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Abstract In the absence of a fragility fracture, osteo-

porosis is usually diagnosed from bone mineral density

(BMD) measured by dual-energy X-ray absorptiometry

(DXA). Osteoporosis is an increasingly prevalent disease,

as is diabetes [in particular type 2 diabetes (T2D)], in part

due to aging populations worldwide. It has been suggested

that an increased risk of fracture may be another compli-

cation ensuing from longstanding diabetes. The purpose of

this review is to concentrate on skeletal parameters and

techniques readily available from DXA scanning, and their

utility in routine clinical practice for predicting fracture

risk. In addition to BMD, other applications and measures

from DXA include trabecular bone score (TBS), skeletal

geometry and DXA-based finite-element analysis, vertebral

fracture assessment, and body composition. In type 1 dia-

betes (T1D), BMD and FRAXR (when secondary osteo-

porosis is included without BMD) only partially account

for the excess risk of fracture in T1D. Consistent data exist

to show that BMD and FRAXR can be used to stratify

fracture risk in T2D, but do not account for the increased

risk of fracture. However, several adjustments to the FRAX

score can be made as proxies for T2D to inform the use of

FRAX by primary care practitioners. Examples include

using the rheumatoid arthritis input (as a proxy for T2D),

lumbar spine TBS (to adjust FRAX probability) or an

altered hip T-score (lowered by 0.5 units). These adjust-

ments can improve fracture risk prediction in T2D and help

to avoid systematically underestimating the risk of osteo-

porosis-related fractures in those with diabetes.

Keywords Diabetes � Fracture risk � Osteoporosis � Dual-
energy X-ray absorptiometry � FRAX � Bone geometry

Introduction

In the absence of a fragility fracture, osteoporosis is usually

diagnosed from bone mineral density (BMD) measured by

dual-energy X-ray absorptiometry (DXA). Osteoporosis is

defined as a BMD that is 2.5 or more standard deviations

(SD) below the young adult mean population (T-

score B -2.5), with the proposed reference standard rely-

ing on BMD measured at the femoral neck with DXA and a

uniform reference database (National Health and Nutrition

Examination Survey [NHANES] III for white women aged

20–29 years) [1]. BMD measurement from DXA provides

a robust estimate of fracture risk in the general population,

increasing 1.4–2.6-fold for every SD decrease in BMD

[2, 3].

Osteoporosis is an increasingly prevalent disease, in part

due to aging populations worldwide [4]. Diabetes is also

increasing globally, particularly type 2 diabetes (T2D)

which predominates in older individuals and encompasses

ninety percent of all diabetes cases, in large part as a

consequence of the obesity epidemic. Between 1988–1994

and 2011–2012 there was a linear increase in the estimated

prevalence of diabetes among US adults that reached

12–14 %, concordant with the observed increasing trend in

obesity [5].

In addition to well-established micro- and macrovascu-

lar complications associated with long-term duration and

poor control of diabetes, type 1 diabetes (TID), and more
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recently T2D, has been associated with increased fracture

risk [6]. This is despite the fact that BMD is actually

increased in T2D [7, 8], leading to the hypothesis that there

are diabetes-associated alterations in skeletal properties

which include an accumulation of advanced glycosylation

end products (AGEs) in the organic bone matrix. AGE

crosslinks lead to the formation of bone that is biochemi-

cally more brittle and may decrease bone formation on the

whole by interfering with normal osteoblast development

and function [9, 10]. The cortical component of bone

appears to be compromised in T2D [11], while data are

mixed regarding effects on trabecular bone mass and

structure [12].

This review concentrates on skeletal parameters and

techniques available from DXA. In addition to BMD, other

applications and measures from DXA include trabecular

bone score (TBS), bone geometry, vertebral fracture

assessment (VFA), and body composition. A systemic

search of PubMed to August 15, 2016) was performed

using the keywords ‘‘osteoporosis’’, ‘‘fracture risk’’, ‘‘dia-

betes’’, and ‘‘densitometry’’. Inclusion criteria were epi-

demiological studies (cross-sectional, cohort or case

control) that provided data on fracture risk in patients with

T1D or T2D compared to a control group without diabetes.

Information was used to address the following clinical

questions: (1) Does the skeletal parameter (or technique)

differ between those with and without diabetes? (2) Is the

skeletal parameter (or technique) associated with fracture

risk in those with diabetes? (3) Does the skeletal parameter

(or technique) account for excess fracture risk in those with

diabetes?

Bone Mineral Density

General Background

DXA is the most commonly used technique to diagnose

osteoporosis, predict fracture risk, and monitor response to

therapy. Denser tissue (i.e., bone) contains more electrons

and therefore allows fewer X-rays to reach the detector.

Differential attenuation of X-rays as they pass through

body tissue can be analyzed to determine the amounts of

bone and soft tissue, and allows for quantification of BMD.

Radiation exposure to the patient is extremely small, and

on the order of one day’s background.

Unfortunately, there are technical issues inherent in

DXA that may affect accuracy. BMD measurements

assume that bone is a uniform solid, and do not consider

size, shape, and the distribution of bone material [13].

Furthermore, DXA-measured bone density does not allow

for separation of the cortical or trabecular bone compart-

ments. Substantial BMD measurement error can arise from

nonuniform extraosseous fat, of potential relevance in

patients with increased BMI [14–16]. Additionally, dis-

cordant change after bariatric surgery can affect longitu-

dinal studies [17]. As well, aortic calcifications, vertebral

compression fractures, osteophytes, and other degenerative

changes may artificially increase BMD results [18, 19].

Greater body weight has historically been assumed to

protect against skeletal mechanical incompetence largely

based on DXA data that consistently show higher BMD in

overweight and obese adults. A meta-analysis of nearly 400

000 individuals found a significant positive correlation

between BMI and BMD (r = 0.33; 95 % CI 0.32–0.33)

[20]. The same study found that the association between

BMI and fracture risk was complex and differed across

skeletal sites. Overall, higher BMI was associated with a

reduced risk of all osteoporotic fractures. However, after

adjustment for BMD, greater BMI was only protective for

hip fractures.

Type 1 Diabetes

Studies have suggested that T1D is associated with alter-

ations in bone turnover, (namely metabolic effects of poor

metabolic control leading to increased bone resorption and

bone loss in young adults, coupled with decreased bone

formation retarding bone accumulation during growth),

ultimately leading to the development of osteopenia

[21, 22]. Indeed, reduced bone density in T1D as compared

to normal controls has been demonstrated in a meta-anal-

ysis performed by Vestergaard [7]. A significant reduction

in BMD z score (comparison of the subject’s BMD to the

age-/sex-matched controls) was seen at the hip (mean ± -

SEM -0.37 ± 0.16) and at the lumbar spine

(-0.22 ± 0.01). Meta-regression did not identify a con-

sistent relationship between BMD and age, BMI, diabetes

duration, or HbA1c. However, other studies have found the

following factors may be associated with lower BMD in

T1D: male gender, longer duration of disease, younger age

at diagnosis, lower endogenous insulin or c-peptide levels,

low BMI, and possibly the presence of chronic diabetes

comorbidities or associated autoimmunity [23–28].

