each group based on various T-score in postmenopausal women.
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Table 2 Associated Factors for Very High Fracture Risk (T-Score <—3) in the Study Population with Calculation of Odds Ratio (OR),
Adjusted OR and Corresponding 95% Confidence Interval (95% CI)

Variable Unadjusted OR (95% CI) P Adjusted OR (95% CI) P
Age (years) 1.089 (1.060-1.119) <0.001 1.068 (1.037-1.099) <0.001
Sex (Male vs Female) 0.231 (0.128-0.418) <0.001

Height (cm) 0.868 (0.835-0.901) <0.001

Weight (kg) 0.851 (0.820-0.884) <0.001 0.863 (0.830-0.897) <0.001
Rheumatoid arthritis (yes vs no) 1.293 (0.388—4.311) 0.675

Smoking (yes vs no) 0.506 (0.238-1.078) 0.077

Glucocorticoid use (yes vs no) 1.082 (0.141-8.323) 0.940

Parental hip fracture (yes vs no) 1.217 (0.565-2.623) 0.616

Prior fracture (yes vs no) 2.120 (1.094-4.107) 0.026

Alcohol intake (yes vs no) 0.355 (0.110-1.149) 0.084

Secondary osteoporosis (yes vs no) 3.233 (1.741-6.002) <0.001 2.052 (0.998—4.218) 0.051

Discussion

Osteoporosis is increasingly becoming a major public health concern in Asia, as the population is progressively aging.
Ideally, all elderly persons at high fracture risk should be screened using BMD measurements and followed up. However,
since the DXA densitometer is not widely available in Asian countries due to high cost, such a screening program is
impractical and perhaps not cost-effective.'* According to AACE/ACE, patients at very high fracture risk include those
who have suffered recent fractures (eg, within the past 12 months), those who have fractures while receiving approved
osteoporosis therapy, multiple fractures, fractures while taking drugs causing skeletal harm (eg, long-term glucocorti-
coids), those with a very low T-score (eg, <—3.0), those at high risk of falls or with history of injurious falls, and those
with a very high fracture probability by FRAX® (eg, major osteoporosis fracture >30%, hip fracture >4.5%) or other
validated fracture risk algorithms. Those at very high fracture risk may require more aggressive treatment to achieve an

acceptable level of fracture risk.” However, a fraction of individuals with very high fracture risk needs BMD testing.

0 10 20 30 40 50 60 70 80 90 100

PO[ntS | I T—— PRI [ S T S | P PR | PRI a1 1l |
age | I B B e e e |
40 55 70 85 100
Welght r T T T T T T T T 1
120 110 100 90 80 70 60 50 40 30
Total Points T T T T T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90 100 110 120

VLBMD Probability . — T T
0.01 008 02 0406 0.

Figure 2 Prediction model nomogram. For each variable, the patient’s status/numerical value is plotted on the unique scale for that variable and a vertical line is drawn from
that location up to the points line to determine a points value for that variable. The points for all variables are then added for a total point score. From the location of the
total value on the total points line on the bottom, a vertical line is drawn perpendicularly from that location down to the probability of goal attainment line. The probability of
very low bone mineral density (T-scores <-3) for the patient is predicted according to the value at which the vertical line intersects the probability of very low bone mineral
density (T-scores <-3). Example: Mrs. X, 70 years old, weighs 50 kg; her score for age is approximately |5, her weight score is 77.5. Her total score is therefore 15
+77.5=92.5, and her probability of having very high fracture risk is around 0.25. In other words, in 100 women like her; one would expect 25 of them have very low bone
mineral density (T-scores <-3).

Abbreviation: VLBMD, very low bone mineral density.
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Figure 3 The calibration curves of the prediction model. The diagonal dotted line indicates reference line on which ideal nomogram would lie (perfect prediction). Solid line
indicates current nomogram performance.

