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Abstract

Summary FRAXplus® facilitates adjustment of FRAX® fracture probabilities for additional clinical risk factors. This
study examined how FRAXplus adjustments affect the proportion of older Swedish women eligible for treatment at a major
osteoporotic fracture (MOF) probability intervention threshold (IT) >26%.

Background FRAXplus enables adjustments based on additional clinical information, such as recency of osteoporotic
fractures, high-dose oral glucocorticoids, T2DM duration, lumbar spine (LS) bone mineral density (BMD), trabecular bone
score (TBS), falls in the previous year, and hip axis length. We aimed to determine how these adjustments alter treatment
eligibility in older Swedish women.

Methods Ten-year fracture probabilities with femoral neck BMD were calculated using FRAX and adjusted by FRAXplus
in the SUPERB cohort of 3028 Swedish women aged 75 to 80 years. Clinical risk factors (CRFs) and outcomes were col-
lected via questionnaires and national registers over 8 years, with incident X-ray-verified MOFs. FRAXplus adjustments were
applied one factor at a time; if multiple were available, the most influential factor was used. Net reclassification improvement
(NRI) was calculated.

Results Overall, 90% (n=2723) had their 10-year MOF probability adjusted upwards, with a mean (+SD) change of 4.25%
(5.12%). Common adjustments included HAL (31%), TBS (23%), falls (20%), LS BMD (8%), and recent fracture (5%).
Similar patterns were observed for hip fracture probabilities. Among those below the IT using FRAX alone, 1785 remained
below, with 365 (20.4%) experiencing incident MOFs. Of 339 women uplifted above the IT using FRAXplus, 119 (35.1%)
sustained incident MOFs. Among 904 above the IT with both FRAX and FRAXplus, 324 (35.8%) experienced incident
MOFs. The NRI was 4.82% (95% CI: 1.87-7.77%; p<0.01).

Conclusions FRAXplus improved risk stratification, with a significant proportion of older Swedish women having their
fracture probabilities uplifted above the IT, more accurately reflecting their elevated fracture risk, thereby enhancing the
utility of risk assessment tools and improving patient management.

Keywords Fracture risk prediction - FRAXplus - Hip fracture - Major osteoporotic fracture (MOF) - Osteoporosis -
Swedish woman

Introduction

Osteoporosis is a systemic skeletal disease characterized
by low bone mass and microarchitectural deterioration of
bone tissue, leading to increased bone fragility and frac-
ture risk [1]. Fractures are associated with significant mor-
bidity, mortality, and healthcare costs [2]. Therefore, iden-
tifying individuals at high risk of fractures and initiating
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appropriate preventive measures is a key public health goal
[3].

The FRAX® tool is a widely used clinical algorithm
that estimates the 10-year probability of major osteoporo-
tic fractures (MOFs), defined as fractures of the hip, spine,
forearm, or humerus, in individuals based on their age,
sex, body mass index (BMI), and several clinical risk fac-
tors [4]. The FRAX tool can be used to guide treatment
decisions by comparing the estimated fracture probabili-
ties with intervention thresholds (ITs), which are the levels
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of fracture risk above which pharmacological intervention
is recommended [5].

The FRAX tool was designed to be simple and practi-
cal, using a limited number of risk factors that are eas-
ily measured or self-reported, and that have a strong and
independent association with fracture risk. Furthermore,
the risk factors included in FRAX were selected to reflect
modifiable aspects of fracture risk that could benefit from
pharmacological or non-pharmacological interventions.

However, FRAX has some limitations [6—8], as it does
not capture the full range and diversity of fracture risk
and does not integrate other well-established risk factors
for fractures [8]. For instance, FRAX does not account for
some key additional risk factors such as a history of falls
or for the dose-response relationship between some of the
included risk factors and fracture risk, such as exposure
to glucocorticoids.

To address some of the limitations, FRAXplus® was
recently developed. FRAXplus allows for univariable
adjustment of the FRAX probabilities by using additional
clinical information, such as the number, type, and recency
of previous fractures [9], differences in BMD between
lumbar spine and femoral neck [10], or the dose of glu-
cocorticoids [11]. The FRAXplus adjustments are based
on empirical data from cohort studies and are applied as
multipliers to the original FRAX probabilities.