The decreased BMD reported in subjects with T1D only

partially explains the observed higher fracture risk in these

patients. T1D has also been found to be associated with a

relative increased risk for hip fracture on the order of a

6.4–6.9-fold compared to individuals without diabetes

[6, 7], which vastly exceeds the relative risk of 1.42

expected from the magnitude of the BMD reduction.

Overall, the increase in fracture risk was higher, while

BMD was lower in patients with T1D as compared to

controls. Decreased BMD only partially accounts for the

increased fracture risk in T1D, suggesting a multi-factorial

etiology.
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Longitudinal studies of BMD in T1D are sparse. Mas-

trandrea et al. reported on 63 women with T1D compared

to 85 age-matched community control subjects at baseline

[29] and after 2 years of follow-up [28]. After adjustment

for age and BMI, baseline BMD values were significantly

lower at the femoral neck and at the lateral spine in women

greater than 20 years of age, as compared with the baseline

BMD values of the controls. However, there was no sig-

nificant difference in women younger than 20 years nor at

the anteroposterior spine, forearm, or whole body. BMD at

year 2 continued to be lower at the total hip, femoral neck,

and whole body in women older than 20 years with T1D as

compared to the control subjects, after adjusting for age,

BMI, and oral contraceptive use. Lower BMD was also

observed in T1D cases \20 years of age compared to

control subjects, but these differences were not statistically

significant. Percent change in BMD was not significantly

different for any site or age, but the study may have been

underpowered to detect such changes. The authors con-

cluded that persistence of low BMD, as well as the failure

to accrue bone density after age 20 years, might contribute

to the increased incidence of osteoporotic hip fractures in

postmenopausal women with T1D.

Strotmeyer et al. [30] studied 67 premenopausal women

aged 35–55 years with T1D and 237 women without dia-

betes. Women with T1D were more likely to report a

fracture after age 20 than non-diabetic women (33.3 vs.

22.6 %; age-adjusted odds ratio 1.89 [95 % CI 1.02–3.49]).

T1D was associated with lower total hip BMD (0.890 vs.

0.961 g/cm2; p\ 0.001), femoral neck BMD (0.797 vs.

0.847 g/cm2; p = 0.001), and whole body BMD (1.132 vs.

1.165 g/cm2; p\ 0.01). Spine BMD was not significantly

different between groups. Although self-reported fracture

prevalence was higher in women with T1D than controls,

the ability of BMD to stratify fracture risk in T1D was not

reported.

Sex-specific decrease in BMD has also been reported in

T1D. A 5-year prospective study revealed a longitudinal

decrease in femoral neck BMD in 17 males with T1D (but

not other skeletal sites), whereas no BMD change was

detected among females with T1D (though the study was

underpowered and did not formally assess for a sex inter-

action) [31]. However, another cross-sectional study

looking at 25 females and 35 males with T1D identified a

significant gender interaction (p = 0.0285) with reduced

femoral shaft BMD in females only [25].

Leidig-Bruckner et al. [32] studied 398 consecutive

diabetes patients from a single outpatient clinic, of whom

139 (71 men and 68 women) had T1D. Lumbar spine BMD

and femoral neck BMD were significantly lower in those

with fractures compared to those without fractures

(p\ 0.02 and p\ 0.03, respectively), while age, BMI,

diabetes duration, and HbA1c levels were similar. Most

T1D patients with fractures had T-scores greater than -2.5

SD.

Overall, the increase in fracture risk in T1D, despite

variations in BMD, gives credence to the hypothesis that

factors independent of, or not accounted by BMD, con-

tribute to the increased relative risk for fractures. BMD

measurements are slightly lower in individuals with T1D,

but this only partially account for the excess fracture risk.

To date, no studies have been adequately powered to

examine fracture prediction from BMD in T1D. Indeed,

even data on the ability of BMD to stratify prior fracture

status are sparse.

Type 2 Diabetes

Type 2 diabetes undoubtedly influences bone metabolism,

but the effect of T2D on BMD is inconsistent across

individual studies. There is robust evidence from meta-

analyses for increased fracture risk in T2D [6, 7] despite

normal or even high BMD at both the hip and spine [7, 8].

In the meta-analysis performed by Vestergaard [7], and in

contrast with T1D, T2D was associated with an increased z

score at the hip (mean ± SEM ?0.27 ± 0.01) and at the

lumbar spine (?0.41 ± 0.01). A meta-regression con-

firmed that BMI was strongly associated with hip BMD

(regression coefficient ± SEM 0.40 ± 0.08) and lumbar

spine BMD (0.34 ± 0.10) in T2D (but not age, duration of

diabetes, or HbA1c) [7]. Of interest, the higher BMD in

T2D persists after adjusting for BMI [33]. An updated

meta-analysis by Ma et al. [8] included 15 observational

studies containing over 3000 T2D subjects and 19,000

controls. BMD in T2D was significantly higher, with

pooled mean differences of 0.04 (95 % CI 0.02–0.05) at the

femoral neck, 0.06 (95 % CI 0.04–0.08) at the hip, and

0.06 (95 % CI 0.04–0.07) at the spine.

Vestergaard [7] reported an increased age-adjusted rel-

ative risk for hip fracture of 1.38 (95 % CI 1.25–1.53) in

T2D compared to healthy controls. There was a borderline

increase in wrist fracture risk, but not in non-vertebral and

spine fractures. The meta-analysis from Janghorbani et al.

[6] found a slightly stronger effect of T2D on hip fracture

risk (summary RR = 1.7, 95 % CI 1.3–2.2), but most

effect estimates for fractures at other sites were not sta-

tistically significant. Most subsequent studies have

demonstrated increased age-adjusted rates of hip fracture.

The expected relative risk of hip fracture in T2D based

upon the magnitude of the BMD elevation is 0.7 (i.e., 30 %

lower risk). This paradox highlights the difficulty in relying

on BMD to assess fracture risk in T2D, and the importance

of BMD-independent determinants of skeletal strength and/

or fracture risk.

Combined results from three large prospective obser-

vational studies found that the fracture risk for any given
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femoral neck BMD T-score and age was increased in type 2

diabetic patients compared to those without diabetes [34].

For hip fracture, the mean difference in femoral neck T-

scores comparing those with and without DM at the same

fracture risk was approximately 0.5 SD (0.59, 95 % CI

0.31–0.87 in women, 0.38, 95 % CI 0.09–0.66 in men).

