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Abstract Clinical risk factors (CRFs) are established

predictors of fracture events. However, the influence of

individual CRFs on trabecular mechanical fragility is still a

subject of debate. In this study, we aimed to assess dif-

ferences, adjusted for CRFs, between bone macrostructural

parameters measured in ex-vivo specimens from hip fra-

gility fracture patients and osteoarthritis patients, and to

determine whether individual CRFs could predict trabec-

ular bone mechanical behavior in hip fragility fractures.

Additionally, we also looked for associations between the

10-year risk of major and hip fracture calculated by FRAX

and trabecular bone mechanical performance. In this case–

control study, a group of fragility fracture patients were

compared with a group of osteoarthritis patients, both

having undergone hip replacement surgery. A clinical

protocol was applied in order to collect CRFs [body mass

index (BMI), prior fragility fracture, parental history of hip

fracture, long-term use of oral glucocorticoids, rheumatoid

arthritis, current smoking, alcohol consumption, age and

gender]. The 10-year probability of fracture was calculated.

Serum bone turnover markers were determined and dual

X-ray absorptiometry performed. Femoral head diameter

was evaluated and trabecular bone cylinders were drilled

for mechanical testing to determine bone strength, stiffness

and toughness. We evaluated 40 hip fragility fracture and

52 osteoarthritis patients. Trabecular bone stiffness was

significantly lower (p = 0.042) in hip fragility fracture

patients when compared to osteoarthritic individuals,

adjusted for age, gender and BMI. No other macrostruc-

tural parameter was statistically different between the

groups. In hip fragility fracture patients, smoking habits

(b = -0.403; p = 0.018) and female gender (b =

-0.416; p = 0.008) were independently associated with

lower stiffness. In addition, smoking was also indepen-

dently associated with worse trabecular strength (b =

-0.323; p = 0.045), and toughness (b = -0.403;

p = 0.018). In these patients, the 10-year risk of major

(r = -0.550; p = 0.012) and hip fracture (r = -0.513;

p = 0.021) calculated using only CRFs was strongly cor-

related with femoral neck bone mineral density but not

with mechanical performance. Our data showed that among

fragility fracture patients active smoking is a predictor of

worse intrinsic trabecular mechanical performance, and

female gender is also independently associated with lower

stiffness. In this population, the 10-year risk of fracture
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using CRFs with different weights only reflects bone mass

loss but not trabecular mechanical properties.

Keywords Osteoporosis � Fracture risk � FRAX �
Mechanical properties

Introduction

Hip fragility fractures are the most severe clinical conse-

quence of osteoporosis. They are characterized by high

morbidity and mortality and constitute a major economic

burden [1].

A hip fragility fracture is ultimately a mechanical failure

of bone structure and it occurs when the load applied

exceeds the capacity of the structure to resist it. Although

measures of bone mineral content (BMC, g) and areal bone

mineral density (aBMD, g/cm2) are strongly correlated

with bone mechanical performance, they do not fully

explain fracture risk [2–5]. In fact, over half of the subjects

who experience a hip fragility fracture do not have a

T-score below -2.5 [6]. In addition, it is estimated that

90 % of hip fractures result from a fall but only 5 % of falls

result in a hip fracture [7, 8]. Thus, it seems evident that

other factors, in addition to falls and aBMD, influence hip

fracture risk. Among these other variables, bone intrinsic

properties have recently emerged as a major determinant of

fragility fractures [9].

The biomechanical performance of excised samples of

trabecular bone reflects the net effect of differences in

microarchitecture, bone volume fraction and tissue mate-

rial properties [10]. In fact, compressive mechanical testing

represents an established method for evaluating ex vivo the

mechanical competence of bone, due to its simplicity and

its resemblance to natural deformation [11]. The measures

of bone biomechanical performance in compressive tests

are stiffness, strength and toughness, which reflect bone

macrostructural competence [12]. During ageing, bone

resorption on the endocortical, intracortical and trabecular

surfaces reduces the amount of bone within the periosteal

envelope as trabeculae thin and disappear and cortices thin

and become porous. Simultaneously, periosteal bone for-

mation partly offsets removal of bone on the inner surface

but is not enough to compensate all the other structural

changes, leading to a fragile bone with lower strength,

stiffness and toughness [13]. Hip bone strength is deter-

mined by the behavior of both cortical and trabecular

compartments. However, trabecular bone is metabolically

6–8 times more active than cortical bone and, therefore, it

is affected earlier and more severely by age-related chan-

ges. This may be particularly important for femoral neck

fractures, since this region has a relatively thin cortical

shell surrounding a larger volume of trabecular bone that is

likely responsible for carrying the majority of loads

transmitted across the hip. In fact, using a finite element

analysis, Orwoll and colleagues [14] showed that when a

load simulating a sideways fall is applied, the region of the

femoral neck that fails first is trabecular bone.

