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Abstract
Summary This study reports that both FRAX and Garvan calculators underestimated fractures in Australian men and women,
particularly in those with osteopenia or osteoporosis. Major osteoporotic fractures were poorly predicted, while both calculators
performed acceptably well for hip fractures.
Introduction This study assessed the ability of the FRAX (Australia) and Garvan calculators to predict fractures in Australian
women and men.
Methods Women (n = 809) and men (n = 821) aged 50–90 years, enrolled in the Geelong Osteoporosis Study, were included.
Fracture risk was estimated using FRAX and Garvan calculators with and without femoral neck bone mineral density (BMD)
(FRAXBMD, FRAXnoBMD, GarvanBMD, GarvannoBMD). Incident major osteoporotic (MOF), fragility, and hip fractures over the
following 10 years were verified radiologically. Differences between observed and predicted numbers of fractures were assessed
using a chi-squared test. Diagnostics indexes were calculated.
Results In women, 115 MOF, 184 fragility, and 42 hip fractures occurred. For men, there were 73, 109, and 17 fractures,
respectively. FRAX underestimated MOFs, regardless of sex or inclusion of BMD. FRAX accurately predicted hip fractures,
except in women with BMD (20 predicted, p = 0.004). Garvan underestimated fragility fractures except in men using BMD (88
predicted, p = 0.109). Garvan accurately predicted hip fractures except for women without BMD (12 predicted, p < 0.001).
Fractures were underestimated primarily in the osteopenia and osteoporosis groups; MOFs in the normal BMD group were only
underestimated by FRAXBMD and fragility fractures by GarvannoBMD, both in men. AUROCs were not different between scores
with and without BMD, except for fragility fractures predicted by Garvan in women (0.696, 95% CI 0.652–0.739 and 0.668,
0.623–0.712, respectively, p = 0.008) and men, which almost reached significance (0.683, 0.631–0.734, and 0.667, 0.615–0.719,
respectively, p = 0.051). Analyses of sensitivity and specificity showed overall that MOFs and fragility fractures were poorly
predicted by both FRAX and Garvan, while hip fractures were acceptably predicted.
Conclusions Overall, the FRAX and Garvan calculators underestimated MOF and fragility fractures, particularly in individuals
with osteopenia or osteoporosis. Hip fractures were predicted better by both calculators. AUROC analyses suggest that
GarvanBMD performed better than GarvannoBMD for prediction of fragility fractures.
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Introduction

Fragility fractures are associated with increased morbidity and
mortality, particularly among postmenopausal women and el-
derly men [1–4]. There are several anti-fracture interventions
available, and these should directed to those at higher risk, such
as women with osteopenia aged over 65 years, to improve
efficacy and cost-effectiveness [5–7]. Prognostic models facil-
itate clinical decision-making by attempting to distinguish
those with higher risk of fracture from those at lower risk.

FRAX [8, 9] is a web-based calculator designed to estimate
fracture risk, developed by the University of Sheffield, UK,
using fracture and risk data from multi-national cohorts to
derive country-specific calculators for absolute fracture risk.
It was designed to predict the 10-year absolute risk of ‘major
osteoporotic’ fractures (MOF; hip, clinical spine, forearm, and
proximal humerus) by combining up to 11 risk factors includ-
ing femoral neck bone mineral density (BMD), age, sex,
weight, height, previous fracture, parental hip fractures,
smoking, glucocorticoid usage, rheumatoid arthritis, second-
ary osteoporosis, and alcohol consumption. FRAX was first
available in 2008 [10] and has been designed to be applied
with or without BMD measurements, as access to densitome-
ters is sometimes limited. The FRAX tool takes into account
mortality as a competing event with fracture when calculating
the scores. FRAX is intended to guide clinical treatment deci-
sions for patients aged ≥ 50 years with a BMD T-score be-
tween − 1.0 and − 2.5. If a patient has a FRAX 10-year prob-
ability of ≥ 3% for hip or ≥ 20% for MOF, they are considered
to be at high risk and anti-fracture treatment is recommended
[11].

The Garvan calculator was derived using fracture and risk
factor data from the Dubbo Osteoporosis Epidemiology Study
(DOES) [12, 13]. It predicts 5- and 10-year absolute risk of hip
and “fragility” fractures (low trauma fractures excluding cer-
vical spine, digits, and skull/face) using the risk factors of age,
sex, past falls, previous low trauma fractures occurring after
the age of 50 years and femoral neck BMD. The Garvan
calculator uses weight (kg) when femoral neck BMD mea-
surement is unavailable. The Garvan calculator does not take
into account competing mortality when calculating fracture
risk scores.

Previous studies have assessed the discriminatory abilities
of the FRAX and Garvan calculators by observing area under
receiver operating characteristic (ROC) curves [14–17] and
reported no significant difference. Kanis et al. [18] have point-
ed out the limitations of using ROCs, including (1) poor sen-
sitivity when analysing additional variables that are of low
prevalence. For example, addition of important fracture risk

factors such as smoking would have little impact on the area
under the AUROC curves if the prevalence of smoking among
the study sample is low; (2) comparisons of ROC across dif-
ferent studies lack consistency as the sample demographics of
each study may be different; and (3) the ROC curves are
inappropriate for the determination of an intervention thresh-
old. New methods of comparison, therefore, should be ex-
plored for the external validation of the fracture risk calcula-
tors. The best method is comparison of the number of fractures
observed with the number predicted by the fracture risk cal-
culator [18]. Several studies have investigated the number of
fractures predicted by both FRAX and Garvan calculators and
the actual number of fractures observed, with some reporting
good prediction of fractures, while others reported under- or
over-estimation of fractures [15, 17, 19, 20].