Despite systematically higher fracture risk attributable to

T2D, age-adjusted hazard ratios (HRs) per SD decrease in

BMD predicted hip fracture and non-spine fracture equally

well in those with and without T2D. For example, in

women with T2D the HR was 1.88 (95 % confidence

interval [CI], 1.43–2.48) for hip fracture and 1.52 (95 % CI

1.31–1.75) for non-spine fracture, versus 2.23 (95 % CI

2.06–2.41) for hip fracture and 1.53 (95 % CI 1.47–1.60)

for non-spine fracture in women without T2D. Napoli et al.

[35] demonstrated an increased risk of non-vertebral frac-

ture for a given BMD in a study of 5994 men C65 years of

age, 881 with diabetes. In this study, the multivariate-ad-

justed risk of non-vertebral fracture was found to be 30 %

higher in men with diabetes for a given BMD (HR 1.30,

95 % CI 1.09–1.54). The effect of diabetes was no longer

significant when additionally adjusted for falls in the prior

year. Diabetic men receiving insulin treatment had nearly

double the risk of fractures compared to those without

diabetes, after adjustment for covariates, including age,

race, clinic site, and total hip BMD (HR 2.46, 95 % CI

1.69–3.59).

de Liefde et al. [33] studied 6,655 men and women over

the age of 55 from the Rotterdam Study, comparing sub-

jects with T2D to those without diabetes. Subjects with

T2D had higher BMD (even after adjustment for BMI and

other covariates). They also had an increased non-vertebral

fracture risk (HR 1.33, 95 % CI 1.00–1.77), although in a

subset analysis this appeared to be restricted to those with

treated diabetes. The ability of BMD to predict fracture risk

in T2D was not reported.

Bonds et al. studied a racially diverse group of 93 676

women with clinically diagnosed T2D (n = 5285) at

baseline in the Women’s Health Initiative Observational

Cohort (a prospective study of postmenopausal women)

and compared them with women without diagnosed dia-

betes (n = 88,120) [36], including a subsample of women

with available baseline BMD scores. Women with T2D had

higher hip and spine BMD as compared to the controls, but

the increased risk of fracture remained after adjustment for

BMD (HR 1.82, 95 % CI 0.90–3.64).

Leslie et al. [37] conducted an observational registry-

based study of 62,413 older individuals (6.455 [10 %] with

diabetes, mean age 66.5 years) with 4,218 sustaining one

or more incident major osteoporotic fractures (hip, clinical

spine, humerus, or forearm) and 1108 sustaining incident

hip fractures during follow-up. Femoral neck BMD was

significantly greater in those with diabetes (p\ 0.001). For

major osteoporotic fracture prediction, the adjusted HR per

SD decrease in femoral neck T-score in those individuals

without diabetes (1.68, 95 % CI 1.61–1.75) was similar to

those with diabetes (1.60, 95 % CI 1.44–1.79; p-for-in-

teraction 0.456). Each SD decrease in femoral neck T-

score strongly predicted hip fracture in those without dia-

betes (HR 2.17, 95 % CI 1.98–2.38) and in those with

diabetes (2.15, 95 % CI 1.75–2.6; p-for-interaction 0.956).

In summary, lower BMD is strongly predictive of

fractures in those with T2D, just as it is in the general

population, and remains an important and useful compo-

nent of fracture risk assessment. However, the increased

fracture risk associated with T2D is not fully captured by

BMD that is paradoxically higher, even after adjustment

for the BMI. Figure 1 illustrates a conceptual basis for

diabetes-induced osteoporosis (DIO). Analogous to gluco-

corticoid-induced osteoporosis (GIO), there is a large

component of fracture burden that is attributable to age-

related osteoporosis. T2D upshifts the BMD–fracture

relationship such that there is an increase in fracture risk

above that predicted from BMD alone, resulting in the

additional fracture burden attributable to T2D.

Skeletal Geometry

General Background

Most fractures occur in patients without a BMD T-score

diagnosis in the osteoporotic range, and this indicates the

presence of factors beyond BMD that compromise bone

strength and predisposes individuals to fracture. Several

studies have shown that variation in hip geometry affects

fracture risk, in accordance with engineering principles

[38]. Routinely available measurements of hip geometry

through hip structural analysis (HSA) and related

Fig. 1 Conceptual framework for diabetes and fractures. The light

gray region below the solid line indicates the fracture burden

attributable to osteoporosis; the dark gray region between the dotted

and solid lines indicates the additional fracture burden attributable to

diabetes. Data are from Leslie et al. [68]
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techniques are highlighted below and include hip axis

length (HAL), neck-shaft angle, cross-sectional area

(CSA), and cross-sectional moment of inertia (CSMI).

Investigational, strength-based parameters derived from

DXA-based finite-element analysis (FEA)/finite-element

analysis of X-ray (FEXI) show promise but are not yet

available as clinical tools [39–42].

A systematic review and evidence-based Position

Development Conference based upon the RAND/UCLA

Appropriateness Method concluded that only HAL had

potential for fracture risk assessment in clinical practice

[38]. Two large retrospective registry-based studies from

the Manitoba Bone Density Program examined skeletal

geometry in the general population. The first study evalu-

ated 50,420 women aged 40 years and older with hip

geometry measures from DXA and FRAX scores, among

whom 1020 hospitalized hip fractures were diagnosed

during 319,137 person-years of follow-up [43]. Among the

hip geometry measures, longer HAL showed a consistent

association with greater hip fracture risk, and this was

unaffected by adjustment for age and BMD or FRAX score

(HR per SD 1.30, 95 %CI 1.22–1.38). Many other hip

geometry measurements were also associated with hip

fracture risk when adjusted for age alone, but no longer

provided significant information after BMD adjustment.

The HAL findings were further evaluated in an expanded

cohort that included 4738 men in a subsequent study [44].

When adjusted for FRAX hip fracture probability, longer

HAL increased hip fracture risk in men (p = 0.031) and in

women (p\ 0.001); this association was unaffected by sex

(p interaction = 0.409). The authors proposed a simple

adjustment to FRAX hip fracture probability: relative in-

crease in hip fracture probability 4.7 % for every mm that

HAL is above the sex-specific average, relative decrease in

hip fracture probability 3.8 % for every mm that HAL is

below the sex-specific average. However, this approach has

not yet been replicated in other cohorts or in patients with

diabetes. Although there is no reason to suspect that HAL

differs in patients with diabetes, differences in fall

mechanics and/or trochanteric fat padding may alter the

usefulness of HAL in T1D or T2D.

A sophisticated engineering approach to skeletal

strength assessment is DXA-based FEA/FEXI, which so far

has also not yet been evaluated in diabetes [39–42, 45–47].

FEA solves mathematical models, based upon bone shape

and density distribution embedded in the DXA images, to

predict how the structure will react to stress when loaded.