In recent years, population-based cohort studies from

Europe, North America, Asia and Australia have identified

age, gender, body mass index (BMI), prior fragility frac-

ture, parental history of hip fracture, long-term use of oral

glucocorticoids (3 months or more), rheumatoid arthritis

and other secondary causes of osteoporosis, current

smoking [15] and alcohol intake (more than 3 units per

day) [16] as clinical risk factors (CRFs) that provided

information about fracture risk independently of aBMD

[17–21]. A new tool, FRAX, was thereafter developed by

the World Health Organization (WHO) in order to assess,

in untreated subjects over 40 years old, the 10-year prob-

ability of both a major fracture and a hip fracture with or

without the use of aBMD. FRAX is an algorithm based on

a multivariate model which incorporates, with different

weights, independent risk factors for fracture, combined

with the corresponding death rate of each country, to

compute fracture probability. In fact, when aBMD testing

is limited, the use of FRAX with only CRFs might be

considered as an approach to define an intervention

threshold [22, 23]. Moreover, the FRAX tool using only

CRFs has shown a better performance than aBMD by itself

in predicting major fracture risk [24]. It is therefore rele-

vant to assess the association of individual CRFs and of the

10-year risk of major and hip fractures with trabecular

mechanical competence.

Previous studies demonstrated that CRFs such as age,

gender or rheumatoid arthritis interfere with bone compo-

sition and with bone mechanical parameters [3, 4, 25–30].

In fact, McCalden et al. have shown in a population aged

from 20 to 102 years old that the elderly have a BMD

decreased by 60 % in comparison to younger subjects.

However, this fact does not fully explain the 92 % reduc-

tion in mechanical strength observed in elderly individuals

[27]. Interestingly, further emphasizing the influence of

CRFs on mechanical properties, Tommasini and colleagues

[31] have shown that both genders have a similar age-

related degradation of mechanical properties.

Taking into account the current evidence, we hypothe-

size that CRFs individually are major determinants of

intrinsic bone mechanical properties in hip fragility frac-

ture patients. Thus, in this study, we aimed to assess dif-

ferences, adjusted for CRFs, between bone macrostructural

parameters measured in ex-vivo specimens from hip fra-

gility fracture patients compared to osteoarthritis and to

determine if individual CRFs could predict trabecular bone

mechanical behavior in hip fragility fractures. Addition-

ally, we also looked for associations between the 10-year
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risk of major and hip fractures calculated by FRAX and

trabecular bone mechanical performance.

Materials and methods

Study population

Patients

In this case–control study we enrolled hip fragility

fracture patients undergoing total hip replacement sur-

gery within 8 days post-fracture at the Orthopedic

Department of Hospital de Santa Maria in Lisbon,

between 2008 and 2009. As controls, we used osteoar-

thritis patients undergoing total hip replacement surgery

and with no prior history of fragility fractures, during the

same period.

Consecutive, post-menopausal women and men, older

than 50 years, undergoing hip replacement surgery due to

hip fragility fracture or to osteoarthritis, who were able to

give written consent and clinical information, were

recruited for this study. Patients receiving anti-osteoporotic

agents, warfarin or anti-epileptic therapies or with sec-

ondary causes for osteoporosis, bone metabolic diseases

(other than osteoporosis), bone metastasis, primary tumors

and osteomyelitis were excluded. Five patients were also

excluded because of femoral epiphysis characteristics (size

and integrity) that hampered the cylinder extraction for

mechanical tests.

