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Abstract

Summary The Fracture Risk Evaluation Model (FREM) identifies individuals at high imminent risk of major osteoporotic
fractures. We validated FREM on 74,828 individuals from Manitoba, Canada, and found significant fracture risk stratifica-
tion for all FREM scores. FREM performed better than age alone but not as well as FRAX® with BMD.

Introduction The FREM is a tool developed from Danish public health registers (hospital diagnoses) to identify individu-
als over age 45 years at high imminent risk of major osteoporotic fractures (MOF) and hip fracture (HF). In this study, our
aim was to examine the ability of FREM to identify individuals at high imminent fracture risk in women and men from
Manitoba, Canada.

Methods We used the population-based Manitoba Bone Mineral Density (BMD) Program registry, and identified women and
men aged 45 years or older undergoing baseline BMD assessment with 2 years of follow-up data. From linked population-
based data sources, we constructed FREM scores using up to 10 years of prior healthcare information.

Results The study population comprised 74,828 subjects, and during the 2 years of observation, 1612 incident MOF and 299
incident HF occurred. We found significant fracture risk stratification for all FREM scores, with AUC estimates of 0.63-0.66
for MOF for both sexes and 0.84 for women and 0.65-0.67 for men for HF. FREM performed better than age alone but not
as well as FRAX® with BMD. The inclusion of physician claims data gave slightly better performance than hospitalization
data alone. Overall calibration for 1-year MOF prediction was reasonable, but HF prediction was overestimated.
Conclusion In conclusion, the FREM algorithm shows significant fracture risk stratification when applied to an independ-
ent clinical population from Manitoba, Canada. Overall calibration for MOF prediction was good, but hip fracture risk was
systematically overestimated indicating the need for recalibration.

Keywords Automated risk calculation - External validation - Osteoporotic fractures - Prediction models

Introduction

Osteoporotic fractures confer a substantial burden on indi-
vidual patients and societies, including an increased mortal-
ity, a loss of quality-adjusted life years, and a high economic
cost. In Europe, for example, an estimated 56.9 billion euro
was spent on osteoporosis in 2019, of which 64% was for
the treatment of incident fractures [1-3]. In recent years, it
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has been demonstrated that some individuals experience a
particularly high risk of osteoporotic fractures in the short
(imminent) term [4—6]. Timely identification of such indi-
viduals would allow further evaluation and fracture risk
management, potentially preventing the devastating frac-
tures. While many tools have been developed to evaluate
individual fracture risk [7], among others FRAX® [8],
QFracture® [9], and Garvan [10, 11], there is an unmet
need for validated tools — automated or manual — for the
identification of individuals with an increased fracture risk
in the short-term window, also termed “imminent risk.” One
example of this is patients with a recent fragility fracture.
The Fracture Risk Evaluation Model (FREM) was
developed for automated case-finding of individuals age
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45 years or older, who are at high imminent (1-year) risk
of major osteoporotic fractures (MOF) and hip fractures
(HF) [12]. The tool was developed and subsequently vali-
dated using model selection on logistic regression mod-
els with routinely collected individual patient data from
the Danish Health Registries as possible predictors and
consists of odds ratios used for absolute risk prediction
for a selected number of comorbidities. Internal valida-
tion demonstrated good discrimination (given as the area
under the receiver operating curve, AUC) for MOF and
excellent discrimination for HF. Using risk cutoffs of
2% for MOF and 0.3% for HF, positive predictive values
were low, while negative predictive values were very high
(generally > 99% for 1-year risk prediction) [12, 13].

To evaluate the generalizability and applicability of
novel fracture risk assessment tools, they need to be
tested in other populations and compared with widely
deployed risk assessment tools. Hence, the aim of this
study was to examine the ability of FREM to identify
individuals at high imminent risk of fracture among
women and men from Manitoba, Canada. Furthermore,
we also set out to compare the performance of FREM
with that of FRAX (including BMD) and age alone. The
Manitoba DXA database and linked healthcare databases
represent a unique opportunity to evaluate FREM in a dif-
ferent setting where appropriate clinical risk factor infor-
mation and fracture outcomes have already been collected
and verified.