A fracture assessment calculator should primarily target the
population from which it was derived, as fracture and mortal-
ity hazards may vary between populations [18]. The
Australian version of FRAX and Garvan were derived using
data from the Australian Dubbo Osteoporosis Epidemiology
Study. Our aim was to validate the FRAX (Australia) and
Garvan calculators in a different Australian cohort.

Methods

Study region and sample cohort

This study was set in the Barwon Statistical Division (BSD),
as part of the Geelong Osteoporosis Study (GOS) [21]. The
BSD is situated in south-eastern Australia and has a popula-
tion of ~ 280,000. The region resembles the broader
Australian population and has centralised health services in
the regional city of Geelong, making it an ideal site for epide-
miological research.

An age-stratified random sample of 1494 women aged 20–
94 years was recruited from the Commonwealth electoral roll
during 1993–1997 [21]. A cohort of men (n = 1540) aged 20–
96 years was similarly recruited during 2001–2006.
Participants aged 50–90 years were included in this study, as
this covers the age range routinely assessed for fracture risk in
a clinical setting.

Fracture ascertainment

Participants were followed prospectively either for 10 years,
until date of first fracture, or date of death. Participants were
followed by examination of radiological records. Incident
fractures that occurred during follow-up were identified
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and confirmed radiologically using x-ray reports from all
radiological centres servicing the region. This method of
fracture ascertainment has been previously validated [22].
Trained research staff individually examined each record
and determined the most appropriate ICD-9 (international
code of diseases version 9) codes for fracture site, as well as
level of trauma (further details below). Codes were not di-
rectly extracted from medical records. Clinical vertebral
fractures were classified as those which presented clinical-
ly, and had a 25% or more reduction in vertebral height
[23]. Serial X-rays were not performed as part of this study,
and thus non-clinical vertebral fractures may not have been
detected. Only the first incident hip or MOF (for FRAX)
and first incident hip or fragility fracture (for Garvan) dur-
ing fol low-up was considered for each analysis .
Information regarding the cause, anatomical sites and date
of the incident fracture was recorded using ICD-9 codes.
The following fracture sites were considered for inclusion
in FRAX fracture risk calculations [9]:

& ICD9 code 820 (hip)
& ICD9 code 805 (clinical spine)
& ICD9 code 813.4 (distal forearm)
& ICD9 code 812 (proximal humerus only)

For Garvan, all except the following fracture sites were
included [12]:

& ICD9 code 802 (face)
& ICD9 code 803 (skull)
& ICD9 code 805 (only cervical spine was excluded)
& ICD9 code 816 (finger)
& ICD9 code 826 (toe)

The cause of fracture was also classified according to ICD-
9 codes. Only fractures with the following codes correspond-
ing to minimal trauma were included (for both FRAX and
Garvan):

& ICD9 code 885 (fall from slipping, tripping and or stum-
bling on the same level)

& ICD9 code 886 (fall on the same level from collision,
pushing, shoving, by or with another person)

& ICD9 code 887 (unspecific cause)
& ICD9 code 888 (other and unspecific fall)
& ICD9 code 927 (overexertion and strenuous movements)

There were 46 fractures in women and 15 fractures in men
that were excluded due to high trauma. Pathological fractures
were also excluded; however, very few of these occurred dur-
ing the study (n = 5). Deaths were identified by data linkage
with the National Deaths Index (Australian Institute of Health
and Welfare).

The study was approved by the Barwon Health Human
Research Ethics Committee, and all participants gave written
informed consent.

Measurements

At the baseline visit for women, BMD at the femoral neck was
measured using a Lunar DPX-L densitometer (software ver-
sion 1.31); short-term precision in vivo at this site was 1.6%.
For men at baseline, the first 544 men were scanned on the
Lunar DPX-L, and when the DPX-L became outmoded, scans
were performed using a GE-Prodigy (Prodigy; GE Lunar,
Madison, WI, USA). No differences were detected in BMD
at the lumbar spine or femoral neck when cross-calibration
was performed [21]. Participants’ weight and height were
measured to the nearest 0.1 kg and 0.1 cm. Prior fractures,
parental history of hip fractures, rheumatoid arthritis,
smoking, use of glucocorticoids, and secondary osteoporosis
were determined by a questionnaire administered by trained
interviewers. Secondary osteoporosis included type 1 diabe-
t es , os teogenes i s imper fec ta , hyper thyro id i sm,
hypogonadism, menopause before the age of 45 years, mal-
absorption, or chronic liver disease. Alcohol consumption was
determined using a validated Food Frequency Questionnaire
[24]. Number of falls were self-reported over the previous
12 months.

Ten-year fracture risk estimates for both FRAX (Australia)
and Garvan were obtained by entering the appropriate data
into the online calculators. These are referred to in the text
as FRAX or Garvan MOF, fragility, and hip fracture scores
as appropriate. BMD values were directly entered for both
FRAX and Garvan, and T-scores were automatically calculat-
ed by the calculators. Four FRAX fracture risk scores were
calculated per participant: (1) major osteoporotic fracture
FRAX with BMD (MOF FRAXBMD), (2) major osteoporotic
fracture FRAX without BMD (MOF FRAXnoBMD), (3) hip
fracture FRAX with BMD (Hip FRAXBMD), and (4) hip
Fracture FRAX without BMD (Hip FRAXnoBMD).