One DXA-derived FEA model has been shown to enhance

the prediction of hip fracture compared with BMD alone:

after adjusting for hip BMD, the odds ratio for femoral

strength (OR 1.7, 95 % CI 1.2–2.4) and low-to-strength

ratio (OR 1.4, 95 % CI 1.1–1.7) remained significantly

greater than 1 [40].

Type 1 Diabetes

Unfortunately, there is a paucity of clinical studies

specifically examining the geometric properties of bone

strength in T1D. Maser et al. [26] investigated the associ-

ation of age at onset of T1D with BMD, estimates of bone

strength (cross-sectional area [CSA]) and bending strength

(section modulus [SM]) in 60 adults (35 men and 25

women) with T1D. In covariate-adjusted models with CSA,

SM or outer diameter as the dependent variable, age at

diabetes onset (p\ 0.01) and gender (p\ 0.0001) showed

significant associations without gender interaction. These

findings suggested that earlier onset of T1D is associated

with lower measures of bone strength.

A small study by Miazgowski et al. [24] compared the

BMD, HAL, and CSA and cross-sectional moment of

inertia (CSMI) in 36 men with T1D with age-, weight- and

height-matched healthy controls. While men with T1D had

lower spine BMD (p\ 0.05), hip BMD and the hip

geometry were not significantly different. BMD and hip

strength parameters did not correlate with HbA1c.

To date, there have been no evaluations of hip geometry

in T1D patients with fracture (prevalent or incident) as the

outcome. Although skeletal geometry appears to be

decreased in patients with T1D, there is insufficient

information to determine whether bone geometry con-

tributes to the excess fracture risk in T1D.

Type 2 Diabetes

As with T1D, there are few studies evaluating hip structure

in T2D, and none with fracture as an outcome. Garg et al.

[48] studied 5,924 postmenopausal women enrolled in the

Women’s Health Initiative Observational Study (WHI-OS),

of whom 427 had diagnosed T2D. Although BMD and

many of the HSA-derived measures were higher in the

women with T2D, after adjusting for multiple confounders

(including total lean body weight) the differences disap-

peared. CSA and BMD normalized to lean body mass were

lower in T2D women on insulin compared with controls, or

non-insulin-treated women with T2D. The latter was sug-

gested to represent altered adaptation of bone modeling and

explain the higher fracture risk in patients with T2D, but no

fracture data were provided to support this. In a cross-

sectional study of 134 men and women with non-insulin

requiring T2D, Moseley et al. [49] found that lean mass

(but not fat mass) was positively correlated with BMD and

HSA-derived measurements (CSA, SM, and buckling

ratio).

Hamilton et al. [50] analyzed 3658 women (157 with

T2D) with hip geometry and HSA data enrolled in the

Canadian Multicentre Osteoporosis Study (CaMos). Based

upon engineering beam theory, stresses were determined to
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be 4.5 % higher in women with T2D than in women

without diabetes (11.03 ± 0.18 MPa versus 10.56 ±

0.04 MPa, p = 0.0093). Higher stresses indicate weaker

geometry and the presence of an impaired skeletal load

response.

In a cross-sectional analysis from the Study of Women’s

Health Across the Nation (SWAN), Ishii et al. [51] studied

1887 women (including 81 with T2D) and found that

despite the fact that women with T2D had greater BMD

than controls at the femoral neck, they had lower composite

strength indices relative to load (-0.20 SD, 95 % CI -0.38

to-0.03 SD for compression,-0.19 SD, 95 % CI-0.38 to

-0.003 SD for bending, and -0.19 SD, 95 % CI -0.37 to

-0.02 SD for impact). Homeostasis model-assessed insulin

resistance (HOMA-IR) showed an inverse relationship with

all three strength indices (adjusted for the same covariates).

Akeroyd et al. [45] studied 1137 men (12.5 % with T2D)

and found no significant association between T2D and

HSA-based geometry measurements of strength. However,

other studies have shown the opposite, with a tendency

toward increased bone strength in T2D but similar load-to-

strength ratios due to greater weight in those with T2D [52].

As with T1D, the clinical utility of skeletal strength

measurements derived from bone geometry for fracture

prediction in T2D is unknown. We cannot comment on

whether skeletal geometry is associated with increased

fracture risk nor whether it accounts for excess fracture risk

in T2D. Longitudinal cohort studies are needed to see

whether these indices can help to understand and better

predict risk for hip fracture in T2D.

Trabecular Bone Score (TBS)

General Background

The trabecular bone score (TBS) is a texture parameter that

evaluates pixel gray-level variations in the spine DXA

image and can be used to enhance fracture risk predictions

independent of BMD [53]. TBS provides an indirect index

of trabecular architecture [54]. A dense trabecular network

that is associated with greater mechanical bone strength

will produce many gray-level texture variations of small

amplitude, resulting in a steep variogram slope. A low TBS

value indicates fewer gray-level texture variations of larger

amplitude and therefore a lower slope, suggesting worse

bone structure. The original TBS software was optimized

for women. Over time, there have been changes to the

algorithm that have helped to improve performance in men

and partially compensate for the effects of increased

abdominal soft tissue that degrade image quality (reviewed

in Leslie et al.) [55]. Due to persisting dependencies on

abdominal soft tissue and BMI, the manufacturers

discourage use of TBS in individuals with BMI\ 15

or[ 37 kg/m2.

In a large registry-based cohort of 29,407 women, Hans

et al. [56] demonstrated that there was a significantly lower

lumbar spine TBS as well as BMD in women with incident

major osteoporotic, spine, and hip fractures (all

p\ 0.0001). Spine TBS and spine BMD predicted frac-

tures equally well and the combination was superior to

either measurement alone (p\ 0.001). From the same

database, the impact of TBS on the probability of fracture

above that provided by the clinical risk factors utilized in

FRAX was determined in 33,352 women aged 40–99 years

[57]. When fully adjusted for FRAX risk variables, TBS

remained a significant predictor of MOF excluding hip

fracture (HR/SD 1. 18, 95 % CI 1.12–1.24), hip fracture

(HR/SD 1.23, 95 % CI 1.09–1.38), and death (HR/SD 1.20,

95 % CI 1.14–1.26). Using these data, models were derived

to adjust MOF and hip fracture probability accounting for

TBS (that included an age interaction) with death consid-

ered as a competing event.

A recent meta-analysis by McCloskey et al. [59] con-

firmed that TBS predicted fracture risk independently of

FRAX probability and examined their combined perfor-

mance by adjusting the FRAX probability for TBS based

upon the previous Manitoba cohort [57]. Data were col-

lected on 17,809 subjects (59 % women, 41 % men) from

14 prospective population-based cohorts. Outcomes during

follow-up (mean 6.7 years) comprised major osteoporotic

fractures. Overall, the gradient of risk (GR; hazard ratio per

SD decrease) of TBS for major osteoporotic fracture was

1.44 (95 % CI 1.35–1.53) when adjusted for age and time

since baseline. When additionally adjusted for FRAX

10-year probability of major osteoporotic fracture, TBS

remained a significant, independent predictor for fracture

(GR 1.32, 95 % CI 1.24–1.41), with similar results in men

and women. The authors concluded that TBS is a signifi-

cant predictor of fracture risk independent of FRAX and

supported the use of TBS as a potential adjustment for

FRAX probability. Based upon these studies, the output of

FRAX can now be adjusted for TBS through the online

FRAX calculator (https://www.shef.ac.uk/FRAX/).