Materials and methods
Study population

In the Canadian province of Manitoba (population 1.3
million in 2017), health services are provided to virtu-
ally all residents through a public healthcare system.
DXA-based BMD testing has been managed as an inte-
grated clinical program; criteria for testing have been
published [14]. The program maintains a database of all
DXA results which can be linked with other provincial
population-based computerized health databases through
an anonymous personal identifier. The DXA database has
completeness and accuracy in excess of 99% [15].

The study population consisted of all women and men
age 45 years or older with baseline DXA scans from Janu-
ary 1, 1996, to March 31, 2016. For those with more than
one qualifying examination, only the first was included.
We excluded those not registered for healthcare in Mani-
toba and those without 2 years of coverage after the first
DXA (index date).
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Estimation of fracture risk from FREM and FRAX

One-year predicted incidence of MOF and HF after index
date was calculated with FREM using up to 10 years of
prior hospital and physician claims data (implemented
using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA)) [12]. Over 93% of the included individuals had at
least 10 years of coverage and registry data before their
baseline assessment. FREM consists of a weighted score
including 38 risk factors for MOF for women and 43 risk
factors for men, and 32 risk factors for hip fractures for
both sexes. Recency of fracture is not reflected in FREM.
These risk factors were determined by a data-driven algo-
rithm based on Danish hospital diagnoses registry data
with the aim of maximizing predictive ability without
requiring plausible causal effects. Each condition con-
sidered by FREM was in this study assessed through a
combination of hospital discharge abstracts (diagnoses and
procedures coded using the International Classification
of Diseases, Ninth Revision, Clinical Modification [ICD-
9-CM] prior to 2004 and International Classification of
Diseases, Tenth Revision, Canadian Enhancements [ICD-
10-CA] thereafter) and physician billing claims (coded
using ICD-9-CM in all years). Crosswalk tables were gen-
erated for ICD-9-CM and ICD-10 codes. Each condition
was entered as present if there was a single hospitaliza-
tion diagnosis or multiple physician claims diagnoses (2
or more within a 3-year time period). A single physician
claims diagnosis was considered insufficient for registering
a condition. Previous work has shown that this approach
has good sensitivity and specificity for the diagnosis of
several conditions associated with fractures [16—18]. In the
evaluation, FREM scores were created based upon hospi-
talizations (in-patients only) alone (denoted FREM (H) in
the following), physician claims alone (FREM (P)), or the
combination (FREM (HP)). The coefficients in the Danish
FREM score calculation were based on hospital in- and
outpatient consults as previously described applying an
ICD-9-CM/ICD-10 crosswalk to translate the ICD codes
included in FREM [12].

Ten-year probability of a MOF and HF were calculated
using the Canadian FRAX tool (FRAX® Desktop Multi-
Patient Entry, version 3.8) as recently described [19].
Femoral neck BMD was included in the calculation. Hip
DXA scans were performed and analyzed in accordance
with manufacturer recommendations. The seven cross-cal-
ibrated instruments used for this study (1 DPX, 3 Prodigy
and 3 iDXA, GE/Lunar Healthcare, Madison WI) exhib-
ited equivalent phantom and in vivo calibration (T-score
differences < 0.1), with stable long-term performance
(coefficient of variation < 0.5%). The program’s quality
assurance is under strict supervision by a medical physicist
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(Leslie and Metge [14]). The Canadian FRAX tool was
calibrated using nationwide hip fracture and mortality data
[20] and independently validated in the general population
[21, 22]. In this cohort, 11,025 (14.7%) of the participants
had a prior fragility fracture after age 40 included in the
FRAX tool.

Moreover, we applied models including age as the only
predictor of fracture risk, as it is known that age of the indi-
vidual is a strong predictor in its own right [23]. These mod-
els were included to ascertain to which degree FREM, which
includes age as a predictor, outperforms age alone.

Incident fracture ascertainment

Manitoba Health records for the study population were
assessed for the presence of fracture diagnosis codes fol-
lowing BMD assessment up to March 31, 2018, using pre-
viously validated algorithms [24, 25]. Analyses were based
upon hip, clinical vertebral, forearm, and humerus fracture
diagnostic codes (collectively designated “major osteoporo-
tic fractures” (MOF)) and hip fracture (HF). To minimize
potential misclassification of prior incident fractures, we
conservatively required that there be no hospitalization or
physician visit(s) with the same fracture type in the 6 months
preceding an incident fracture diagnosis. Fractures associ-
ated with codes indicating high trauma (external injury)
were excluded, as FREM is not tailored to incorporate the
uncertainty related to traumatic injuries.