Four Garvan scores were calculated per participant: (1)
fragility fracture Garvan with BMD (Fragility GarvanBMD),
(2) fragility fracture Garvan without BMD (Fragility
GarvannoBMD), (3) hip fracture Garvan with BMD (Hip
GarvanBMD), and (4) hip fracture Garvan without BMD (Hip
GarvannoBMD).

Statistical analysis

The two-sample t test or Mann-Whitney test was used to de-
termine differences for continuous variables according to frac-
ture status. A chi-square test or Fisher’s test was used for
categorical variables. For both fracture risk calculators, abso-
lute risk was calculated with and without femoral neck BMD
measurements and expressed as a percentage. The predicted
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number of fractures for each score was determined by multi-
plying the absolute risk by the proportion of follow-up. The
difference between the total predicted and observed number of
fractures was assessed with a chi-squared test. No significant
difference between the predicted and observed number would
indicate that the calculators were effective at estimating frac-
ture risk. This analysis was completed in two ways: (1) the
entire participant group and (2) with participants divided into
categories based on femoral neck BMD T-scores that were
calculated using Australian reference ranges [25, 26]. This
was completed to determine how well the calculators predict-
ed fractures in low and high-risk groups.

The areas under receiver operating characteristics (AUROC)
curves were quantified for FRAXnoBMD and FRAXBMD, as well
as GarvannoBMD and GarvanBMD. The AUROC provides a mea-
sure of ability to discriminate independent of a particular thresh-
old, with higher values corresponding to improved predictions:
< 0.70, poor; 0.70–0.79, fair; 0.80–0.89, good; and 0.90–1.00,
excellent [27]. AUROCswere then compared using a test for the
equality of the area under the curves, using an algorithm sug-
gested by DeLong et al. [28]. Diagnostic indexes including sen-
sitivity, specificity, correctly classified, likelihood ratios, and

predictive values were calculated for all fracture risk scores.
For FRAX, 10-year probability cut-points of ≥ 20% and ≥ 3%
were used for MOF and hip fracture respectively, according to
US National Osteoporosis Foundation guidelines [11], as there
are no specific recommendations in the Australian context. For
Garvan, 10-year probability cut-points of ≥ 14% and ≥ 3% were
used for fragility and hip fracture [29]. As a general rule, both
sensitivity and specificity of ≥ 80% is considered a good model
for predictions. An acceptable model is considered to have both
specificity and sensitivity of 50–79%. Sensitivity or specificity
lower than 50% is considered a poor model.

Analyses were performed using the statistical packages
Minitab version 18 and STATA version 15.

Results

Descriptive characteristics

There were 836 women aged 50–90 years at baseline. Of these,
13 did not have a BMD measurement, four did not have suffi-
cient information to calculate FRAX and five did not have

Table 1 Participant descriptive characteristics, stratified by major
osteoporotic fracture (hip, clinical spine, forearm, and proximal

humerus) status. Data are expressed as mean (SD), median (IQR), or n
(%)

Women Men

All (n = 809) Fracture
(n = 115)

No fracture
(n = 694)

p All (n = 821) Fracture
(n = 73)

No fracture
(n = 748)

p

Age (years) 71.0 (60.0–72.0) 72.0 (71.0–81.0) 69.5 (59.0–72.0) < 0.001 69.0 (59.0–78.0) 77.0 (70.5–83.0) 68.0 (58.0–77.0) < 0.001
Weight (kg) 67.6 ± 13.3 63.9 ± 11.9 68.2 ± 13.4 0.001 82.0 ± 13.0 80.8 ± 11.0 82.2 ± 13.2 0.314
Height (cm) 158.1 ± 6.4 156.3 ± 6.2 158.3 ± 6.4 0.002 172.8 ± 6.6 171.7 ± 6.1 172.9 ± 6.7 0.118
Prior fracture

(yes)
168 (20.8) 41 (35.7) 127 (18.3) < 0.001 157 (19.1) 22 (30.1) 135 (18.1) 0.012

Parent fractured hip (yes) 59 (7.3) 9 (7.8) 50 (7.2) 0.812 52 (6.3) 3 (4.1) 49 (6.6) 0.414
Current smoking

(yes)
75 (9.3) 9 (7.8) 66 (9.5) 0.564 80 (9.7) 7 (9.6) 73 (9.8) 0.963

Glucocorticoid use
(yes)

25 (3.1) 10 (8.7) 15 (2.2) < 0.001 20 (2.4) 7 (9.6) 13 (1.7) < 0.001

Rheumatoid arthritis
(yes)

119 (14.7) 23 (20.0) 96 (13.8) 0.084 51 (6.2) 8 (11.0) 43 (5.8) 0.078

Secondary osteoporosis
(yes)

159 (19.7) 30 (26.1) 129 (18.6) 0.061 16 (2.0) 2 (2.7) 14 (1.9) 0.609

Alcohol ≥ 3 units/day
(yes)

6 (0.7) 0 (0.0) 6 (0.9) † 189 (23.0) 15 (20.6) 174 (23.3) 0.599

Falls (last 12 months)
(yes)

165 (20.4) 32 (27.8) 133 (19.2) 0.033 245 (29.8) 33 (45.2) 212 (28.3) 0.003

Femoral neck BMD
(g/cm2)

0.829 ± 0.155 0.743 ± 0.132 0.843 ± 0.154 < 0.001 0.947 ± 0.141 0.888 ± 0.150 0.953 ± 0.139 0.001