Clinical data measurements

A clinical questionnaire was applied in order to collect

CRFs—age, gender, BMI, prior fragility fracture (other

than the reason/indication for surgery), parental history of

hip fracture, long-term use of oral glucocorticoids

(C3 months), rheumatoid arthritis, current smoking, alco-

hol intake (C3 units/day) and other secondary causes of

osteoporosis, assessed as in the FRAX United Kingdom

study [32, 33].

The 10-year probability of fracture was calculated using

the FRAX tool available online (http://www.shef.ac.uk/

FRAX/), calibrated to the epidemiology of fracture and life

expectancy in Spain, since the Portuguese data is not yet

available [34]. This algorithm provided two outputs: the

10-year probability of having a major osteoporotic fracture

(spine, hip, forearm or humerus) and the 10-year proba-

bility of hip fracture alone. To calculate fracture risk we

used only CRFs and did not include femoral neck aBMD,

in order to avoid the potential confounding of this bone

parameter for establishing associations with mechanical

tests. Also, in patients undergoing hip arthroplasty due to

fragility fracture, the current fracture was not included in

the FRAX calculation as a previous fracture.

In a subset of 34 patients, femoral neck aBMD of the

contralateral hip was measured by dual X-ray absorpti-

ometry (DXA) scan 4 days after surgery using a Lunar

Prodigy densitometer (GE Healthcare, UK).

Written informed consent was obtained from all patients

and the study was conducted in accordance with the reg-

ulations governing clinical trials such as the Declaration of

Helsinki, as amended in Seoul (2008), and was approved

by the local Ethics Committee.

Biochemical assessment

Fasting blood samples were collected to assess serum

calcium and phosphorus, alkaline phosphatase (ALP),

bone-specific ALP (BSALP) and osteocalcin (OC) levels.

Cross-linked c-telopeptide of type I collagen (CTX-I) and

amino-terminal propeptides of type I procollagen (P1NP)

were measured by Elecsys� electrochemiluminescent

immunoassay analyzers (Roche Diagnostics, Switzerland).

Bone characteristics

After the orthopedic procedure, the femoral epiphyses were

immediately stored at -80 �C. Before testing, they were

defrosted at room temperature and measurements of the

diameter of the epiphyses were performed in three different

axes. Bone cylinders were obtained by drilling through the

highest load direction using a perforating drill with a

diameter of 15 mm (method adapted from [35]). The cyl-

inders (with only trabecular bone) were de-fatted for 3 h

using a chloroform and methanol solution and then

hydrated overnight in phosphate-buffered saline solution.

Compressive mechanical testing represents an estab-

lished method for evaluating ex vivo the mechanical

competence of bone, due to its simplicity and its resem-

blance to natural deformation [11, 36]. Compression tests

were performed in an universal testing machine (Instron

5566TM, Instron Corporation, Canton, MA, USA) with a

load cell of 10 kN and a cross-head rate of 0.1 mm/s.

Samples were loaded in the principal stress direction.

Stress–strain curves were obtained for each specimen using

Bluehill 2 software (Instron). This software has the ability

to build stress–strain representations from load–displace-

ment points, normalized for the specimens’ dimensions.

Analysis of the curves was performed using MatLab 7.1

software (R14 SP3, The Mathworks, Inc.) in order to obtain

the following mechanical bone parameters: trabecular

strength stiffness and toughness. These measures are

obtained by the stress–strain curves from which is calcu-

lated the Young’s modulus, E (slope of the curve in the

straight region), yield stress, ry (maximum stress in the
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elastic regime) and energy until yield point, Wy (energy

absorbed until yield). The stiffness, strength and toughness

are determined respectively by the Young’s modulus, yield

stress and energy until yield point [37].

Statistical analysis

Baseline characteristics are presented as mean ± standard

deviation or percentages. Clinical characteristics, markers

of bone turnover (ALP, BASLP, CTX, P1NP) and bone

macrostructural (trabecular mechanical behavior, femoral

neck aBMD and femoral head diameter) parameters were

compared between groups with the independent-samples

t test. Categorical data were tested using chi-squared or

Fisher’s exact tests.

Bone macrostructural parameters were compared across

groups using general linear model (GLM) analysis adjusted

for differences in clinical characteristics identified as pos-

sible confounders (age, gender and BMI).