Statistical analysis

Descriptive statistics for demographic and baseline charac-
teristics are presented as mean =+ standard deviation (SD) for

Table 1 Cohort characteristics at baseline

continuous variables or count (proportion) for categorical
variables and stratified by sex. Sex differences are tested by
t test for numerical variables.

The proportions of individuals experiencing a MOF or
a HF during 1 and 2 years after risk ascertainment are pre-
sented as counts and frequencies. Stratification in 1- and
2-year MOF and HF prediction was assessed from the area
under the receiver operating curve (AUC) using each version
of FREM, FRAX with BMD (as the upper bound reference
standard), and age alone (as the lower bound base case).
AUCs for FREM vs FRAX and FREM vs age alone were
compared by the Hanley—McNeill method [26]. Calibration
for 1-year MOF and HF prediction was assessed by compar-
ing observed fracture risk with FREM (H), FREM (P), and
FREM (HP).

Statistical analyses were performed with Statistica (ver-
sion 13.0, StatSoft Inc., Tulsa, OK) and SPSS for Windows
(version 24) for the ROC-AUC analyses.

Results

We included 74,828 individuals, corresponding to 67,930
(91%) women and 6898 (9%) men with a mean age of
65.3 years and a mean period of prior registry coverage of
33.1 years (Table 1).

The mean calculated FREM (HP) score, correspond-
ing to the predicted absolute fracture risk, for 1-year MOF
was 1.4% for women and significantly lower at 1.1% for
men (P <0.001). Furthermore, the mean FREM (HP)
score for 1-year HF was 0.5% for women and 0.8% for men
(P<0.001). FREM scores determined only from hospital
records (FREM (H)) and, respectively, only from physician

Overall (N="74,828) Women (N=67,930) Men (N=6898) P value for
sex differ-
ence

Mean +SD Mean +SD Mean +SD
Age (years) 65.3+10.6 65.1+10.5 674+11.3 <0.001
Femoral neck T-score —14+1 -14+1 -1.1+1.1 <0.001
1-year risk scores (% = SD)
FREM MOF (HP) 14+1.3 14+1.3 1.1+1.6 <0.001
FREM MOF (H) 1.1+0.8 1.1+0.8 0.7+0.7 <0.001
FREM MOF (P) 1.3+1.1 1.3+1.1 09+1.1 <0.001
FRAX MOF percent (with BMD) 10.3+7.1 10.5+7.3 7.9+4.8 <0.001
FREM HIP (HP) 0.5+1 0.5+0.9 0.8+1.9 <0.001
FREM HIP (H) 0.4+0.6 04+0.6 0.4+0.7 0.392
FREM HIP (P) 0.5+0.8 04+0.8 0.6+1.3 <0.001
FRAX HIP percent (with BMD) 24+39 24+39 25+33 0.207

FREM (HP) uses hospitalization diagnoses and physician claims diagnoses; FREM (H) uses hospitalization diagnoses only; FREM (P) uses phy-

sician claims diagnoses only
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claims (FREM (P)) were slightly lower than those deter-
mined using both sources (FREM (HP)) (Table 1).

In total, 902 (1.2%) individuals experienced a MOF dur-
ing 1-year follow-up, and 1612 (2.2%) experienced a MOF
during 2-year follow-up, while 136 (0.2%) experienced a HF
during 1-year follow-up and 299 (0.4%) individuals during
2-year follow-up. A higher proportion of men than women
experienced a MOF, and MOF as well as HF was more com-
mon with increasing age (Table 2).