BMD status < 0.001 0.004
Normal 253 (31.3) 13 (11.3) 240 (34.6) 316 (38.5) 19 (26.0) 297 (39.7)
Osteopenia 399 (49.3) 57 (49.6) 342 (49.3) 454 (55.3) 44 (60.3) 410 (54.8)
Osteoporosis 157 (19.4) 45 (39.1) 112 (16.1) 51 (6.2) 10 (13.7) 41 (5.5)

Italic values indicate a significant difference between groups
†Too few to conduct statistical analysis
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information about falls for calculation of Garvan scores. Five
women were taking bisphosphonates and were also excluded,
as these fracture risk calculators are intended for treatment
naïve patients. This left 809 women to be included in the study.
There were 920 men aged 50–90 years at baseline. Of these, 67
did not have BMD, 10 had insufficient information to calculate
FRAX, six had weight over 125 kg (preventing calculation of
FRAX scores) and 16 were taking bisphosphonates, leaving
821 available for inclusion into this study. During follow-up,
207 women (25.6%) and 240 men (29.2%) died.

Women (n = 809) were followed for a total of 7234 person-
years and men (n = 821) for 7118 person-years. Over the
follow-up period, 115 women sustained a MOF; 35 hip, 54
clinical spine, 21 proximal humerus, and 5 forearm fractures.
In men, 73 sustained a MOF; 15 hip, 47 clinical spine, 2
proximal humerus, and 9 forearm. There were 184 fragility
fractures according to Garvan criteria in women and 109 in
men. Additional hip fractures following a MOF occurred in 7
women and 2 men, resulting in a total number of hip fractures
of 42 and 17, respectively.

Table 1 lists the descriptive characteristics of the sample.
Women and men with fracture were older, had lower femoral
neck BMD, were more likely to have a prior fracture, use
glucocorticoids, or have fallen over the previous 12 months
than those who did not sustain a MOF. Women with MOF
were also shorter and lighter than those that did not sustain a
fracture. A similar proportion of women and men had normal
BMD (T-score above − 1.0) but women were less likely to
have osteopenia (T-score − 1.0 to − 2.5) and more likely to
have osteoporosis (T-score < −2.5).

Table 2 shows the number of fractures predicted by each
FRAX and Garvan score and the number of fractures

observed; p > 0.05 indicated that the calculators were effective
in predicting fractures. Table 3 shows the results for predicted
fractures divided into BMD categories. Table 4 shows the
AUROC data and Table 5 shows the diagnostics indexes for
each fracture risk assessment score.

Predicting MOFs and fragility fractures in women

FRAX

Neither FRAXBMD nor FRAXnoBMD predicted MOFs well;
underestimating the number of fractures by 54.8% and
46.1%, respectively. Both FRAXBMD and FRAXnoBMD

underestimated MOFs in the osteopenia and osteoporosis
groups.

AUROCs for both FRAXBMD and FRAXnoBMDwere in the
fair range (0.70–0.79). There was no significant difference
between the AUROC values for FRAXBMD and
FRAXnoBMD when predicting MOFs in women (Supplement
Fig. 1a). Although specificity was high (> 80%) for both
scores, sensitivity was low (< 50%), indicating a poor model.
Positive predictive values (PPVs) and negative predictive
values (NPVs) were not different between FRAXBMD and
FRAXnoBMD. FRAXBMD categorised fewer of the 115 women
with MOFs to be at high risk for fracture (≥ 20%, n = 27) than
FRAXnoBMD (n = 31), though the difference was not statisti-
cally significant (p = 0.543).

Garvan

Fragility fractures were underestimated by both GarvanBMD

(24.5%) and GarvannoBMD (21.7%). Garvan scores accurately

Table 2 The number of major
osteoporotic (MOFs)/fragility and
hip fractures predicted by FRAX
and Garvan, compared against the
number of fractures actually
observed. Values in italics shows
p values ≤ 0.05, which indicates
discordance between the
predicted and observed number of
fractures

Women Men

Predicted Observed p Predicted Observed p

FRAX

MOF

FRAXBMD 52 115 < 0.001 26 73 < 0.001

FRAXnoBMD 62 115 < 0.001 31 73 < 0.001

Hip

FRAXBMD 20 42 0.004 10 17 0.174

FRAXnoBMD 27 42 0.065 15 17 0.721

Garvan

Fragility fractures

GarvanBMD 139 184 0.005 88 109 0.109

GarvannoBMD* 144 184 0.013 47 109 < 0.001

Hip

GarvanBMD 50 42 0.390 21 17 0.511

GarvannoBMD* 12 42 < 0.001 29 17 0.073

*Garvan without bone mineral density (BMD) uses weight in the calculation instead

Osteoporos Int (2019) 30:2129–2139 2133



predicted fragility fractures across the three BMD groups, ex-
cept for GarvannoBMD in women with osteoporosis.

AUROC values were significantly different between
GarvanBMD and GarvannoBMD (0.696, 95% CI 0.652–0.739
vs 0.668, 95% CI 0.623–0.712, p = 0.008), with GarvanBMD

having a higher ROC area (Supplement Fig. 2a). However,
both were in the poor range (< 0.70). Sensitivity was at least
75% for both GarvanBMD and GarvannoBMD; however, spec-
ificitywas lower.OnlyGarvanBMDhadacceptablesensitivity
and specificity, though specificity was only just above 50%.
There were no differences between PPVor NPV values be-
tween GarvanBMD and GarvannoBMD. GarvanBMD

categorised more women with fragility fracture to be at high

risk (≥ 14%, n = 142) compared to GarvannoBMD (n = 139);
however, this difference was not statistically significant
(p = 0.713).