Multivariate linear regression models were used to

explore the association between bone mechanical behavior

(strength, stiffness and toughness) and CRFs (age, gender,

BMI, prior fragility fracture, parental history of hip frac-

ture, long-term use of oral glucocorticoids, rheumatoid

arthritis, smoking and alcohol intake and other secondary

causes of osteoporosis) in hip fragility fracture patients.

The CRFs whose prevalence within the group was B5 %

were excluded to avoid bias of the data. First, the variables

were tested by univariate analysis. After that we performed

a stepwise linear multivariate regression model using

backward selection with the level of significance \0.05.

The variables were also analyzed by multivariate linear

regression analysis with all variables included.

The relation between FRAX outputs (10-year risk of

major and hip fracture) and bone macrostructural parame-

ters in hip fragility fracture patients was assessed by the

Pearson correlation coefficient.

Statistical analyses were performed using Statistical

Package for the Social Sciences (SPSS) Statistics Software,

v.17.0 (SPSS Inc., Chicago, USA) and a 2-tailed p-value

\0.05 was considered significant.

Results

Patients

We evaluated 40 hip fragility fracture and 52 osteoarthritis

patients (Table 1). Fragility fracture patients were older

(p = 0.007), had lower BMI (p = 0.007) and were pre-

dominantly women (p = 0.004) when compared with the

osteoarthritis group. On the other hand, the frequency of

patients who reported alcohol intake was significantly

increased in osteoarthritis patients (p = 0.007). No other

CRF was significantly different between the two groups.

As expected, the 10-year risk of a major and hip fracture

calculated only with CRFs was significantly higher in hip

fracture patients (p \ 0.001) and this difference was

maintained even if we added femoral neck aBMD to the

calculation.

Regarding serum levels of bone turnover markers, only

ALP was significantly increased in the fragility fracture

group, but this difference was lost when adjusted for age

and gender (p = 0.114). No other significant differences

were found between the two groups of patients.

Hip fragility fracture patients had lower trabecular

stiffness when compared with osteoarthritis patients

Considering bone macrostructure characteristics, hip fra-

gility fracture patients had smaller femoral epiphysis diam-

eter (p = 0.005), worse trabecular mechanical behavior

(strength p = 0.046; stiffness p = 0.013) and lower aBMD

(p = 0.002) than the osteoarthritis group. However, when

we adjusted these differences for age, gender and BMI,

the only macrostructural bone characteristic that was still

significantly different between the groups was trabecular

stiffness (p = 0.042) (Table 2).

Smoking is a predictor of worse trabecular mechanical

performance in patients with hip fragility fractures

The association between trabecular bone mechanical

properties and each of the CRFs tested by univariate

analysis in hip fragility fracture patients is described in

Table 3. The only CRFs associated with lower trabecular

strength in univariate analysis was smoking (b = -0.323;

p = 0.045). In addition, female gender (b = -0.345;

p = 0.031) was significantly associated with lower stiff-

ness. Regarding toughness, no association was identified in

the univariate analysis.

Multivariate regression analysis using backward

selection demonstrated that in hip fragility fracture

patients the only predictor of lower trabecular strength

was current smoking (b = -0.323; p = 0.045). However,

using multivariate regression analysis with all variables

included, female gender was also independently associ-

ated with lower strength (b = -0.386; p = 0.049) (data

not shown).

Smoking (b = -0.403; p = 0.018) and female gender

(b = -0.416; p = 0.008) were also predictors of lower

stiffness and this result was demonstrated by the two

models of multivariate analysis used. Current smoking

was also the only CRF that predicted lower toughness

(b = -0.416; p = 0.011) in both models of multivariate

regression analysis.
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We further investigated the association of smoking with

BMD in the subgroup of patients who underwent DXA. We

found no significant differences in aBMD (p = 0.998)

between patients who were currently smoking (mean aBMD

0.672 ± 0.090) from those who did not smoke (mean aBMD

0.685 ± 0.090), adjusted for age, gender and BMI.