Type 1 Diabetes

Data on lumbar spine TBS in T1D are sparse. In a cross-

sectional study by Neumann et al. [59], there was a border-

line reduction in mean TBS between diabetic patients (60

females and 59 males, mean age 43.4 years) and non-dia-

betic, gender-, age- and BMI-matched controls (1.357 ±

0.129 vs. 1.389 ± 0.085, respectively, p = 0.075). The

adjusted odds ratio (aOR) for lumbar spine TBS in the lowest

tertile (vs. highest tertile reference) was significantly above 1

in the comparison between T1D patients and controls (aOR
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2.59, 95 % CI 1.08–6.21, p = 0.033). In contrast, the aORs

for BMD at the lumbar spine, femoral neck, or total hip did

not differ between the two groups. T1D patients with

prevalent fractures had significantly decreased TBS as

compared to controls (1.309 ± 0.125 vs. 1.370 ± 0.127,

p = 0.04). TBS and HbA1c were independently associated

with prevalent fractures in T1D. A TBS cutoff of \1.42

captured prevalent fractures with 91.7 % sensitivity, 43.2 %

specificity, and negative predictive value of 95.3 %. The

high TBS cutoff in comparison with other studies probably

reflects the relatively young age of the study subjects. The

ROC curve showed that only TBS and total hip BMD sig-

nificantly differentiated between diabetic patients with and

without fractures (area under the curve [AUC] 0.63, 95 %CI

0.51–0.74, p = 0.048 and AUC 0.64, 95 % CI 0.51–0.78,

p = 0.032, respectively). When lumbar spine TBS and total

hip BMD values were combined, the AUC increased to 0.68

(95 % CI 0.55–0.81, p = 0.007), suggesting that TBS had

additive value to BMD.

No studies to date have assessed the utility of lumbar

spine TBS for fracture prediction in T1D. TBS does appear

to differ in patients with T1D as compared to healthy

controls and is independently associated with prevalent

fractures. However, we cannot state whether TBS accounts

for excess fracture risk in those with diabetes.

Type 2 Diabetes

In general, TBS has been found to be lower in patients with

T2D as compared to controls without diabetes, even after

adjustment for BMI [57, 60]. Leslie et al. [57] performed a

retrospective cohort study of 29,407 women 50 years and

older (2,356 with diabetes presumed to be predominantly

T2D) using BMD results from a large clinical registry for

the province of Manitoba, Canada. Diabetes was associated

with higher BMD at all sites, but in contrast, lower lumbar

spine TBS in both unadjusted and covariate-adjusted

models (all p\ 0.001). Lumbar spine TBS was found to be

an equally strong BMD-independent predictor of fracture

both in women with diabetes (adjusted hazard ratio 1.27,

95 % CI 1.10–1.46) and without diabetes (hazard ratio

1.31, 95 % CI 1.24–1.38). Overall fracture risk stratifica-

tion from lumbar spine TBS (AUROC 0.63, 95 % CI 0.61

to 0.64) was similar to lumbar spine BMD (AUROC 0.64,

95 % CI 0.63 to 0.65), and neither showed a significant

difference between women with and without diabetes. The

effect of diabetes on fracture risk was reduced when lum-

bar spine TBS was added to prediction models with or

without BMD measurements. This suggests that lumbar

spine TBS captures some of the fracture risk associated

with diabetes and that combining lumbar spine TBS with

BMD may incrementally improve fracture prediction in

older women with diabetes.

Other studies have confirmed that TBS is lower in T2D.

Kim et al. [61] studied 1529women (370with T2D) and 1229

men (325 with T2D) age[50 years old. This cross-sectional

study reported that TBS was significantly lower in the men

with than those without diabetes (1.287 ± 0.005 vs.

1.316 ± 0.003, respectively, p\ 0.001), which persisted

after adjustment for age and BMI. Lower TBS seen in women

with diabetes in unadjusted analysis did not persist after

covariate adjustment (though it did in women younger than

65 years as in other studies). Conversely, BMDwas increased

in both women and men with diabetes in both adjusted and

unadjusted models. In both groups, TBS was inversely asso-

ciated with HbA1c, fasting plasma glucose, fasting insulin,

and homeostatic model assessment: insulin resistance

(HOMA-IR), even after adjusting for age and BMI.

Finally, Dhaliwal et al. [60] also performed a small ret-

rospective cross-sectional study investigating TBS in 57

women with T2D and 43 controls without diabetes, ages

30–90 years old. Mean TBS was lower in T2D

(1.228 ± 0.140 vs. 1.298 ± 0.132, p = 0.013), while mean

BMD was higher (p = 0.001). Within the T2D group, TBS

was higher in subjects with good glycemic control

(HbA1c B 7.5 %) compared to those with poor glycemic

control (1.254 ± 0. 148 vs. 1.166 ± 0.094, p = 0.01).

In summary, several studies have shown that that spine

and hip BMD is higher, but lumbar spine TBS is lower, in

T2D as compared to controls without diabetes, in both

women and men. In addition, TBS predicts MOF in post-

menopausal women with and without diabetes. TBS scores

in T2D are lower and are associated with fracture risk.

Therefore, TBS appears to at least partially account for

excess fracture risk in T2D though further work is needed

to better understand the effects of abdominal obesity and

BMI on TBS measurements in this population.

Vertebral Fracture Assessment (VFA)

General Background

Vertebral fracture assessment (VFA) by DXA is a rapid,

low-radiation method for visualizing the thoracic and

lumbar spine to detect vertebral fractures [62]. It has been

established that the presence of morphometric vertebral

fractures increases the risk of subsequent spinal or hip

fractures, independently of BMD [63, 64]. Therefore, the

value of VFA is to detect asymptomatic vertebral fractures

in order to intervene and prevent subsequent clinical frac-

tures (both vertebral and non-vertebral). There is clinical

utility in selectively performing VFA at the time of DXA

scanning in those with a sufficiently high pretest likelihood

for having an asymptomatic vertebral fracture as the

examination can be obtained at the same time as BMD
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measurement, at lower cost and radiation exposure than

with conventional radiographs of the spine [65, 66]. VFA

has good sensitivity (87–93 %) and specificity (93–95 %)

for detecting moderate and severe vertebral fractures, but

lower performance for identifying mild fractures (often of

uncertain clinical significance) and in the presence of

scoliosis or osteoarthritis [67].