Predicting hip fractures in women

FRAX

Although there appeared to be a difference between the pre-
dicted and observed number of fractures using FRAXnoBMD

(27 vs 42), this difference did not reach significance (p =
0.065). FRAXBMD underestimated the number of hip fractures

Table 3 The number of major osteoporotic (MOFs)/fragility and hip
fractures predicted by the FRAX and Garvan (with and without BMD
measurements), compared against the number of fractures actually

observed in BMD categories. Italicised p values indicate discordance
between expected and observed values

Predicted Observed p† Predicted Observed p† Predicted Observed p†

Women Normal (n = 253) Osteopenia (n = 399) Osteoporosis (n = 157)

FRAX

MOF

FRAXBMD 7 13 0.171 24 57 < 0.001 21 45 0.001

FRAXnoBMD 12 13 0.837 31 57 0.003 19 45 < 0.001

Hip

FRAXBMD 1 4 0.178 8 19 0.031 11 19 0.125

FRAXnoBMD 4 4 1.000 14 19 0.374 10 19 0.079

Garvan

Fragility fractures

GarvanBMD 20 29 0.176 70 90 0.077 50 65 0.079

GarvannoBMD* 31 29 0.783 73 90 0.136 40 65 0.003

Hip

GarvanBMD 2 4 0.411 19 19 1.000 29 19 0.117

GarvannoBMD* 1 4 0.178 5 19 0.004 6 19 0.007

Men Normal (n = 316) Osteopenia (n = 454) Osteoporosis (n = 51)

FRAX

MOF

FRAXBMD 6 19 0.008 16 44 < 0.001 3 10 0.038

FRAXnoBMD 10 19 0.087 18 44 0.001 3 10 0.038

Hip

FRAXBMD 1 4 0.178 6 10 0.313 2 3 0.647

FRAXnoBMD 4 4 1.000 9 10 0.817 2 3 0.647

Garvan

Fragility fractures

GarvanBMD 19 29 0.133 56 62 0.554 12 18 0.192

GarvannoBMD* 13 29 0.011 28 62 < 0.001 5 18 0.002

Hip

GarvanBMD 1 4 0.178 12 10 0.666 8 3 0.110

GarvannoBMD* 7 4 0.362 18 10 0.125 4 3 0.695

*Garvan without bone mineral density (BMD) uses weight in the calculation instead
† p value for comparison to normal BMD
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by 52.4%. When divided into BMD categories, FRAXBMD

underestimated hip fractures in the osteopenia group.
AUROC values were in the fair range for both scores.

There was no significant difference between the AUROC
values for FRAXnoBMD and FRAXBMD when predicting hip
fractures in women (Supplement Fig. 1b). Sensitivity was
higher for FRAXnoBMD than FRAXBMD, however specificity
was lower, although both were in the acceptable range (sensi-
tivity and specificity 50–80%). The PPV value appeared
higher for FRAXBMD than FRAXnoBMD; however, this did
not reach significance (11.5%, 95% CI 7.9–15.9 vs 9.4%,
95% CI 6.6–12.8). NPVs were similar between the two
FRAX scores. Of the 42 women with hip fracture,
FRAXBMD categorised fewer women with hip fracture to be
at high risk (n = 30) than FRAXnoBMD (n = 34), though the
difference was not statistically significant (p = 0.302).

Garvan

Hip fractures were underest imated by 71.4% for
GarvannoBMD; however, GarvanBMD was accurate, predicting
50 fractures (observed 42). GarvanBMD accurately predicted
hip fractures across the three BMD groups, while
GarvannoBMD underestimated hip fractures in women with
osteopenia and osteoporosis.

The AUROC for GarvanBMDwas good (0.80–0.89) and for
GarvannoBMD it was fair (0.70–0.79). AUROC values were
not significantly different between GarvanBMD and
GarvannoBMD (Supplement Fig. 2b). Sensitivity and specific-
ity for GarvanBMD was close to the acceptable range

(specificity was only 49.7%). GarvannoBMD had acceptable
sensitivity and specificity (between 50 and 80%); however,
the sensitivity was only 59.5%, which may not be considered
high enough for detection of hip fractures. PPV and NPV
values were similar for the two scores. GarvanBMD categorised
more women with hip fracture to be at high risk (n = 39) com-
pared to GarvannoBMD (n = 25), and this difference was statis-
tically significant (p < 0.001).

Predicting MOFs and fragility fractures in men

FRAX

Neither FRAXBMD nor FRAXnoBMD predicted MOFs well,
underestimating the number of fractures by 64.4% and
57.5%, respectively. When considering BMD categories, both
scores underestimated the number of fractures in all groups,
except for FRAXnoBMD in the normal BMD group.

AUROC values for FRAXBMD and FRAXnoBMD were
both in the fair range. There was no significant differ-
ence between the AUROC values for FRAXBMD and
FRAXnoBMD (Supplement Fig. 1c). Despite high specific-
ity, the sensitivity was low for both scores, thus resulting
in poor prediction. The PPV value appeared to be higher
for FRAXBMD than FRAXnoBMD; however, this did not
reach significance (33.3%, 95% CI 0.8–90.6 vs 22.2%,
95% CI 2.8–60.0). NPV values were similar between the
two scores. Of the 73 men with MOFs, only 1 and 2
were categorised as being at high risk by FRAXBMD

and FRAXnoBMD, respectively. There was no difference
between the scores (p = 0.559).

