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Abstract

Fracture risk is commonly assessed by FRAX, a tool that estimates 10-yr risk for major osteoporotic fracture (MOF) and hip fracture. FRAX
scores are often refined by including FN BMD measured by DXA as an input. Rho, a novel Al-powered software, estimates FN BMD T-Scores
from conventional X-rays, even when FN is not in the image. Whether a FRAX score using this estimate (FRAX-Rho) can improve a FRAX score
without a T-Score input (FRAX-NoT) has not been studied. We conducted a retrospective analysis of Canadian Multicentre Osteoporosis Study
participants who had X-rays of the lumbar and/or thoracic spine, FRAX risk factors, and DXA T-Scores acquired at the same time point, and
follow-up fracture outcomes over 9 yr. In 1361 participants with lumbar X-rays, FRAX-Rho and FRAX with DXA FN T-Scores (FRAX-DXA) had
very good agreement in categorizing participants by MOF risk (Cohen’s weighted kappa « =0.80 [0.77-0.82]), which tended to be better than
that between FRAX-NoT and FRAX-DXA (0.76 [0.73-0.79]). Agreement in categorizing participants by hip fracture risk was significantly greater
between FRAX-Rho and FRAX-DXA (0.67 [0.63-0.71]) than FRAX-NoT and FRAX-DXA (0.52 [0.48-0.56]). In predicting true incident MOF, FRAX-
Rho and FRAX-DXA did not differ in their discriminative power (c-index) (0.76 and 0.77; p=.36); both were significantly greater than that of
FRAX-NoT (0.73; p <.004). The accuracy of FRAX-Rho for predicting MOF (Brier Score) was better than FRAX-NoT (p <.05) but not as good
as FRAX-DXA. Similar results were observed in participants with thoracic X-rays. In conclusion, FN T-Scores estimated by Rho from lumbar and
thoracic X-rays add value to FRAX-NoT estimates and may be useful for risk assessment when DXA is not available.
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Lay Summary

Risk of a future fracture is commonly calculated to identify patients who might benefit from lifestyle modification or treatment to optimize bone
health. Other studies have demonstrated that fracture risk calculations are better when they include the patient’'s BMD, measured by a special
X-ray system called DXA. A novel software powered by artificial intelligence, Rho, can estimate the patient’s BMD from a regular X-ray. This
study shows that fracture risk calculations with no estimate of BMD are improved when they include the Rho-estimated BMD. Rho-estimated
BMD may be useful for risk assessment when DXA is not available.

Introduction

Osteoporosis is a common, chronic disease characterized by
low BMD and deterioration of bone tissue that increases an
individual’s risk of fracture. In adults over 50 yr of age, 6%
of men and 21% of women have osteoporosis' and 1 in §
men and 1 in 3 women will sustain an osteoporotic fracture in
their lifetime.” These preventable fractures lead to significant
morbidity and mortality, and health-care costs.?

Among several fracture risk prediction tools available,
FRAX* has the largest number of externally validated and
independent studies. Since its release, 71 models have been
made available for 66 countries covering more than 80% of
the global population.’

FRAX uses a number of clinical risk factors to estimate a
10-yr probability of a hip fracture and of major osteoporotic
fracture (MOF; ie, osteoporotic fracture of the spine, hip,
forearm, or humerus). It requires as input: age, sex, and clin-
ical fracture risk factors (eg, BMI, previous fragility fracture,
current smoking, and alcohol use) and, optionally, a BMD T-
Score from the FN. Inclusion of a T-Score (acquired by DXA)
increases the FRAX tool’s accuracy.®>”

Rho (16 Bit Inc.) is a software-as-a-medical device licensed
by Health Canada and authorized by the U.S. Food and Drug
Administration that serves as an opportunistic pre-screen
for low BMD from conventional X-ray. Rho automatically
analyzes X-rays of the chest, LS, thoracic spine, pelvis, hand
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or knee, acquired for any clinical indication in patients aged
50 yr and older. The Rho algorithm estimates BMD at L1-L4
and at the FN, even if those regions are not in the analyzed
X-ray. It uses a locked machine algorithm, trained with over
67 000 pairs of X-rays (of the chest, LS, thoracic spine, pelvis,
hand/wrist, or knee) and DXA (which included the ground
truth BMD at L1-L4 and at the FN) that learned to predict
BMD at L1-L4 and at the FN from features of the X-ray.®
It uses these estimates to output an alert to a healthcare
provider if a patient may have low BMD. Rho is not DXA-
equivalent. Currently, clinical implementation of a screening
tool like Rho, which takes advantage of already-available X-
ray scans (acquired for any reason), is intended to prompt a
clinical fracture risk assessment to help improve osteoporosis
management.