Performance of FREM to stratify MOF risk gave an
overall AUC of 0.652 (95% C10.633; 0.671) at 1 year and

Table 2 Observed fracture outcomes

0.659 (95% CI 0.645; 0.673) at 2 years for FREM (HP),
with slightly lower for FREM (H) and FREM (P). The
AUC for FREM (HP) was significantly higher than for age
alone but significantly lower than for FRAX (P <0.001 for
both 1-year and 2-year risk). AUCs were generally higher
for women than for men (Table 3 and Supplementary
Figs. 1 and 2). The AUC for FREM (HP) was significantly
higher than for age alone in both sexes and for both 1-year
and 2-year risk (P <0.001) and significantly lower than the
AUC for FRAX in women (P <0.001 for both 1-year and

Number MOF 1 year, N (%) MOF 2 year, N (%) Hip 1 year, N (%) Hip 2 year, N (%)
Overall 74,828 902 (1.2%) 1,612 (2.2%) 136 (0.2%) 299 (0.4%)
Women 67,930 781 (1.1%) 1445 (2.1%) 118 (0.2%) 271 (0.4%)
Age <65 years 33,781 248 (0.7%) 447 (1.3%) 10 (0.0%) 33 (0.1%)
Age 65-79 years 27,928 359 (1.3%) 672 (2.4%) 52 (0.2%) 117 (0.4%)
Age 80+ years 6,221 174 (2.8%) 326 (5.2%) 56 (0.9%) 121 (1.9%)
Men 6,898 121 (1.8%) 167 (2.4%) 18 (0.3%) 28 (0.4%)
Age < 65 years 2,875 39 (1.4%) 58 (2.0%) <10 (0.1%) <10 (0.2%)
Age 65-79 years 2,995 56 (1.9%) 73 (2.4%) <10 (0.3%) 15 (0.5%)
Age 80+ years 1,028 26 (2.5%) 36 (3.5%) <10 (0.6%) <10 (0.6%)
Table 3 Area under the curve (AUC) for incident fracture stratification
1-year prediction, AUC (95% CI) 2-year prediction, AUC (95% CI)
Overall Women Men Overall Women Men
Major osteoporotic fractures
FREM (HP) 0.652 (0.633; 0.664 (0.644; 0.640 (0.592; 0.659 (0.645; 0.666 (0.651; 0.644 (0.603; 0.685)
0.671) *+ 0.684) *t 0.688) * 0.673) *t 0.680) *t *
FREM (H) 0.631 (0.611; 0.656 (0.636; 0.586 (0.533; 0.646 (0.631; 0.661 (0.646; 0.596 (0.551; 0.641)
0.650) 0.677) *t 0.639) § 0.660) F 0.676) *t T
FREM (P)  0.642 (0.623; 0.656 (0.636; 0.632 (0.582; 0.652 (0.638; 0.660 (0.645; 0.633 (0.591; 0.675)
0.661) f 0.676) *t 0.681) * 0.666) *f 0.674) *f *
Age 0.631 (0.612; 0.639 (0.618; 0.565 (0.512; 0.638 (0.624; 0.647 (0.632; 0.562 (0.517; 0.607)
0.650) 0.659) 0.618) f 0.652) f 0.662) ¥
FRAX 0.687 (0.669; 0.703 (0.684; 0.642 (0.595; 0.691 (0.678; 0.700 (0.686; 0.649 (0.610; 0.688)
0.704) * 0.721) * 0.689) * 0.704) * 0.714) * *
Hip fractures
FREM (HP) 0.826 (0.795; 0.846 (0.816; 0.667 (0.547; 0.817 (0.794; 0.832 (0.808; 0.662 (0.568; 0.755)
0.857) 0.877) 0.787) ¥ 0.840) *t 0.856) *t ¥
FREM (H) 0.823 (0.791; 0.845 (0.816; 0.657 (0.519; 0.806 (0.782; 0.821 (0.796; 0.647 (0.549; 0.746)
0.856) t 0.874) 0.795) ¥ 0.831) *t 0.846) *t T
FREM (P)  0.826 (0.794; 0.847 (0.816; 0.666 (0.545; 0.813 (0.789; 0.829 (0.805; 0.643 (0.546; 0.739)
0.857) 0.877) 0.787) ¥ 0.836) *f 0.853) *f T
Age 0.815 (0.780; 0.835 (0.801; 0.664 (0.529; 0.790 (0.763; 0.807 (0.780; 0.613 (0.512; 0.715)
0.850) t 0.869) 0.799) 0.816) f 0.833) § T
FRAX 0.886 (0.866; 0.900 (0.880; 0.774 (0.698; 0.862 (0.844; 0.869 (0.851; 0.774 (0.700; 0.849)
0.905) * 0.919) * 0.850) * 0.879) * 0.887) * *

FREM (HP) uses hospitalization diagnoses and physician claims diagnoses; FREM (H) uses hospitalization diagnoses only; FREM (P) uses phy-
sician claims diagnoses only. *P <0.05 versus age alone. 1P <0.05 versus FRAX
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2-year risk) but not in men (P =0.957 for 1-year risk and
P =0.814 for 2-year risk).