Garvan

Fragility fractures were underestimated by 56.9% for
GarvannoBMD. GarvanBMD, however, accurately predicted fra-
gility fractures. The results were similar when stratified by
BMD groups; GarvanBMD accurately predicted fragility frac-
tures, while GarvannoBMD underestimated fractures across the
three groups.

The AUROC values for GarvanBMD and GarvannoBMD

were both in the poor range (< 0.70). AUROC values
appeared to be different between GarvanBMD and
GarvannoBMD (Supplement Fig. 2c); however, this did
not quite reach significance (p = 0.051). Sensitivity was
higher for GarvanBMD than GarvannoBMD; however, spec-
ificity was lower. Overall GarvanBMD had acceptable sen-
sitivity and specificity, while for GarvannoBMD, it was
poor. Both PPV and NPV were similar for both scores.
Of the 109 men with fragility fracture, GarvanBMD

categorised more to be at high risk (≥ 14%, n = 67) com-
pared to GarvannoBMD (n = 32), and this difference was
statistically significant (p < 0.001).

Table 4 Receiver operator characteristic (ROC) areas for FRAX and
Garvan prediction ofmajor osteoporotic (MOF)/fragility or hip fracture in
male and female participants. Data presented as mean (95% CI)

Women Men

FRAX

MOF

FRAXBMD 0.753 (0.709–0.796) 0.723 (0.670–0.776)

FRAXnoBMD 0.738 (0.694–0.782) 0.704 (0.649–0.760)

Hip

FRAXBMD 0.775 (0.709–0.841) 0.796 (0.709–0.883)

FRAXnoBMD 0.770 (0.703–0.837) 0.758 (0.667–0.849)

Garvan

Fragility fractures

GarvanBMD 0.696 (0.652–0.739) 0.683 (0.631–0.734)

GarvannoBMD* 0.668 (0.623–0.712) 0.667 (0.615–0.719)

Hip

GarvanBMD 0.802 (0.734–0.869) 0.799 (0.707–0.890)

GarvannoBMD* 0.792 (0.725–0.858) 0.773 (0.691–0.855)

*Garvan without bone mineral density (BMD) uses weight in the calcu-
lation instead
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Predicting hip fractures in men

FRAX

Both FRAXBMD and FRAXnoBMD predicted the number of
hip fractures well. This was also observed when the analysis
was completed for the BMD categories.

AUROC values were in the fair range for both scores. There
was no significant difference between the AUROC values
(Supplement Fig. 1d). FRAXnoBMD had acceptable sensitivity
and specificity; however, for FRAXBMD, it was poor. PPVand
NPV values were similar for FRAXBMD and FRAXnoBMD, Of
the 17 men with hip fracture, 7 and 13 were considered to be at

high risk by FRAXBMD and FRAXnoBMD, respectively, and the
difference was statistically significant (p = 0.025).

Garvan

Hip fractures were accurately predicted by both GarvanBMD

and GarvannoBMD. This was also observed when the analysis
was stratified by BMD groups.

AUROC values were both in the fair range; however, for
GarvanBMD, it was very close to good (0.799). AUROC
values were not significantly different between GarvanBMD

and GarvannoBMD (Supplement Fig. 2d). Both GarvanBMD

and GarvannoBMD had acceptable sensitivity and specificity

Table 5 Diagnostics indexes (with 95% CI) for FRAX and Garvan
prediction of major osteoporotic (MOF)/fragility or hip fracture in male
and female participants. For FRAX, scores of ≥ 3% for hip and ≥ 20% for

MOFwere used to calculate the values. For Garvan, scores were ≥ 3% for
hip and ≥ 14% for fragility fracture

Sensitivity Specificity Correctly
classified

LR+ LR- PPV NPV

Women

FRAX

MOF

FRAXBMD 23.5 (16.1–32.3) 93.4 (91.3–95.1) 83.4 3.54 (2.30–5.46) 0.82 (0.74–0.91) 37.0 (26.0–49.1) 88.0 (85.5–90.3)

FRAXnoBMD 27.0 (19.1–36.0) 89.9 (87.4–92.1) 81.0 2.67 (1.84–3.88) 0.81 (0.73–0.91) 30.7 (21.9–40.7) 88.1 (85.5–90.4)

Hip

FRAXBMD 71.4 (55.4–84.3) 69.8 (66.4–73.0) 69.8 2.36 (1.90–2.94) 0.41 (0.25–0.66) 11.5 (7.9–15.9) 97.8 (96.2–98.9)

FRAXnoBMD 81.0 (65.9–91.4) 57.1 (53.5–60.6) 58.3 1.89 (1.60–2.23) 0.33 (0.18–0.62) 9.4 (6.6–12.8) 98.2 (96.5–99.2)

Garvan

Fragility fractures

GarvanBMD 77.2 (70.4–83.0) 50.7 (46.7–54.7) 56.7 1.57 (1.40–1.75) 0.45 (0.34–0.59) 31.6 (27.3–36.1) 88.3 (84.5–91.4)

GarvannoBMD* 75.5 (68.7–81.6) 45.6 (41.6–49.6) 52.4 1.39 (1.25–1.55) 0.54 (0.41–0.70) 29.0 (25.0–33.3) 86.4 (82.2–89.9)

Hip

GarvanBMD 92.9 (80.5–98.5) 49.7 (46.1–53.3) 51.9 1.85 (1.65–2.06) 0.14 (0.05–0.43) 9.2 (6.6–12.3) 99.2 (97.7–99.8)