In this study, we aimed to examine the impact of using
FRAXplus adjustments on the proportion of older Swedish
women eligible for treatment. We utilized a MOF probability
intervention threshold of >26% and for hip fracture >9.8%,
representing the risk in a 70-year-old Swedish woman with a
previous fractur, threshold derivations recommended by the
National Osteoporosis Guideline Group (NOGG) in the UK [5].

Methods
Study subjects

This study utilized data from the Sahlgrenska University
Hospital Prospective Evaluation of Risk of Bone Frac-
tures (SUPERB) study, a population-based cohort con-
ducted in the greater Gothenburg area of Sweden. The pri-
mary aim was to identify predictors of fragility fractures.
Between March 2013 and May 2016, 3028 women aged
75 to 80 years were randomly selected from the Swedish
national population register. Detailed characteristics of the
cohort have been previously reported [12, 13].

Out of 6832 women who received formal invitations
via letter followed by telephone contact, 436 women
(6.4%) met exclusion criteria, which included bilateral hip
replacement, non-ambulatory status (aided or unaided),
and inability to communicate in Swedish. An additional
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3368 women (52.6%) declined participation. Conse-
quently, 3028 women were enrolled in the SUPERB study,
yielding an inclusion rate of 47.4%. The study protocol
was approved by the Regional Ethical Review Board in
Gothenburg, and all participants provided informed con-
sent prior to participation. Examinations were conducted
at the Department of Geriatrics, Sahlgrenska University
Hospital in Molndal, Sweden. Standardized equipment
was used to measure participants’ height and weight.

Questionnaires

Participants completed a standardized questionnaire to collect
information on medical history, medication use, and FRAX
clinical risk factors (CRFs). The FRAX CRFs included pre-
vious fractures (sustained after age 50 years at any location
except the skull and face), parental history of hip fracture,
current smoking status, oral glucocorticoid use, rheumatoid
arthritis, secondary osteoporosis (conditions such as type 1
diabetes mellitus, hyperthyroidism, chronic liver disease,
inflammatory bowel disease, or premature menopause), and
excessive alcohol consumption (three or more units per day).

Medical register data

Data on oral glucocorticoid and diabetes prescription med-
ications were obtained from the Swedish Prescribed Drug
Register. Diagnosis of type 1 diabetes related to second-
ary osteoporosis was acquired using ICD codes from the
Swedish National Patient Register.

Dual-energy X-ray absorptiometry (DXA)

Areal bone mineral density (aBMD), body composition, and
vertebral fracture status were evaluated using dual-energy
X-ray absorptiometry (DXA). The majority of participants
(n=2995) were scanned using a Hologic Discovery A device,
with data analyzed using the manufacturer’s software. A sub-
set (n=33) was scanned using a Hologic QDR 4500/A Del-
phi DXA device, with cross-calibration performed to ensure
consistency [14]. Scans were conducted at the femoral neck,
total hip, and lumbar spine (L1-L4), yielding coefficients of
variation of 1.3%, 0.8%, and 0.7%, respectively. The average
of L1 to L4, excluding any vertebrae with fractures, was used
to compute the trabecular bone score (TBS).

Incident fractures
Participants were followed from baseline for fracture incidence

until March 2023, with all fracture events occurring after the
baseline DXA scan documented. Information was obtained
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from the regional X-ray archives of the Vistra Gotaland region,
encompassing 49 municipalities around Gothenburg. Research
nurses reviewed radiology reports up to March 2023, and any
radiographs with uncertain fracture diagnoses were examined
by an experienced orthopedic surgeon. Fractures were catego-
rized into two groups: (1) MOF, including hip, clinical spine,
wrist, and humerus fractures; (2) hip fractures.