The overall AUC for HF prediction from FREM (HP) was
0.826 (95% CI 0.795; 0.857) at 1-year and 0.817 (95% CI
0.794; 0.840) at 2-year risk, which was again slightly higher
than for FREM (H) and FREM (P). The AUC for FREM
(HP) was significantly higher than for age (2-year risk) but
significantly lower than for FRAX (P <0.001 for both 1-year
and 2-year risk). AUCs were higher for women than for men
(Table 3 and Supplementary Figs. 3 and 4). Again, AUC for

FRAX was higher than for FREM (HP) for both 1-year risk
(P<0.001 for women and P=0.034 for men) and 2-year risk
(P <0.001 for women and P =0.005 for men). On the other
hand, FREM (HP) for HF did not significantly outperform
age alone for 1-year risk (P=0.143 for women and P=0.938
for men), as significant difference was seen for 2-year risk in
women (P <0.001) but not in men (P=0.100). Age-specific
AUC results are presented in Table 4. Specifically, we note
that the AUC values obtained in individuals aged 80+ are
relatively low, indicating that FREM underperforms in the

Table 4 Validation of predictive
models stratified by sex and age

1-year prediction, AUC (95% CI)

2-year prediction, AUC (95% CI)

group

Women

Men

‘Women

Men

Major osteoporotic fractures

Age <65 years

FREM (HP) 0.608 (0.572; 0.645)
FREM (H) 0.582 (0.544; 0.619)
FREM (P) 0.596 (0.560; 0.633)
Age 0.546 (0.511; 0.582)
FRAX 0.657 (0.622; 0.692)

Age 65-79 years

FREM (HP) 0.608 (0.576; 0.640)
FREM (H) 0.606 (0.575; 0.638)
FREM (P) 0.593 (0.561; 0.625)
Age 0.575 (0.545; 0.604)
FRAX 0.682 (0.655; 0.710)
Age 80+ years

FREM (HP)  0.555 (0.510; 0.600)
FREM (H) 0.535 (0.491; 0.579)
FREM (P) 0.538 (0.493; 0.583)
Age 0.561 (0.514; 0.609)
FRAX 0.630 (0.587; 0.673)

Hip fractures
Age <65 years

FREM (HP)  0.797 (0.688; 0.906)
FREM (H) 0.801 (0.686; 0.917)
FREM (P) 0.812 (0.710; 0.914)
Age 0.698 (0.575; 0.820)
FRAX 0.962 (0.938; 0.986)

Age 65-79 years

FREM (HP)  0.736 (0.673; 0.800)
FREM (H)  0.719 (0.659; 0.780)
FREM (P) 0.730 (0.662; 0.798)
Age 0.708 (0.640; 0.777)
FRAX 0.834 (0.780; 0.887)
Age 80+ years

FREM (HP) 0.575 (0.495; 0.654)
FREM (H)  0.555(0.475; 0.636)
FREM (P) 0.574 (0.497; 0.651)
Age 0.616 (0.535; 0.698)
FRAX 0.698 (0.634; 0.762)

0.637 (0.541; 0.734)
0.510 (0.417; 0.603)
0.616 (0.515; 0.718)
0.481 (0.406; 0.556)
0.649 (0.560; 0.738)

0.647 (0.577; 0.717)
0.575 (0.497; 0.653)
0.634 (0.560; 0.707)
0.525 (0.443; 0.607)
0.664 (0.594; 0.735)

0.505 (0.390; 0.620)
0.558 (0.456; 0.659)
0.482 (0.374; 0.591)

0.557 (0.446; 0.669)
0.470 (0.372; 0.568)

Too few observation

Too few observation

Too few observation

0.600 (0.573; 0.626)
0.583 (0.556; 0.610)
0.592 (0.565; 0.618)
0.549 (0.523; 0.574)
0.646 (0.621; 0.672)