GarvannoBMD* 59.5 (43.3–74.4) 85.8 (83.1–88.2) 84.4 4.19 (3.09–5.68) 0.47 (0.33–0.68) 18.7 (12.5–26.3) 97.5 (96.0–98.5)

Men

FRAX

MOF

FRAXBMD 1.4 (0.03–7.4) 99.7 (99.0–100.0) 91.0 5.12 (0.47–55.80) 0.99 (0.96–1.02) 33.3 (0.8–90.6) 91.2 (89.0–93.0)

FRAXnoBMD 2.7 (0.3–9.6) 99.1 (98.1–99.6) 90.5 2.93 (0.62–13.80) 0.98 (0.94–1.02) 22.2 (2.8–60.0) 91.3 (89.1–93.1)

Hip

FRAXBMD 41.2 (18.4–67.1) 85.9 (83.3–88.3) 85.0 2.93 (1.62–5.30) 0.68 (0.46–1.02) 5.8 (2.4–11.6) 98.6 (97.4–99.3)

FRAXnoBMD 76.5 (50.1–93.2) 69.2 (65.8–72.3) 69.3 2.48 (1.87–3.29) 0.34 (0.14–0.80) 5.0 (2.7–8.4) 99.3 (98.2–99.8)

Garvan

Fragility fractures

GarvanBMD 61.5 (51.7–70.6) 66.2 (62.5–69.6) 65.5 1.82 (1.52–2.18) 0.58 (0.46–0.74) 21.8 (17.3–26.8) 91.8 (89.1–94.0)

GarvannoBMD* 29.4 (21.0–38.8) 82.7 (79.7–85.4) 75.6 1.70 (1.22–2.37) 0.85 (0.75–0.97) 20.6 (14.6–27.9) 88.4 (85.8–90.8)

Hip

GarvanBMD 76.5 (50.1–93.2) 70.5 (67.2–73.7) 70.7 2.59 (1.95–3.45) 0.33 (0.14–0.79) 5.2 (2.8–8.7) 99.3 (98.2–99.8)

GarvannoBMD* 88.2 (63.6–98.5) 56.8 (53.3–60.3) 57.5 2.04 (1.69–2.47) 0.21 (0.06–0.76) 4.1 (2.3–6.7) 99.6 (98.4–99.9)

*Garvan without bone mineral density (BMD) uses weight in the calculation instead
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(both between 50 and 80%). PPVand NPV values were sim-
ilar for both GarvanBMD and GarvannoBMD. GarvanBMD

categorised fewer of the 17 men with hip fracture to be at high
risk (n = 13) compared to GarvannoBMD (n = 15), but this dif-
ference was not statistically significant (p = 0.362).

Discussion

This study examined the discriminative ability of the Australian
FRAX calculator and the Garvan calculator in a population-
based Australian sample. Overall, FRAX underestimated
MOFs in both men and women, regardless of whether BMD
was added to the calculation. FRAX accurately predicted hip
fractures, except for FRAXBMD in women. The Garvan calcu-
lator underestimated fragility fractures, except for GarvanBMD

in men. Only GarvannoBMD in women was not accurate in
predicting hip fractures. Both MOF and hip fractures were
underestimated in the osteopenia and osteoporosis BMD
groups. Only MOFs by FRAXBMD and fragility fractures by
GarvannoBMD, both in men, were underestimated in the normal
BMD group. AUROCs were not significantly different be-
tween scores with and without BMD, except for Garvan
predicting fragility fractures in both men and women.

According to sensitivity and specificity comparisons, over-
all FRAX scores performed poorly for predicting MOFs in
both men and women, but performed acceptably well for
predicting hip fractures (except for FRAXBMD in men).
GarvanBMD had acceptable sensitivity and specificity for
predicting fragility fractures in men and women, but had poor
AUROC values. GarvannoBMD however, performed poorly in
predicting fragility fractures in both sexes. For hip fracture
predictions, GarvanBMD and GarvannoBMD both performed
acceptably well and with BMD, had values in the “good”
range for AUROCs.

A possible explanation of the relative underestimation of
fractures by FRAX could be its design, which adjusts fracture
risk based on expected mortality rates, resulting in a decline of
absolute risk for those aged over 80 years [18]. This would
result in a lower calculated fracture risk in the elderly popula-
tion than would be predicted based on BMD and risk factors
independent of expected mortality. It is possible that individ-
uals who might benefit from anti-fracture therapies might not
be treated if their eligibility for treatment were based on the
Australian FRAX tool.

Where data regarding the rates of major osteoporotic and
hip fractures are unavailable, the Australian FRAX calculator
assumes that the age- and sex- specific pattern of these frac-
tures is similar to that observed in Sweden [30]. Our study
suggests that this assumption may not be correct. Hip fracture
risks may also be underestimated by the FRAX calculator due
to other limitations including some clinical risk factors miss-
ing (e.g., falls, which are not used in the FRAX calculator

[31]) and binary responses to clinical risk factors that likely
have a dose-effect (e.g., glucocorticoids, smoking) [30].
Additionally, the prevalence of clinical risk factors are differ-
ent between the Dubbo study [12], which was used to develop
the Australian FRAX calculator, and this study, which may be
leading to poor calibration of fracture risk assessment.