FRAX is among the most widely used tools to predict risk for fractures.'> However, this study suggested that the mean
10-year probabilities of major osteoporotic fractures (MOFs) and hip fractures (HFs), calculated using FRAX in patients
with T-score <—3, were 6.56% and 3.84%, respectively. These probabilities did not meet the FRAX-related standards
recommended by the AACE/ACE. Therefore, with T <—3 as the standard, a simple clinical risk identification tool for
individuals at very high fracture risk should be established.

Seemingly quite unusual, the final prediction model used only two variables (age and body weight). However, a study
developed a tool, named OSTA (the osteoporosis risk self-assessment tool for Asia), only using age and weight and
efficiently predicting osteoporosis risk with AUC of 0.79."" In fact, increasing age and weight loss have been consistently
associated with low BMD and increased fracture risk in another study. Weight plays an important role in bone mass
maintenance by acting as a load exerted on bones and promoting bone formation.'® The Study of Osteoporotic Fractures
reported that body weight was a useful predictor of hip and other non-spine fractures, when BMD had not been
measured.'” A study of almost 7000 women in France concluded that body weight performed as well as a score based
on six risk factors in identifying women with very low femoral neck BMD (T <-3.5), and also identified important
differences in hip fracture risk.'®

The present study revealed that except for age and weight, only height in both sexes, as well as smoking and
glucocorticoid use in men aged >50 years, was associated with osteoporosis. However, a significant relationship could
not be established between rheumatoid arthritis, parental hip fracture, prior fracture, alcohol intake, or secondary
osteoporosis and osteoporosis. Unlike our findings, other studies have shown that previous fracture, parental hip fracture,
current smoking, alcohol use, glucocorticoid use, rheumatoid arthritis, and secondary osteoporosis are related to BMD
among both men and women.'*>* For example, previous studies have reported that smokers have lower BMD than ex-
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0.080 (0.829, 0.746)
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AUC: 0.861

Sensitivity

0.4

0.2

| 1 | | | |
1.0 0.8 0.6 0.4 0.2 0.0

Specificity

Figure 4 The receiver operating characteristic (ROC) curves of the prediction model.
Abbreviation: AUC, area under the receiver operating characteristic.

smokers, whereas ex-smokers have lower BMD than non-smokers.”> However, a significant association could not be
established between smoking and osteoporosis in both sexes in this study. The findings of non-significant associations
mentioned above might be due to the cross-sectional design of this study. Concurrently, our study did not consider the
effect of dose. Moderate alcohol consumption has been reported to be associated with increased BMD in many studies,
which may be due to higher endogenous estrogen levels among moderate consumers.®>® However, chronic consump-
tion of excessive alcohol eventually results in an osteopenic skeleton and increased risk for osteoporosis.?’

As with most studies, our findings had some limitations. First, due to the retrospective nature of the study, causal
relationships between very low bone mineral density (T-scores <-3) and its associated factors could not be established.
Second, the possibility of recall bias may have reduced the tool’s ability to predict very low bone mineral density (T-
scores <-3). Third, our analyses involved women who were primarily from the Central and Southern regions of China,
which may affect generalizability. Further evaluation is needed to determine how this model performs in other
populations. Fourth, the very high risk of fracture proposed by AACE is for postmenopausal women, and whether it is
applicable to men is still unknown. However, one population-based prospective cohort study suggested that the hip
fracture risk in men and women of the same age and at the same absolute BMD is very similar.>° Another large
population-based longitudinal cohort study found no significant sex difference in the association between BMD and

vertebral fractures (clinical or radiographic) or for all fractures.®'
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Conclusion
The nomogram developed in this study, based on only two variables, age and body weight, can be used for predicting
very low bone mineral density (T-scores <-3), which is thought to be very high fracture risk, without BMD measurement.
With this model, more active treatment choices can possibly be administered in time to achieve acceptable fracture risk
levels. The present model visually translates clinical risk factors into a paper-based nomogram for readily available use in
clinical practice.®
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