FRAX

The 10-year fracture probability for hip fracture and MOF
was calculated using the FRAX tool with Sweden as the ref-
erence country, incorporating standard FRAX adjustments
for age, weight, height, CRFs, and femoral neck BMD. The
CRFs included history of previous fractures, parental his-
tory of hip fracture, current smoking status, glucocorticoid
use, rheumatoid arthritis, secondary osteoporosis, and daily
alcohol consumption of three or more units.

FRAXplus model

FRAXplus allows the integration of additional risk factors
not accounted for in the initial tool. The current FRAXplus
model accommodates univariable adjustments, allowing
adjustment for one additional risk factor, for variables such
as recency and site of fractures, fall history within the past
year, dosage of corticosteroid, hip axis length (HAL), dura-
tion of type 2 diabetes mellitus (T2DM), TBS, and discrep-
ancies in lumbar spine-hip T-score (ALS-FN). The input of
these variables provides a multiplication factor to adjust the
10-year probabilities of MOF and hip fractures.

In general, FRAXplus allows for the selection of any risk
factor and can both increase and decrease the probability of
fracture risk. However, in this study (SUPERB), we chose to
apply only the most impactful risk factor per individual and
focused solely on increasing the probability. For example,
if a participant had a recent spine fracture (O—1 months) and
two falls in the previous year, the FRAX scores would be
adjusted based solely on fracture recency, as it carries the
highest multiplication factor of 1.60 versus 1.23 for two falls
(with BMD in the model). This approach was taken because
we believed it aligns with clinical practice, where the goal is
to determine how high the risk could become when adding
FRAXplus variables.

Recency and site of fracture

In cases of prior fractures, “recency” refers to the time elapsed
since the last fracture, and “site” refers to the anatomical
location of the previous fracture. The fracture probabilities
for different scenarios of prior fracture were calculated using
data from the Reykjavik study as previously described [9].

An adjustment ratio for each scenario was derived to modify
the FRAX probabilities. For brevity, a fracture within the
previous two years is termed a “recent fracture” unless oth-
erwise noted. The ratio used for multiplication also depends
on the time elapsed since the “recent fracture,” categorized
as 0—1 month, 1-6 months, 6—12 months, and 12—24 months.
Five categories of sentinel fractures were defined: clinical
vertebral fractures, humeral fractures, forearm fractures, hip
fractures, and other osteoporotic fractures.

Exposure to oral glucocorticoids

To assess the impact of oral glucocorticoid use on fracture
risk, we calculated the average daily dose each patient
received during their treatment period. The total amount
of prednisolone (or equivalent glucocorticoid) prescribed
to each patient in milligrams was divided by the number
of days treated. Patients were classified into three groups
based on their average daily dose: low dose (< 2.5 mg/day),
medium dose (2.5-7.5 mg/day), and high dose (> 7.5 mg/
day). We modified the FRAX probabilities according to
the average daily glucocorticoid dose, assuming that the
medium dose (2.5-7.5 mg/day) provided the probabilities
as seen in FRAX. The FRAX hazard ratios were adjusted
upward for the high dose and downward for the low dose,
using the complex age-adjusted approach described in a
previous publication [15].

Duration of type 2 diabetes (T2DM)

The influence of T2DM on fracture risk was assessed by
categorizing diabetes duration into none (reference), less
than 5 years, 5-10 years, and more than 10 years. For
FRAX without BMD, secondary osteoporosis should be
ticked; otherwise, no adjustment was made. For FRAX
with BMD, the ratios from Leslie et al. [16] were used.

TBS, falls, and hip axis length (HAL)

Adjustments to the FRAX probabilities were applied based
on TBS values, the number of falls (none, 1 fall, 2 falls, >3
falls), and HAL, using correction factors derived from the
Manitoba cohort [11, 17, 18]. The HAL adjustment was
based on the deviation of individual HAL measurements
from the mean value.

BMD discordance

The difference in BMD T-score between the lumbar spine
(LS) and femoral neck (FN; AFN-LS) was calculated
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by subtracting the LS T-score from the FN T-score. The
impact of this discordance on FRAX probabilities was
determined by a previous analysis in the Manitoba cohort,
resulting in a multiplier of 1.124N1S ysed to adjust the
FRAX probability with BMD [19].