0.607 (0.584; 0.630)
0.607 (0.584; 0.630)
0.596 (0.574; 0.619)
0.584 (0.563; 0.606)
0.673 (0.652; 0.693)

0.576 (0.543; 0.609)
0.557 (0.524; 0.590)
0.558 (0.525; 0.592)
0.570 (0.536; 0.604)
0.640 (0.609; 0.671)

0.710 (0.620; 0.801)
0.684 (0.598; 0.771)
0.710 (0.625; 0.794)
0.596 (0.517; 0.675)
0.853 (0.803; 0.904)

0.747 (0.704; 0.790)
0.718 (0.669; 0.767)
0.739 (0.696; 0.782)
0.694 (0.647; 0.741)
0.813 (0.775; 0.851)

0.609 (0.558; 0.659)
0.575 (0.520; 0.631)
0.606 (0.555; 0.658)
0.642 (0.590; 0.694)
0.700 (0.657; 0.743)

0.660 (0.584; 0.736)
0.557 (0.478; 0.637)
0.643 (0.565; 0.720)
0.517 (0.452; 0.582)
0.659 (0.590; 0.729)

0.648 (0.589; 0.708)
0.585 (0.518; 0.652)
0.642 (0.579; 0.705)
0.542 (0.471; 0.612)
0.670 (0.611; 0.729)

0.526 (0.430; 0.623)
0.560 (0.466; 0.653)
0.495 (0.407; 0.582)
0.539 (0.445; 0.632)
0.508 (0.423; 0.593)

Too few observation

0.617 (0.469; 0.766)
0.602 (0.460; 0.744)
0.592 (0.438; 0.747)
0.527 (0.362; 0.692)
0.746 (0.635; 0.856)

Too few observation
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oldest individuals in which prediction by age alone shows a
similar performance.

Investigating the calibration of FREM, we observed gen-
erally higher predicted fracture risk obtained from FREM for
MOF compared to the observed fracture rate, especially in
the oldest age group (85 + years) where 2.80% of the women
and 2.53% of the men experienced a fracture during the first
year, but FREM (HP) predicted fracture rates of 3.88% in
women and 2.99% in men. A similar trend of predicted risk
above the observed risk was observed for HF, with predicted
risks of 2-3% in the oldest compared to observed risk of
0.5-1% (Table 5 and Fig. 1).

Discussion

In this study, we have applied the FREM algorithm to a large
registry-based cohort of individuals from Manitoba, Canada,
with the aim of validating its performance in a population
that is independent, and in some aspects quite distinct, from
the Danish population in which FREM had been developed
and validated [12, 13].

We observed that FREM (HP) performed well for HF in
women with excellent AUC values for both 1- and 2-year
risk prediction yet performed less well for HF in men with
moderate AUC values. The predictive values for MOF were

Table 5 Calibration of the prediction models, comparing predicted and observed 1-year fracture risk

‘Women

Men

Age <65 years, mean  Age

Age 80+ years, mean

Age <65 years, mean  Age Age 80+ years, mean

(SD) 65-79 years,  (SD) (SD) 65-79 years,  (SD)
mean (SD) mean (SD)

Major osteoporotic fractures
Observed 0.73% 1.29% 2.80% 1.36% 1.87% 2.53%
FREM (HP) 0.76% (0.48%) 1.61% (0.91%) 3.88% (2.17%) 0.52% (0.73%) 1.00% (1.22%) 2.99% (2.39%)
FREM (H)  0.64% (0.29%) 1.35% (0.50%) 3.03% (0.95%) 0.33% (0.28%) 0.61% (0.47%) 1.75% (1.01%)
FREM (P)  0.72% (0.40%) 1.54% (0.76%) 3.63% (1.75%) 0.44% (0.46%) 0.87% (0.78%) 2.59% (1.70%)
Hip fractures
Observed 0.03% 0.19% 0.90% 0.10% 0.30% 0.58%
FREM (HP) 0.11% (0.14%) 0.49% (0.54%) 2.36% (1.78%) 0.17% (0.36%) 0.62% (1.22%) 3.00% (3.57%)
FREM (H)  0.08% (0.07%) 0.40% (0.34%) 1.89% (0.84%) 0.09% (0.13%) 0.31% (0.40%) 1.32% (1.31%)
FREM (P)  0.11% (0.12%) 0.47% (0.44%) 2.21% (1.42%) 0.13% (0.24%) 0.50% (0.72%) 2.36% (2.32%)