Table 1 Characteristics of the study population of hip fractures compared with osteoarthritis

Hip fractures Osteoarthritis p value

N 40 52

Clinical risk factors

Age (years) 80.0 ± 6.9 69.0 ± 8.4 0.007*

Female (%) 80.0 50.0 0.004*

BMI (kg/cm2) 24.8 ± 4.3 27.5 ± 4.4 0.007*

Previous fractures (%) 87.5 0 NA

Family history of fractures (%) 5.0 5.8 0.894

Secondary causes of osteoporosis (%) 15.0 9.6 0.629

Corticosteroid therapy (%) 15.0 3.8 0.112

Rheumatoid arthritis (%) 12.5 3.8 0.223

Smoking (%) 10.0 19.2 0.240

Alcohol intake (%) 2.5 17.5 0.016*

10-year risk major fracture using only CRFs 15.5 ± 9.3 5.7 ± 5.2 \0.001*

10-year risk major fracture with DXA 14.9 ± 8.7 7.6 ± 6.7 \0.001*

10-year risk hip fracture using only CRFs 8.6 ± 7.4 2.2 ± 3.3 0.013*

10-year risk hip fracture with DXA 7.3 ± 5.5 2.7 ± 3.3 0.011*

Markers of bone turnover

ALP (IU/L) 94.2 ± 42.0 68.5 ± 31.1 0.004*

BSALP (lg/L) 12.5 ± 6.6 11.6 ± 5.9 0.448

Osteocalcin (ng/mL) 10.9 ± 10.0 10.9 ± 9.6 0.884

P1NP (ng/mL) 57.9 ± 52.5 46.1 ± 29.4 0.223

CTX-I (lg/mL) 67.0 ± 89.6 35.6 ± 19.4 0.055

Values represent mean ± SD. For continuous variables, differences were assessed using independent Student’s t test. v2 or Fisher’s exact test

was used for proportions. NA Not applicable—the exclusion criteria for the osteoarthritis group was the presence of previous fragility fractures

ALP alkaline phosphatase, BMI body mass index, BSALP bone-specific ALP, CTX-I carboxyl-terminal cross-linking telopeptides of type I

collagen, P1NP amino-terminal propeptides of type I procollagen

* p \ 0.05

Table 2 Femoral epiphysis characteristics in hip fractures compared with osteoarthritis

Hip fractures Osteoarthritis #p value ##p value (adjusted for age, gender, BMI)

N 40 52

Bone macrostructural variables

Strength (MPa) 6.8 ± 4.1 8.7 ± 4.8 0.046* 0.062

Stiffness (MPa) 324.1 ± 191.8 436.9 ± 236.8 0.013* 0.042*

Toughness (N mm/mm3) 0.13 ± 0.11 0.19 ± 0.18 0.066 0.101

Femoral neck aBMD (g/cm2) 0.68 ± 0.09 0.81 ± 0.13 0.002* 0.055

T-score -2.6 ± 0.74 -1.6 ± 1.0 0.003* 0.069

Diameter (mm) 44.7 ± 3.3 49.3 ± 3.6 0.005* 0.199

Values represent mean and SD

aBMD areal bone mineral density, BMI body mass index
# p value obtained using independent Student’s t test
## p value obtained using multivariate logistic regression analysis adjusting the differences between hip fractures and controls for age, gender

and BMI

* p \ 0.05
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As expected, there was a significant difference in aBMD

(p = 0.042) between female (mean aBMD 0.660 ± 0.090)

and male (mean aBMD 0.753 ± 0.020) genders when

adjusted for age and BMI.

FRAX output using clinical risk factors only reflects

lower bone mass but not trabecular mechanical

properties

In these patients, the 10-year risk of major (r = -0.550;

p = 0.012) and hip (r = -0.513; p = 0.021) fracture

using only CRFs was strongly correlated with femoral neck

aBMD but not with bone trabecular mechanical perfor-

mance (Table 4).

Discussion

The primary aim of this work was to compare bone mac-

rostructural parameters between hip fragility fracture and

osteoarthritis patients. Here we demonstrated that when

adjusted for differences in age, gender and BMI the only

macrostructural bone characteristic still significantly dif-

ferent between hip fragility fracture and osteoarthritis

Table 3 Univariate analyses and multivariate analysis for the association of CRFs with bone mechanical behavior in hip fracture patients

Strength (MPa) Stiffness (MPa) Toughness (N mm/mm3)

Univariate b
estimate (95 %CI)

p value

Multivariate b
estimate (95 % CI)

p value

Univariate b
estimate (95 %

CI) p value

Multivariate b
estimate (95 % CI)

p value

Univariate b
estimate (95 %

CI) p value

Multivariate b
estimate (95 % CI)

p value

Age 0.280

(-0.02–0.36)