Net reclassification improvement (NRI)

We examined reclassification rates and categorical net
reclassification improvement (NRI) by applying FRAX-
plus adjustments to FRAX-based probabilities for MOF,
using fixed intervention thresholds (IT) above 70 years,
as recommended by the National Osteoporosis Guideline
Group (NOGG) [5]. An IT for MOF of >26% represents
the risk in a 70-year-old Swedish woman with a previ-
ous fracture. NRI was computed separately for individuals
with and without incident fractures, as well as for overall
reclassification improvement [20, 21]. For participants
who experienced a fracture during follow-up (events),
correct reclassification was defined as moving to a higher
FRAX risk category and incorrect reclassification as mov-
ing to a lower category. Conversely, for those without a
fracture (nonevents), correct reclassification was defined
as moving to a lower risk category and incorrect reclassi-
fication as moving to a higher category. Positive values of
NRI indicate improved risk classification, while negative
values suggest inferior prediction. An asymptotic test of
significance for the null hypothesis of NRI=0 was con-
ducted based on the multinomial distribution.

Other statistical analysis

Descriptive statistics were employed to summarize baseline
characteristics and fracture incidence within the study popu-
lation. Continuous variables are presented as mean =+ stand-
ard deviation (SD) or median with interquartile range (IQR),
depending on the distribution assessed by the Shapiro—Wilk
test. Categorical variables are summarized as counts and
percentages. Group differences between participants with
and without incident MOF or hip fractures were evaluated.
For continuous variables, independent samples ¢-tests were
used for normally distributed data, while the Mann—Whitney
U test was applied for non-normal distributions. Categorical
variables were compared using the chi-square test or Fisher’s
exact test when expected frequencies < 5.

Receiver operating characteristics (ROC) curve analysis
was performed to evaluate and compare the discrimina-
tive ability of the original FRAX model and the FRAXplus
model in predicting incident MOF and hip fractures. The
area under the ROC curve (AUC) was calculated for each
model, with 95% confidence intervals (95% Cls) obtained
using the DeLong method. Comparisons between AUCs
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were conducted using the method described by DeLong
et al., allowing for statistical assessment of differences in
model performance. Calibration was evaluated visually
using decile-based plots comparing observed and predicted
risks for both MOF and hip fractures. Predicted probabilities
from FRAX and FRAXplus were grouped into deciles, and
observed event rates were plotted against the mean predicted
risk per decile, with 95% Wilson score confidence intervals
and a dashed line for perfect calibration.

Missing data for variables included in the FRAXplus such
as HAL, TBS, fall history, diabetes duration, and recency/
site of fracture were handled by including all study subjects
in the calculations, but missing data on individual variables
did not contribute to the models. For information on the
number of missing observations, see Table 1. All statistical
tests were two-tailed, and a p-value of less than 0.05 was
considered statistically significant. Statistical analyses were
performed using SPSS version 29 and R version 2024.04.02.

Results
Baseline characteristics

The analysis revealed that participants who experienced inci-
dent MOF were generally older and had lower body mass
index (BMI) compared to those without fractures. They had
a higher prevalence of previous fractures, including recent
and vertebral fractures (Table 1 and Supplemental Table 1).
Smoking and self-reported falls were more common among
those with incident MOF, with a notable increase in the
number of falls reported. BMD T-scores at the femoral neck
and lumbar spine were lower in participants with incident
MOF, and their trabecular bone scores were lower (Table 1).
Similarly, participants who experienced incident hip frac-
tures were older and had lower BMI than those without hip
fractures. They exhibited a higher prevalence of previous
fractures, particularly vertebral fractures, and reported more
falls. Smoking was also more prevalent in this group. These
participants had lower femoral neck BMD T-scores and dif-
ferences in HAL (Table 1).

Overall, higher FRAX probabilities, both with and with-
out BMD, were observed in participants who experienced
incident fractures (Supplemental Table 2).