As the observed fractures are true observations, no SD are reported for these

FREM (HP) uses hospitalization diagnoses and physician claims diagnoses; FREM (H) uses hospitalization diagnoses only; FREM (P) uses phy-

sician claims diagnoses only
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also somewhat lower than for HF in women, with moderate
AUC values in both sexes. The performance was better if
applying both hospital diagnosis codes and physician claims
data in the model. FREM tended to overestimate absolute
fracture risk in this population, as indicated by the higher
predicted than observed fracture risk, especially for hip
fractures.

In terms of discrimination, FREM generally outper-
formed age for MOF and for 2-year HF risk prediction in
women. FREM was found to be less accurate than FRAX
including BMD (except in the prediction of MOF in men,
where discrimination was comparable between FRAX and
FREM). This was as expected, due to the inclusion of BMD
in FRAX but not in FREM. It is worth noting in this context
that the intention of FREM is to identify individuals on a
population level who are at high imminent risk of fractures
and should undergo further risk evaluation, rather than to
provide a final risk estimate on which to base treatment deci-
sions. Our results could indicate that FREM may be a useful
tool for such first-line screening.

Comparing the validity of FREM in Canada with that
observed in Denmark [12, 13], we determined similar lev-
els of predictive power, indicating good generalizability of
the FREM algorithm. On the other hand, we in the current
study observed larger differences in the calibration of the
algorithm observing much lower rates of osteoporotic frac-
tures in the cohort than predicted by the algorithm. This
indicates that predictions of absolute risk, contrary to merely
identifying high-risk individuals, might require a popula-
tion- and setting-specific calibration of the FREM algorithm.
One possible contributing factor in the calibration difference
between this study and the original FREM development is
the inclusion of only DXA-scanned individuals in the cur-
rent cohort, compared to the full population in the Danish
cohort, although additional differences caused by differences
in population risk between Manitoba and Denmark cannot
be excluded. In addition, it is conceivable that the threshold
for hospital contact — even on an outpatient basis — marks
a somewhat more severe case than a patient seen under the
same diagnosis in General Practice. This, combined with the
known high osteoporotic fracture risk in the Danish popula-
tion [27], likely explains the requirement for a somewhat
lower calibration of the risk prediction for use in Canada.

In recent years, several studies regarding tools for immi-
nent fracture risk assessment have been published. The stud-
ies differ in their eligibility criteria and settings, potentially
resulting in rather heterogeneous fracture risk profiles, and
base their model fully or partially on risk factors with a bio-
logically plausible link to fractures [28—30]. A conceptually
different tool was developed by Almog et al. [31], who —
using a US administrative health database — applied deep
learning techniques from natural language processing to
patient medical history to develop an algorithm to identify

individuals at risk of fracture within a 2-year period [31]. In
comparison, FREM included the entire Danish population
aged 45 years or older and is based on covariates identified
in the analytical process to have a predictive value for frac-
tures, irrespective of whether these fit into the pathophysi-
ological process of fracture development [12]. This differ-
ence in covariates applied in the FREM algorithm may cause
a lower face validity of FREM — as well as the algorithm
developed by Almog et al. [31] — as compared to tools
based on established clinical risk factors for osteoporotic
fractures.

The AUC among these published tools range from 0.71
to 0.77 for HF and 0.62 to 0.73 for composite fracture out-
comes, derived from development or internal validation
cohorts [28-30]. Almog et al. [31] demonstrated AUC of
0.79-0.82 for any fractures — depending on the model
framework applied — and higher if focusing on subsequent
fractures only [31]. While direct comparison of FREM
against these tools is not appropriate, among others as this
is an external validation of FREM as compared to the inter-
nal validation of the abovementioned tools [32], the results
do seem to indicate that FREM tends to perform better or on
par with regard to discriminative power for the prediction of
hip fractures in women. A lower AUC for composite fracture
outcomes is similarly noted for FREM, as well as FRAX,
in this study as well as in prior FREM studies[12, 13], and
has been suggested to be due to an increased variability in
predictors across the different fracture types included in such
outcomes [29].