Type 1 Diabetes

There is limited evidence for the use of VFA in fracture

risk prediction in T1D. A cross-sectional study by Zhuk-

ouskaya et al. [31] assessed 82 TID patients (26 males and

56 females) and 82 controls. T1D patients had a higher

prevalence of vertebral fractures (any grade) than controls

(24.4 vs. 6.1 %, p = 0.002). Age, diabetes duration, age at

diabetes diagnosis, HbA1c, lumbar spine and femoral neck

z score, and prevalence of chronic complications were

similar for patients with and without vertebral fracture.

There was a significant association between T1D and

vertebral fracture in the logistic regression models (ad-

justed OR 4.20, 95 % CI 1.40–12.70, p = 0.01). The study

was underpowered for examining higher grade vertebral

fractures. The authors concluded that there is a higher

prevalence of morphometric vertebral fractures assessed by

VFA. Other studies are needed to confirm this small study

and prospectively determine whether VFA has the ability

to predict clinical fractures in T1D (both subsequent ver-

tebral fractures and/or other clinical fractures) and capture

the excess fracture risk associated with this condition.

Type 2 Diabetes

There are no published studies examining VFA in T2D.

There is no reason to doubt that vertebral fractures are not

important to detect in T2D, as a previous study by Leslie

et al. [68] demonstrated that prior vertebral fracture pre-

dicts future MOF and hip fracture equally well in women

diabetes and without diabetes. However, it is also worth

noting that VFA image quality is degraded in obese

patients, especially with older generation DXA scanners,

which may affect test performance. As with T1D, the

ability of VFA to predict clinical fractures and capture the

excess fracture risk in T2D remains uncertain.

Body Composition

General Background

Body mass index (BMI) is frequently used to assess for

overweight and obesity. However, BMI may erroneously

categorize risk in some individuals, as it does not account

for body composition or fat distribution [69, 70]. DXA is a

well-validated technique for body composition analysis

[71]. More recently, methods have been developed to

estimate visceral adipose tissue (VAT) from DXA, a

metabolically active pathogenic fat depot that is implicated

in insulin resistance and T2D. In a cross-sectional study

using GE/Lunar VAT, it was shown that greater trochan-

teric soft tissue thickness, which may protect against hip

fracture through reduced force transmission during side-

ways fall, could be estimated from conventional spine and

hip DXA scans [72].

Lean and fat mass differentially affect the skeleton. Ho-

Pham et al. [73] performed a meta-analysis of 44 studies

involving 20,226 men and women to examine the associ-

ation between lean mass, fat mass, and BMD. The corre-

lation between lean mass and femoral neck BMD was 0.39

(95 % CI 0.34–0.43), which was significantly higher than

the correlation between fat mass and femoral neck BMD

(0.28, 95 % CI 0.22–0.33). However, in postmenopausal

women the effects of lean mass and fat mass on BMD were

comparable.

Leslie et al. [74] examined skeletal health as a function

of estimated total body lean and fat mass in 40,050 women

and 3600 men age C50 years. Femoral neck BMD, femur

strength index (SI), CSA, and CSMI were derived from

DXA. Increasing lean mass was associated with near-linear

increases in femoral BMD, CSA, and CSMI in both women

and men. Increasing fat mass showed a small initial

increase, followed by a plateau. Femoral SI was relatively

unaffected by increasing lean mass, but was associated

with a continuous linear decline with increasing fat mass,

which should predict higher fracture risk. During follow-

up, incident MOF were observed in 2505 women and 180

men (626 and 45 incident hip fractures, respectively). After

adjustment for FRAX scores, there was no evidence found

that showed lean mass, fat mass, or femoral SI affected

prediction of MOF or hip fractures.

Although beyond the scope of the current review, sar-

copenia, a reduction in muscle mass and muscle strength,

or sarcopenic obesity, the co-occurrence of sarcopenia and

obesity, are of interest as markers of frailty and fracture

risk [75]. DXA can be used to directly measure and mon-

itor appendicular lean mass, a component of several case

definitions for sarcopenia [76, 77]. In a nested case–cohort

study by Malkov et al. [76], 169 incident hip fractures were

identified among 3079 participants over an average of

13.5 years. Lower DXA-derived subcutaneous fat was

associated with fracture risk in men (fully adjusted HR 1.44

per SD decrease; 95 % CI 1.02–2.02) and in women (HR

1.39; 95 % CI 1.07–1.62). Lower appendicular lean mass

(normalized for height2) was associated with fracture risk

in women in unadjusted analysis (HR 1.80 per SD

decrease; 95 % CI 1.42–2.27) but not in the fully adjusted
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model (HR 1.04; 95 % CI 0.66–1.63). In men, lower

appendicular lean mass (kg/m2) was paradoxically protec-

tive against fracture (fully adjusted model HR er SD

decrease 0.58; 95 % CI 0.36–0.91). The counterintuitive

effect of appendicular lean mass was only seen when hip

BMD was included in the model. Other studies have

reported an additive effect of sarcopenia and osteopenia in

men (but not women), though sarcopenia alone did not

increase fracture risk [78]. This is an important and

evolving area of research.

Type 1 Diabetes

There are few studies published examining the role of body

composition in fracture risk in T1D. In a small study, Abd

El Dayem et al. [79] studied 47 patients with T1D along

with 30 age- and sex-matched controls. Lean body mass

and lean/fat ratio were found to be lower in patients with

T1D, while total fat mass, abdominal fat percentage, soft

tissue fat mass percentage, and fat/lean ratio were higher in

T1D as compared to the controls. How much this absolute

and relative reduction in lean mass contributes to the

excess fracture risk in T1D is uncertain.

Type 2 Diabetes

Body composition and fat distribution, particularly

abdominal adiposity, are strongly associated with meta-

bolic morbidities, including T2D, and may play a causal

role in their development [79–81]. Leslie et al. [82] studied

30,252 women without previously diagnoses diabetes to

determine the association between fat measurements from

DXA of the lumbar region or hip and the risk for a sub-

sequent diagnosis of diabetes, which occurred in 1252

(4.1 %) of the women. A new diagnosis of diabetes was

strongly associated with greater abdominal fat even when

adjusted for age, BMI, and other comorbidities (adjusted

HR 1.43; 95 % CI 1.35–1.52 per SD increase), whereas hip

fat did not independently predict diabetes. Those in the

highest abdominal fat quintile had 3.56 (95 % CI

2.67–4.75) times the risk for subsequent diabetes diagnosis

(adjusted for BMI and other covariates) compared to those

in the lowest (reference) quintile. Cross-sectional analyses

from the same dataset suggest that the difference in spine

and hip tissue thickness from regional DXA scans may

provide an index of relative abdominal adiposity [82].