Analyses of the FRAXplus model

The FRAXplus model (which raises the FRAX 10-year
probability for the most influential FRAXplus risk factor)
significantly modified the 10-year fracture probabilities
for the majority of women by incorporating additional
clinical risk factors not accounted for in the original
FRAX model. Out of 3028 women, 2723 (90%) had their
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Table 1 Baseline characteristics

Baseline characteristics All Incident MOF No incident MOF Incident HIP No incident HIP p
(n=3028) (n=808) (n=2220) (n=238) (n=2790)

Age (years) 77.8+1.6 78.0(1.6) 77.7 (1.6) <0.001 78.1(1.6) 77.8 (1.6) 0.002
BMI (kg/m?) 26.3+4.4 26.2 (4.4) 26.3 (4.5) <0.001 254 4.1) 26.3 (4.4) 0.002
Previous fracture 1117 (36.9) 379 (46.9) 738 (33.2) <0.001 115 (48.3) 1002 (35.9) <0.001
Recent fractures* 193 (6.4) 73 (9.0) 120 (5.4) <0.001 21(8.8) 172 (6.2) 0.11
Glucocorticoid' 103 (3.4) 31(3.8) 72 (3.2) 043  5@2.1) 98 (3.5) 0.25
Dose 0.59 0.17

Low dosage 7(0.2) 3(0.4) 4(0.2) 0(0) 7(0.2)

Medium dosage 41 (1.4) 13 (1.6) 28 (1.3) 2(0.9) 39 (1.4)

High dosage 40 (1.3) 11(1.4) 29 (1.3) 1(0.4) 39 (1.4)
Rheumatoid arthritis 120 (4.0) 40 (5.0) 80 (3.6) 0.09 11 (4.6) 109 (3.9) 0.59
Secondary osteoporosis®> 787 (26.0) 204 (25.2) 583 (26.3) 0.57 62(26.1) 725 (26.0) 0.98
Parental history 533 (17.6) 155 (19.2) 378 (17.0) 0.17  50(21.0) 483 (17.3) 0.15
Smoking 158 (5.2) 49 (6.1) 109 (4.9) 0.21 24 (10.1) 134 (4.8) <0.001
Alcohol® 17 (0.6) 4(0.5) 13 (0.6) 0.77 104 16 (0.4) 076
Self-reported falls 896 (29.6) 284 (35.1) 612 (27.6) <0.001 90 (37.8) 806 (28.9) <0.01
Number of falls <0.001 0.07

0 2132 (70.4) 524 (64.9) 1608 (72.4) 148 (62.2) 1984 (71.1)

1 470 (16.0) 135 (16.7) 335 (15.1) 40 (16.8) 430 (15.4)

2 343 (11.6) 117 (14.5) 226 (10.2) 35 (14.7) 308 (11.0)

3+ 83 32 (4.0) 51(2.3) 15 (6.3) 68 (2.4)
FN BMD T-score -1.64+0.89 —-1.90+0.78 —1.54+0.90 <0.001 -2.10+£0.78 —1.60+0.89 <0.001
LS BMD T-score? —-094+154 —-120+1.40 —-0.85+1.60 <0.001 -1.07+140 —-093+1.55 0.20
Trabecular bone score 1.21+0.11 1.19+0.11 1.22+0.11 <0.001 1.20+0.11 1.21+0.11 0.08
Hip axis length® 104.5+5.9 104.9+6.0 104.8 +5.8 0.50 106.0+6.0 104.7+5.9 <0.001
Type 2 diabetes 294 (9.8) 81 (10.0) 213 (9.6) 0.72 24 (8.2) 214 (7.8) 0.84
Diabetes duration® 0.47 1

0-5 years 90 (3.0) 22 (2.7) 68 (3.1) 7(2.9) 83 (3)

5-10 years 143 (4.7) 45 (5.6) 98 (4.4) 11 (4.6) 132 (4.7)

10+ years 12 (0.4) 2(0.2) 10 (0.5) 1(0.4) 11 (0.4)