Beyond this external validation of FREM, we are only
aware of one other imminent fracture risk assessment tool
having been validated externally, though these data have
yet to be published in full. The available data indicate that
the IFRISK tool achieves an AUC for HF in the internal
validation of 0.78, while in two external validations, it was
0.70-0.71[33].

Uncertainties remain about the appropriate time horizon
for fracture risk assessments, and it has been argued that a
10-year time frame is most relevant [34]. Nevertheless, the
appealing perspective of imminent fracture risk assessment
tools is the potential of improved prevention of osteoporotic
fractures. Hence, evidence-based pharmacological and non-
pharmacological means to manage an increased fracture risk
are available [35], and there is an increasing call for action in
this setting [36—38]. Despite this, fragility fracture preven-
tion remains insufficient [38—40], indicating a need for other
ways of identifying individuals at risk. The FREM tool holds
the potential for automated screening, as it only includes
diagnoses, which are often available in electronic databases
and patient files, and we believe that the incorporation of
this or a similar tool may prompt a more proactive approach
to fracture risk management among physicians. However,
this has yet to be evaluated in clinical trials. As with all
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risk assessment tools, perhaps in particular those leveraging
administrative health data, there is a risk that they be used by
healthcare insurers to screen (potential) subscribers, and this
risk should be mitigated through legislative efforts.

The main strength of this study is the validation on a large
cohort distinct from the original setting FREM was devel-
oped in. Moreover, due to the Manitoba database including
both diagnoses from hospitals as well as from general prac-
titioners, we could investigate the dependence of FREM on
data source, hereby increasing the generalizability of the
algorithm to settings with different regimes of administra-
tive data collection. Furthermore, the availability of BMD
measurements for the included participants enabled for the
first time a direct comparison between FREM and the much-
used FRAX algorithm, enabling us to quantify the degree
to which administrative information can approximate the
information content of clinical measurements.

Acknowledged limitations to this study include the reli-
ance on a clinical BMD registry, though this captures all
clinical BMD testing in the province of Manitoba and there-
fore reflects a broad range of individuals typically referred
for fracture risk assessment. Women referred for testing
have mean BMD measurements that are average for age
with prevalence of FRAX risk factors that are also similar
to the general Canadian population; as expected, men typi-
cally show greater referral bias [41, 42]. Another limitation
is the use of a 10-year lookback in this study, whereas FREM
was originally developed using a 15-year lookback [12].
However, as FREM was subsequently validated in a Danish
cohort using a 5-year lookback [13], we do not expect this
to be a source of error in the fracture risk prediction in this
study.

Moreover, differences between the Canadian sam-
ple included in this study, and the Danish sample used to
develop FREM, are both a weakness and a strength of the
current study. There are differences with respect to ethnic
composition, Manitoba being much more ethnically het-
erogeneous than Denmark with a large proportion of immi-
grants, which might contribute to the need for recalibration.
On the other hand, significant stratification with FREM, in
spite of such differences, indicates that FREM might show
acceptable performance in a wide range of populations after
recalibration.

Future research on FREM should explore the additional
predictive value obtained by including registry data con-
cerning the use of medications and potentially biochemistry
results obtained as part of daily clinical practice. Further-
more, as has been demonstrated in this study, there is a need
to calibrate the tool for use under local conditions, as has
also been done for FRAX. Moreover, taking into account the
recency of previous fractures as well as of other risk factors
might have the possibility to further improve FREM, similar
to that which has been observed for FRAX [43]. Hence, a

@ Springer

future development of an extended version of FREM tak-
ing recency as well as frequency of predictors into account
is desirable. Additionally, studies investigating the cost-
effectiveness of implementing FREM in screening programs
would be desirable.

In conclusion, this study documents that FREM has good
validity for predicting the risk of osteoporotic — and par-
ticularly hip — fractures also in populations different from
the Danish population in which the algorithm was developed
but with the need of population-specific calibration if the
aim is absolute risk prediction instead of just risk stratifi-
cation. FREM performs better than age alone but weaker
than FRAX including BMD measurements, and inclusion
of physician claims enhanced the performance of FREM.
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