Women had significantly lower mean spine-hip thickness

differences than men, even after adjustment for the effects

of age and BMI. Both men and women with previously

diagnosed diabetes had significantly greater mean spine-

hip thickness differences before and after adjustment for

age and BMI.

Moseley et al. [83] conducted a cross-sectional analysis

of 78 men and 56 women with T2D, average age 56 years.

Body composition and BMD were measured with DXA.

Magnetic resonance imaging (MRI) was used to measure

total abdominal, visceral, and subcutaneous fat. Women

had significantly higher BMIs than men (BMI

34.4 ± 5.0 kg/m2 vs. 32.6 ± 4.1 kg/m2, p\ 0.05), while

men had significantly larger waist to hip ratios compared

with women (1.0 ± 0.1 vs. 0.8 ± 0.1, p\ 0.05) and sig-

nificantly more lean mass. All measures of fat mass (ab-

dominal total, subcutaneous, and visceral) were

significantly higher in women. Lean mass was found to be

positively associated with total body, hip, femoral neck,

and hip BMD in both sexes. Fat mass, abdominal total, and

subcutaneous fat were associated with total body and hip

BMD in women. In sex-adjusted generalized linear models,

lean mass was positively associated with BMD at the total

body, total hip, and femoral neck; fat mass was signifi-

cantly associated with BMD at the total body and total hip.

Intra-abdominal fat is closely linked to the metabolic

syndrome and its complications, including T2D [84, 85].

Strong positive associations have been observed between

VAT and T2D. In a study by Rothney et al. [86], a cross-

sectional analysis of relationships between DXA-derived

VAT (GE/Lunar iDXA [GE Healthcare, Madison, WI])

and cardiometabolic indicators, including T2D, was con-

ducted in 939 subjects (541 women and 398 men). Sex-

specific, age-adjusted multivariable regression analysis

demonstrated that DXA VAT was significantly associated

with increased odds of cardiometabolic indicators, includ-

ing impaired fasting glucose and T2D (p\ 0.001). After

additional adjustment for BMI and waist circumference,

the OR per SD increase in VAT for T2D was 2.07 (95 %CI

0.73–5.87) for women and 2.25 (95 %CI 1.21–4.19) for

men.

Although interesting, none of the preceding studies have

examined whether body composition or VAT was a pre-

dictor of fracture in T2D. It remains to be seen whether

sarcopenia or sarcopenic obesity can identify bone fragility

and fracture risk in individuals with T2D. We cannot

comment on whether body composition accounts for excess

fracture risk in those with diabetes.

Fracture Prediction Tools

General Background

The WHO fracture risk assessment tool (FRAX) is a

computer-based algorithm (http://www.shef.ac/uk/FRAX)

primarily intended for use in primary care [87, 88].

FRAX calculates fracture probability from easily

obtained clinical risk factors: age, sex, body mass index,
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prolonged use of glucocorticoids, current smoking, alcohol

intake of three or more units per day, a parental history of

hip fracture, secondary osteoporosis, rheumatoid arthritis,

prior fragility fracture, and (optionally) femoral neck BMD

or T-score. Probabilities for MOF and hip fracture over

10 years are generated and have been shown to improve

fracture prediction over T-score alone. Diabetes is not

currently a primary entry variable in FRAX.

The Garvan fracture risk calculator (www.garvan.org.

au/bone-fracture-risk) was constructed using information

on women and men from the Dubbo Osteoporosis Epi-

demiology Study (DOES) [89, 90]. Five- and ten-year

fracture probability nomograms were constructed using

inputs of age, sex, femoral neck BMD (or weight), history

of prior fractures after age 50 years (none to 3?), and falls

in the previous 12 months (none to 3?). Diabetes is not an

input, and no studies have evaluated the Garvan calculator

in subjects with T1D or T2D.

The QFracture score (www.qfracture.org) was derived

from a cohort including more than one million women and

more than one million men age 30–85 years with 24,350

incident osteoporotic fractures in women (9302 hip frac-

tures) and 7934 osteoporotic fractures in men (5424 hip

fractures) [91]. It provides outputs for any osteoporotic

fracture (hip, wrist, or spine) and hip fracture over a user-

selected follow-up period from 1 to 10 years. This algo-

rithm includes T1D or T2D as a direct input, in addition to

age, sex, ethnicity, height, weight, smoking status, alcohol

consumption, previous fracture, parental osteoporosis or

hip fracture, living in a nursing or care home, history of

falls, and a number of comorbidities and medications.

Type 1 Diabetes

T1D is considered as one of the causes of secondary

osteoporosis in the FRAX algorithm but not as a primary

entry variable. As such, it is given the same weight as other

causes of secondary osteoporosis (modeled after rheuma-

toid arthritis) and only increases fracture probability when

BMD is not included in the FRAX calculation [92]. As

such, FRAX may partially account for the excess fracture

risk in T1D, but would underestimate the high relative risk

for hip fractures referred to earlier. No studies have directly

assessed the performance of FRAX (with or without BMD)

for predicting fracture in T1D.

Type 2 Diabetes

Several studies have evaluated the predictive performance

of FRAX in patients with diabetes. These studies showed

that for a given FRAX probability, there is an increased

risk of fracture in diabetics as compared to non-diabetics

[34, 93]. Schwartz et al. compared the results of three

prospective observational studies of older community-

dwelling adults comprised of 9,449 women (770 with T2D)

and 7,436 men (1199 with T2D) [34]. For a given FRAX

probability, women and men with T2D had a higher

observed fracture risk. Despite systematically higher frac-

ture risk attributable to T2D, FRAX predicted hip and non-

spine fractures equally well in those with and without T2D

(all p-for-interaction[0.10). These findings were echoed in

a subsequent study of 3518 patients with diagnosed dia-

betes (predominantly T2D) from a large clinical cohort in

Manitoba, Canada [93]. Diabetes was confirmed to be a

risk factor for subsequent MOF (adjusted HR 1.61, 95 %

CI 1.42–1.83) or hip fracture (adjusted HR 6.27, 95 % CI

3.62–10.87 aged\ 65 years; 2.22, 95 % CI 1.71–2.90

aged C 65 years). FRAX was able to stratify fracture risk

in those with diabetes (AUC for MOF 0.67, 95 % CI

0.63–0.70; AUC for hip fracture 0.77, 95 % CI 0.72–0.81),

only slightly less well than in those without diabetes.

However, FRAX underestimated MOF and hip fracture risk

in those with diabetes, even after accounting for competing

mortality. The results indicated that FRAX score is useful

for the assessment of fracture risk in older adults with

diabetes. However, interpretation of the FRAX score in an

older patient must take into account the higher fracture risk

associated with diabetes.