Baseline characteristics are presented as mean + standard deviation (SD) for continuous variables and as the number of subjects with group per-

centages in parentheses for categorical variables

FX fracture, 1, FN and LS BMD femoral neck and lumbar spine bone mineral density

Missing values a=19, b=28, c=13,d=49

aCurrent glucocorticoid usage

bSecondary osteoporosis includes: type 1 diabetes mellitus, hyperthyroidism, malnutrition, osteogenesis imperfecta, chronic liver disease, pre-

mature menopause, and hyperparathyroidism
€Alcohol intake more than 3 units/day

*Number of recent fractures (<2 years) and locations are presented in Supplementary Table 1

10-year probability of MOF uplifted by the FRAXplus
model; a similar pattern was observed for the 10-year hip
fracture probabilities. The most common risk factors that
increased fracture probabilities were HAL, TBS, fall his-
tory, LS BMD discordances, and recent fractures when the
highest probability was chosen. These factors elevated the
probability in 31%, 23%, 20%, 8%, and 5% of the women,
respectively (Fig. 1). A comparison of the original FRAX

and FRAXplus models with and without BMD adjust-
ments is shown in (Fig. 2).

MOF
The study population was divided into three groups based

on the 10-year MOF probabilities using FRAX and FRAX-
plus: those who were reclassified from below to above the
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Impact of FRAXplus on 10-year probabilities

MOF

Hip

u Falls

= HAL

= High dose GC
LSBVD

= Recentfracture

= T2DM

u TBS

= Unadjusted

Fig. 1 The impact of FRAXplus on 10-year MOF (left) and hip fracture (right) probabilities in older Swedish women in the SUPERB-cohort

IT (“uplifted above IT”), those who remained below and
those above the IT even after FRAXplus adjustment. A total
of 339 women (11.2%) had their 10-year MOF probability
reclassified from below to above the IT using FRAXplus.
Within this group, 119 women (35.1%) experienced an inci-
dent MOF during follow-up. The incidence of MOF was
higher in this group compared to those who remained below
the IT. Out of the 2124 women who were below the IT using
FRAX alone, 1785 remained below the IT after FRAXplus
adjustment. Among these women, 365 (20.4%) experienced
an incident MOF. There were 904 women who were above
the IT using FRAX alone and remained above the IT after
FRAXplus. Within this group, 324 women (35.8%) experi-
enced an incident MOF. The incidence of MOF was similar
between the FRAX and FRAXplus models for these women.

Fig.2 10-year probabilities
according to FRAX (grey) and

10-year probability (%)

The three groups, along with the entire cohort population,
are presented in (Fig. 3).

The NRI was 4.82% (95% confidence interval CI:
1.87-7.77; p<0.01), with an NRI of + 14.73% for events
and — 9.91% for nonevents, demonstrating a significant
improvement in risk stratification with the FRAXplus model
(Fig. 4).

Hip fracture

The study population was similarly categorized based on a
10-year hip fracture threshold of 9.8%. A total of 216 women
(7.1%) were reclassified from below to above the threshold
using FRAXplus, of whom 24 (11.1%) experienced a hip
fracture. Among the 1703 women who remained below the
threshold, 73 (4.3%) sustained a hip fracture, while 1109

O FRAX @ FRAXplus

FRAXplus (orange) for MOF 40
and hip fracture with and with- 35
out femoral neck BMD adjust- i
ments in older Swedish women 30
in the SUPERB-cohort
25
20
15
10
5 L
0

MOF without BMD
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Comparison of Different FRAX Models for Major Osteoporotic Fracture

FRAXplus®
SUPERB n = 3028

FRAX® Incident MOF

FRAXplus®
Uplifted Above IT n = 339

Variable

| FRAX®

[ Incident MOF

w . . .
¢ \
FRAX®

FRAXplus®
Remained Below IT n = 1785

F‘"‘;ﬂ (%)

Incident MOF

Fig.3 Comparison of FRAX models (original FRAX and FRAX-
plus) for predicting major osteoporotic fracture (MOF) across groups
reclassified by risk category: uplifted, remained below IT, remained

women were above the threshold under both FRAX and
FRAXplus, with 141 (12.7%) experiencing a hip fracture.
The NRI for hip fractures was 3.2% (95% CI: —0.9 to 7.4,
p=0.13), reflecting + 10.1% for events and —6.9% for non-
events, indicating a modest improvement in reclassification
using FRAXplus.