0.08

-0.200

(-3.46–14.45)

0.222

0.307

(0.00–0.01)

0.057

Female -0.200

(-5.29–1.29)

0.226

-0.345

[-308.4–(-15.3)]

0.031*

-0.416

[-336.1–(-53.9)]

0.008*

-0.080

(-0.11–0.07)

0.629

BMI 0.073

(-0.25–0.39)

0.660

0.145

(-8.31–21.29)

0.380

-0.010

(-0.009–0.008)

0.953

Previous

fractures

0.007

(-3.07–4.67)

0.68

0.045

(-155.5–204.69)

0.78

0.085

(-0.08–0.13)

0.605

Family history

of fractures

NA NA NA

Secondary

causes of

osteoporosis

-0.016

(-4.25–3.86)

0.922

-0.076

(-230.8–145.3)

0.648

0.013

(-0.10–0.11)

0.939

Corticosteroids -0.130

(-5.59–2.46)

0.446

0.054

(-157.8–218.9)

0.744

-0.228

(-0.18–0.03)

0.162

Rheumatoid

arthritis

0.074

(-5.46–3.47)

0.654

0.074

(-161.1–253.5)

0.654

-0.186

(-0.18–0.05)

0.257

Smoking -0.323

[-8.57–(-0.10)]

0.045*

-0.323

[-8.56–(-0.10)]

0.045*

-0.244

(-353.0–49.4)

0.135

-0.403

[-457.7-(-45.1)]

0.018*

-0.302

(-0.22–0.00)

0.061

-0.416

[-0.26–(-0.36)]

0.011*

Alcohol intake NA NA NA

Values obtained by linear regression analyses for bone mechanical behavior outcomes. Multivariate analysis by backward selection was

performed adjusting for the covariates listed in the table

NA variable frequency B5 %

BMI body mass index, CI confidence interval

* p \ 0.05
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patients is trabecular stiffness, in accordance with several

studies comparing trabecular bone mechanical properties

between hip fragility fracture and osteoarthritis which

found significant differences regarding trabecular strength,

stiffness and toughness [37–41]. However, in these studies

CRFs were not taken into account. Furthermore, Ciarelli

et al. [42] performed a study comparing trabecular

mechanical behavior between hip fragility fracture patients

and cadavers, which also showed differences. In all these

previous studies the differences between groups were lost

when adjusted for aBMD but details regarding CRFs were

not captured and included in the data analysis. In our study

we tried to take a step forward and aimed at determining

whether individual CRFs could predict trabecular bone

mechanical behavior in hip fragility fracture patients. We

documented that, in hip fragility fracture patients, smoking

habits and female gender were independently associated

with lower stiffness. Furthermore, current smoking was the

only predictor of worse trabecular strength and toughness.

We did not find significant differences in aBMD between

smokers and non-smokers, indicating that the smoking

effect on trabecular bone intrinsic properties seems to be

independent of aBMD. Corroborating this data, a recent

meta-analysis found that low aBMD accounted for only

23 % of the smoking-related risk of hip fracture [17]. In

fact, studies in animal models revealed that nicotine had an

effect on lowering bone strength but not on aBMD [43].

Finally, we studied the association between the 10-year

risk of major and hip fracture and trabecular bone

mechanical performance. We demonstrated that in hip

fragility fracture patients the 10-year risk of fracture using

CRFs with different weights as in the FRAX tool reflects

only lower bone mass but not trabecular mechanical

properties. It is however necessary to bear in mind that

these results were obtained based on an analysis of hip

replacement surgery patients due to fragility fracture, who

are elderly patients with high a prevalence of previous

fragility fractures and are not representative of the general

population.

To the best of our knowledge, this is the first report

evaluating intrinsic trabecular bone hip properties, using

ex-vivo mechanical tests and correlating these results with

epidemiological and clinical factors that integrate FRAX in

a population of patients with fragility fractures.

In summary, our data showed that among fragility

fracture patients current smoking habit is a predictor of

worse intrinsic trabecular mechanical performance and that

female gender is associated with lower stiffness. Moreover,

in this population, the 10-year risk of fracture only reflects

bone mass loss but not trabecular mechanical properties.
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