In a related analysis from the Manitoba database based

upon 62,413 individuals 40 years and older (6455 [10 %]

with diabetes), diabetes and the FRAX risk factors were

independently associated with major osteoporotic fractures

and hip fractures [37]. Importantly, diabetes did not sig-

nificantly modify the effect of individual FRAX risk factors

with the exception of age, which exerted a stronger effect on

hip fracture, risk in younger as compared to older individ-

uals. For example, major osteoporotic fractures showed a

similar relationship to a 10-year increase in age in those

without diabetes (HR 1.43) versus those with diabetes (HR

1.39, p interaction 0.781), rheumatoid arthritis (1.43 vs.

1.74, p interaction 0.325) and prior fracture (1.62 vs. 1.72,

p interaction 0.588) when adjusted for BMD. When BMD

was excluded, an increase in BMI of 5 kg/m2 was similarly

protective against major osteoporotic fracture in those

without diabetes (HR 0.83) and those with diabetes (HR

0.79, p interaction 0276). The absence of statistically sig-

nificant interactions between diabetes status and risk factors

for predicting MOF implies a simple additive effect of

diabetes to the major osteoporotic fracture probability

derived from FRAX clinical risk factors.

In summary, the FRAX algorithm underestimates frac-

ture risk in individuals with T2D though individual FRAX

risk factors are still important and perform similar to the

general population. Importantly, FRAX provided signifi-

cant fracture discrimination in the diabetes population,

similar to the general population even if fracture risk is
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underestimated. Factors contributing to this underestima-

tion include the higher BMD observed in T2D, greater risk

for falls, and alterations in material strength.

Several methods have been proposed to inform the use of

FRAX by primary care practitioners in order to accommo-

date the average effect of T2D despite its absence as an input

variable in FRAX. One such method is to use rheumatoid

arthritis in the calculation as a proxy for T2D, as the effect

appears to be very similar to that of T2D (Fig. 2). Another

option is to adjust FRAX score for TBS. A clinical case
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Fig. 2 Comparative effects of type 1 diabetes, type 2 diabetes, and

inflammatory arthropathy (rheumatoid arthritis or SLE) versus no

other risk factors on 10-year probability for major osteoporotic

fracture (upper panel) and hip fracture (lower panel) with QFrac-

ture�-2013 Reprinted with permission [95]

Table 1 Example showing change fracture probability using pro-

posed adjustments for type 2 diabetes (65-year-old obese female: BMI

30.5 kg/m2, T-score -2.0, prior fracture, TBS 1.160 = 10th

percentile)

MOF

10 years ( %)

Hip fracture

10 years (%)

Basal FRAX calculations 17 2.6

Rheumatoid arthritis input 22 3.6

TBS adjustment 20 3.4

T-score decreased 0.5 SD 21 4.4
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example illustrated in Table 1 demonstrates the potential

changes in a 65-year-old obese female (BMI 30.5 kg/m2)

with T2D, a prior fracture, femoral neck T-score of-2.0, and

lumbar spine TBS of 1.160. The FRAX calculation without

modification yields a 10-year major osteoporotic fracture

risk of 17 % and hip fracture risk is 2.6 %.When rheumatoid

arthritis is used as a proxy in the calculation, MOF risk is

increased to 22 % and hip fracture risk to 3.6 %. When

Adjusted for TBS, MOF risk is 20 %, and hip fracture risk

3.4 %. Finally, whenBMD is adjusted downwards by 0.5 SD

(i.e., T-score -2.5), MOF risk is 21 % and hip fracture risk

4.4 %. This may have clinical implications for treatment.

These proposed fracture risk adjustments clearly do not

capture the complexities and nuances of T2D, which, as

noted earlier, will be influenced by disease-specific factors

including duration, control, insulin use, and end-organ

complications. However, this approach is consistent with

FRAX itself, which dichotomizes complex risk factors as a

simple tool for primary care practitioners, not osteoporosis

experts or researchers, to provide an adjunct (not a

replacement) for clinical judgement [94].

Conclusions

Table 2 summarizes the evidence reviewed above for the

effect of various DXA-derived skeletal parameters on

fracture risk in T1D, and whether they can be used to

account for the excess fracture risk. BMD is lower in those

with T1D, but only partially accounts for the excess risk in

those with T1D. It is uncertain whether bone geometry,

TBS, VFA, or body composition differs between those with

and without diabetes, and whether these are associated with

increased fracture risk. As well, it is uncertain whether

these parameters account for excess fracture risk in T1D.

FRAX does differ between those with and without T1D

(lower BMD and through the secondary osteoporosis

input), but likely only partially accounts for excess risk of

fracture.

Table 3 summarizes the evidence reviewed above for

the effect of various DXA-derived skeletal parameters on

fracture risk in T2D. BMD tends to be higher in those with

versus without diabetes and is associated with an increased

fracture risk, but this clearly cannot account for the excess

risk of fracture in T2D. TBS also differs between those

with and without diabetes, is associated with increased

fracture risk, and may partially account for excess risk of

fracture. It is uncertain whether FRAX does differ between

those with and without T2D (through higher BMI and

BMD), but this does not account for the excess fracture

risk. It remains uncertain whether bone geometry, VFA, or

body composition differs between those with and without

T2D, is associated with increased fracture risk, or can

account for the excess risk in T2D.

In summary, diabetes mellitus is characterized by a

significant increase in fracture risk that is only partially

Table 2 Clinical evidence for use in type 1 diabetes (T1D)

DXA parameter

(technique)

Does the skeletal parameter

(technique) differ between those

with and without diabetes?

Is the skeletal parameter (technique)

associated with fracture risk in those

with diabetes?

Does the skeletal parameter

(technique) account for excess

fracture risk in those with diabetes?

BMD Yes Yes Partially

Bone geometry Uncertain Uncertain Uncertain

TBS Uncertain Uncertain Uncertain

VFA Uncertain Uncertain Uncertain

Body composition Uncertain Uncertain Uncertain

FRAX (no adjustments) Yes Uncertain Partially

Table 3 Clinical evidence for use in type 2 diabetes (T2D)

DXA parameter

(technique)

Does the skeletal parameter

(technique) differ between those

with and without diabetes?

Is the skeletal parameter (technique)

associated with fracture risk in those

with diabetes?

Does the skeletal parameter

(technique) account for excess

fracture risk in those with diabetes?

BMD Yes Yes No

Bone geometry Uncertain Uncertain Uncertain

TBS Yes Yes Partially

VFA Uncertain Uncertain Uncertain

Body composition Uncertain Uncertain Uncertain

FRAX (no adjustments) Yes Yes No
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reflected by the BMD reductions seen in T1D and is

underestimated in T2D where BMD is increased. While

BMD from DXA still stratifies fracture risk in those with

diabetes, additional measures that can be obtained from

DXA help to identify patients at increased risk of fracture.

Incorporating this additional information into risk predic-

tion models may help to avoid systematically underesti-

mating the risk of osteoporosis-related fractures in subjects

with diabetes.
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