ROC analysis
For both MOF and hip fractures, the FRAXplus models

showed improved AUC values compared to the original
FRAX probabilities. For MOF with BMD included, the AUC

40
£
g S & =
F20

10

0

FRAX®

FRAXplus®
Remained Above IT n = 904

Incident MOF

above IT, and all adjusted with FRAXplus model. The red dashed line
indicates the intervention threshold (IT)

increased from 0.625 (95% CI: 0.603-0.647) for the origi-
nal FRAX model to 0.631 (95% CI: 0.609-0.653) for the
FRAXplus model (x2=2.07, p=0.038). For models without
BMD, the AUC increased from 0.570 (95% CI: 0.547-0.593)
for the original FRAX to 0.577 (95% CI: 0.554-0.600) for
the FRAXplus model (x2=2.35, p=0.019). For hip frac-
tures, a significant improvement was observed only in mod-
els without BMD, with the AUC increasing from 0.591 (95%
CI: 0.554-0.628) for the original FRAX to 0.601 (95% CI:
0.564-0.637) for the FRAXplus (x2=2.24, p=0.025).
In contrast, the increase for hip fracture prediction with
BMD, from 0.659 (95% CI: 0.625-0.693) to 0.664 (95%
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Fig.4 The reclassification

of women based on 10-year
probabilities of major osteo-
porotic fracture (MOF) with and
without FRAXplus adjustments.
Values in the table represent
total counts, number of fractures
(cases) in parentheses, and
percentages of fractures

Without FRAXplus
>26%

<26%

>26%

CI: 0.631-0.698), was not statistically significant (x2=1.39,
p=0.165) (Supplemental Table 3).

Calibration

Calibration plots for hip and major osteoporotic fracture
risk are provided in Supplementary Fig. 1, showing overall
agreement between predicted and observed risk across most
deciles for both Original FRAX and FRAXplus models, with
some overestimation by both models at higher predicted
probabilities (e.g., decile 10). The plots include 95% con-
fidence intervals, highlighting greater uncertainty in lower
deciles for hip fractures due to fewer events.

Discussion

This study evaluated the efficacy of the FRAXplus predic-
tion tool in reclassifying individuals from below to above
the intervention threshold by incorporating additional risk
factors not available in the original FRAX model in older
Swedish women. Using an intervention threshold of 26% for
major osteoporotic fractures (MOF), equivalent to a woman
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339 (119, 35.1%)

10-Year MOF Risk Reclassification Table

0 (0, 0.0%)

1785 (365, 20.4%)

<26%
With FRAXplus

aged 70 years with a prior fragility fracture as recommended
by the National Osteoporosis Guideline Group (NOGG), we
assessed the tool’s ability to improve treatment decisions by
considering additional clinical risk factors often overlooked
in the standard fracture risk assessments.

Our principal findings indicate that the application of
the FRAXplus model resulted in an upward adjustment of
10-year major osteoporotic fracture probabilities for 90% of
women in the cohort. Notably, FRAXplus reclassified 339
women (11.2%) from below to above the intervention thresh-
old, more accurately reflecting their elevated fracture risk,
compared to the original FRAX probabilities. The calculated
FRAXplus probabilities closely matched the actual observed
incidence of MOF (Fig. 3), and the NRI was 4.8%, dem-
onstrating a meaningful enhancement in risk stratification.

The inclusion of additional risk factors in FRAXplus
enhances fracture risk prediction by capturing nuances
not considered in the original FRAX model. By identify-
ing more women who could benefit from pharmacological
or preventive interventions, FRAXplus has the potential to
ameliorate the treatment gap in osteoporosis management.
The tool’s ability to reclassify women previously considered
low risk underscores its value in refining treatment decisions
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and potentially influencing the choice of pharmacological
treatments. Specifically, women with severe osteoporosis or
poor bone microarchitecture—who may not respond opti-
mally to antiresorptive therapies—could be identified for
osteoanabolic treatments like teriparatide, abaloparatide,
or romosozumab [3]. Osteoanabolic therapies have shown
greater efficacy [22, 23] in reducing fracture risk but come
with higher costs. Therefore, FRAXplus could aid in select-
ing appropriate candidates, optimizing both treatment effi-
cacy and cost-effectiveness.