Another potential reason for differences in the number of
predicted and observed number of fractures could be variation
in fracture rates. Indeed, among the Australian population-
based studies, the Dubbo Osteoporosis Epidemiology Study
has the highest point estimate for hip fracture [32] and would
be expected to therefore generate the highest numbers of
MOFs, whereas our analysis suggests that the application of
this assumption underestimates fracture numbers. It has also
been reported that fracture rates vary by region, even within
the same country [30, 32]. Where possible, FRAX has used
national rather than regional data, however these data are not
available for Australia. This could be contributing to the un-
derestimation of fractures, and highlights the need for collec-
tion of national data to update the Australian FRAX calculator.
Additionally, in this study, we used the US National
Osteoporosis Foundation cut-points to define high risk for
MOF and hip fractures using FRAX. These cut-points may
not be appropriate for Australian populations, and further re-
search should be completed to determine the optimal cut-
points for use in Australia.

Only a few studies have used both the FRAX and Garvan
calculators to assess fracture risk. As far as we know, no stud-
ies have compared the two in an Australian cohort, the popu-
lation in which the Garvan calculator was derived. A New
Zealand study compared the number of hip, osteoporotic and
fragility fractures predicted by the FRAX (New Zealand) and
Garvan calculators in 1422 women followed for a mean of
8.8 years (range 0.2–11.4 years) [15]. Inconsistent with what
is reported in our study, the study reported that FRAXBMD

predicted hip fractures well, whereas both FRAXnoBMD and
the GarvanBMD calculator overestimated hip fracture numbers.
The study also reported that FRAXBMD and FRAXnoBMD both
underestimated the number of osteoporotic fracture whereas
GarvanBMD effectively predicted the risk of fragility fractures.
Another study found FRAX to underestimate the number of
osteoporotic fractures within a Polish cohort of 501 women,
both with and without BMD measurements [17]. The study
used FRAX (UK) and was unable to determine the dates when
fractures occurred, raising the possibility that fractures ob-
served in the study happened beyond the 10-year period. A
recently published study by Crandall et al. [33] showed that
the US FRAX and Garvan calculators performed poorly, with
low sensitivity, specificity, and AUROCs, for discriminating
fractures in postmenopausal women aged 50–64 years.
Studies have traditionally compared predictive calculators
using AUROC curves [14, 15, 34]. The current study is con-
sistent with previous studies [15, 34] that showed similar
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AUROC curves for all scores. Consistent with all previous
studies, the FRAX calculator showed discriminatory abilities
that were better than chance.

Although fractures were underestimated in this study by
both FRAX and Garvan, AUROCs showed that the calcula-
tors performed well in our sample, when compared to several
other previously published studies. For example, Bolland et al.
[15] reported AUROC values ranging from 0.60 to 0.70 using
the New Zealand FRAX tool and 0.63 and 0.67 using the
Garvan algorithm. Additionally, González-Macías et al. [20]
reported AUROCs of 0.615 for MOFs and 0.640 for hip frac-
ture prediction using the Spanish FRAX tool in women aged
≥ 65 years from Spain. AUROCs in our study were also higher
compared to those reported by Crandall et al. [33]; the
AUROC values for FRAX ranged from 0.58 to 0.68 for
FRAX and 0.55 to 0.62 for Garvan.

Strengths of this study include radiologically confirmed
fractures, which allowed determination of fracture endpoints,
even if participants did not participate in subsequent follow-up
visits. This study also includes both men and women, and data
on parental hip fracture were available, which is often missing
from studies involving FRAX. Limitations include assuming
uniform risk for fracture over each year during the period par-
ticipants were followed. Since we censored individuals at date
of death, the 10-year observed fracture probability will be
overestimated compared to FRAX predictions and prevent
comparison with Garvan scores, as competing mortality is han-
dled differently by the two calculators. Small numbers of frac-
tures, particularly for men and hip fractures, was another limi-
tation; however, it has been argued that smaller sample sizes
may be viable as long as it is representative of the population in
question [18]. It is also possible that some fractures were
missed if no X-ray was performed or if a participant sustained
a fracture and were managed outside the study region. The
participants in this study were a randomly selected sample re-
cruited from a population that resembles the Australian white
population; however, the population of Australia also has a
range of mixed ethnicities which varies across different regions.
We used the Australian FRAX calculator and thus results can-
not be extrapolated to FRAX calculators for other countries.
The Garvan fracture risk calculator is also only validated for
Australian populations. Finally, information including prior
fractures, parental hip fractures, glucocorticoid usage, second-
ary osteoporosis, alcohol consumption, and falls were obtained
by self-report, which may involve recall bias. It has been
shown, however, that 12-month recall of falls accurately pre-
dicts falls collected prospectively [35].

Conclusion

In this cohort of men and women, the Australian FRAX cal-
culator substantially underestimated the number of MOFs and

the Garvan calculator underestimated the number of fragility
fractures. The underestimation of MOFs by FRAX was great-
er than the underestimation of fragility fractures by Garvan.
Hip fractures were predicted well by both calculators in both
men and women with a few exceptions. Underestimation of
fractures using both scores occurred primarily in individuals
with osteopenia and osteoporosis. There were no significant
differences in the AUROC curves, with the exception of
Garvan predicting fragility fractures, though there were differ-
ences in sensitivity and specificity, demonstrating that scores
may predict different number of fractures but still have similar
AUROCs. Sensitivity and specificity analyses indicated that
MOF and fragility fractures were poorly predicted; however,
the FRAX and Garvan calculators performed acceptably well
for hip fractures. Overall, hip fractures were predicted accept-
ably well by both calculators; however, MOFs were
underestimated by FRAX more than fragility fractures by
Garvan.
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