As illustrated in Fig. 1, the predominant upwards adjust-
ments in the FRAXplus model were attributed to TBS,
HAL, and self-reported falls. These three factors collec-
tively accounted for approximately 80% of all FRAXplus
adjustments. The prominence of these factors is noteworthy
because they are readily obtainable through medical history
and DXA scans, enhancing the practicality of FRAXplus in
clinical settings.

Several limitations of this study should be acknowledged.
First, the level of evidence for FRAXplus is lower than that
of the original extensively validated FRAX model. The
adjustments for each additional risk factor are based on lim-
ited cohorts, such as the Reykjavik and Manitoba studies,
which have not been extensively validated across the numer-
ous cohorts included in the original FRAX except for TBS
adjustments [24]. This highlights the need for additional
research and external validation to confirm the generaliz-
ability of FRAXplus across diverse age groups, settings,
and populations before its risk factors can be considered for
incorporation in future iterations of FRAX, currently being
developed [6]. Second, the relatively modest AUC perfor-
mance observed in this study is likely a consequence of the
restricted age range (75—80 years) that limits variability and
prediction due to age [25]. Although FRAXplus achieved a
statistically significant increase in AUC, the improvement
was modest. In a cohort of relatively narrow heterogeneity,
such small changes in AUC may not fully capture clinically
meaningful reclassifications around treatment thresholds
[21]. Accordingly, the net reclassification improvement
(NRI) provides complementary insights, reflecting how indi-
viduals are more accurately shifted into clinically relevant
risk categories. Calibration plots indicated general agree-
ment between predicted and observed risks across most
deciles, with some overestimation observed at higher pre-
dicted probabilities. These patterns are not unexpected in a
relatively homogeneous older population and do not detract
from the improved reclassification performance observed
with FRAXplus.

Third, the follow-up duration was approximately 8 years,
shorter than the 10-year probability estimate provided by
FRAX, which may affect the accuracy of long-term risk
predictions. Fourth, while the sensitivity of fracture risk
prediction might be improved by utilizing FRAXplus, the

specificity may be limited. This study is designed to assign
a higher score to those with an additional risk factor, which
could lead to overestimation of risk in some cases. While
the unidirectional adjustment aligns with the goal of iden-
tifying high-risk individuals, it may bias reclassification
metrics such as the NRI by omitting protective effects from
variables like TBS, HAL, and the absence of falls. Future
work should explore bidirectional adjustment models and
multivariable adjustments to more accurately assess both
discrimination and reclassification performance. Finally, the
clinical utility and cost-effectiveness of FRAXplus were not
assessed in this study. The inclusion of additional risk fac-
tors, although enhancing prediction accuracy, may necessi-
tate extra equipment, time, and cost. For instance, measuring
HAL requires specialized software for hip DXA scans, and
assessing TBS necessitates software for spine DXA image
analysis. These requirements could hinder the widespread
adoption of FRAXplus, especially in primary care settings
where resources may be limited.

The study also has strengths. A key strength is the inclu-
sion of a large, population-based cohort of older Swedish
women, providing a robust foundation for our findings. The
substantial number of incident fractures observed provides
sufficient statistical power of the study. Additionally, the
verification of fractures through X-ray imaging adds a reli-
able layer of accuracy to the outcomes. Detailed informa-
tion on all FRAX and FRAXplus clinical risk factors further
strengthens the comprehensiveness of our analysis.

In conclusion, this study demonstrates that FRAXplus
significantly improves fracture risk prediction in older
women by incorporating additional risk factors absent
from the standard FRAX model. These findings suggest
that FRAXplus could play a crucial role in narrowing the
treatment gap in osteoporosis management by identifying
more women who may benefit from preventive interven-
tions or advanced pharmacological treatments.
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