This study aimed to determine whether a Rho-derived FN
T-Score estimate, not currently a regulatory-approved output
of the software, could add clinical value to a FRAX score
calculated without a DXA FN T-Score. If so, it could improve
fracture risk prediction in the absence of DXA.

Materials and methods

This is a retrospective study that utilized data collected from a
large prospective study, the Canadian Multicentre Osteoporo-
sis Study (CaMos).” CaMos was a nationwide prospective
cohort study of 9423 non-institutionalized, randomly selected
women (7 =6539) and men (n=2884) aged 25 years or older.
Recruitment was conducted between 1995 and 1997 and
participants were followed for 19 yr. Informed consent was
obtained from each participant, and the study was approved
by the Institutional Review Board of each participating insti-
tution. In order to take advantage of more recent X-ray
technology, the present study analyzed a subset of participants
from year 10 (n=4921), collected between 2005 and 2008. As
part of CaMos, participants aged 50 and above had X-rays of
the thoracic and LS, and a DXA scan from which T-Scores
of L1-L4 and FN were available. BMD was measured using
Hologic QDR 1000 or 2000 or Lunar DPX densitometers
at each institution that had been cross-calibrated at the start
of the study and yearly thereafter. BMD values from Lunar
systems were converted to a Hologic base. Of these 4921
participants, 2701 unique individuals had X-rays. Rho has a
built-in quality control (QC) system that classifies adequate
frontal projections of candidate X-rays; 1798 unique individ-
uals had X-rays that passed Rho’s QC. The high rate of failed
QC X-rays was due largely to X-ray acquisition parameters
because some X-rays were lateral projections and Rho only
accepts frontal projections.

The following FRAX inputs for fracture risk calculations
were collected by a study coordinator at an in-person study
visit: age, sex, BMIL, previous fracture, parent hip fracture,
current smoking, glucocorticoid use, rheumatoid arthritis,
secondary osteoporosis, and alcohol. Of the 1798 unique
individuals with eligible X-rays, 11 did not have complete
FRAX inputs, thus the final dataset for analysis thus included
1787 unique individuals. Optionally, the FRAX score can be
refined by inputting a DXA-derived FN T-Score. FRAX scores
for MOF and hip fracture were calculated using no T-Scores
(FRAX-NoT), DXA T-Scores (FRAX-DXA) and Rho-derived
FN T-Scores (FRAX-Rho) from either a lumbar or thoracic
X-ray.

Participants were followed longitudinally with yearly
questionnaires that included information on incident fracture
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(hip or MOF). Surveys were reviewed to determine the number
of years from time of data acquisition (year 10 of CaMos)
that incident fractures occurred. Incident fractures were
categorized as either major osteoporotic (hip, spine, forearm,
or humerus) and/or hip if the mechanism was reported to be
low trauma.

Sample size

For sample size calculations for Cohen’s Kappa,!? an alpha
of .05 was Bonferroni corrected by a factor of 8 (2 types
of fracture concordance tests [hip and MOF] x 2 pairs of
agreement [FRAX-NoT with FRAX-DXA and FRAX-Rho
with FRAX-DXA] x 2 types of X-rays [lumbar and thoracic]).

To identify concordance between FRAX estimates to
categorize participants into 3 MOF risk categories of low
(<10.0%), moderate (10.0%-19.9%), or high (>20.0%)
requires an estimate of the frequency of participants in each
category. From CaMos data, the percentage of community-
based participants in each risk category (low, moderate, and
high) was 69%, 23%, and 8%, respectively.!! A sample size
calculation using these probabilities was performed for a null
hypothesis of ¥ =0.7, an alternative hypothesis of x=0.8,
with 80% power and alpha=.05/8. The minimum sample
size to assess concordance for categorizing MOF is n = 676.

To identify concordance between FRAX estimates to cat-
egorize participants into 2 hip fracture risk categories: low
(<3%) or high (>3%), we used the frequency of participants
in each category from a community-based study from Man-
itoba, of approximate mean age 68 yr, that found 16% of
participants had a high risk of hip fracture.!”> A sample size
calculation using this probability was performed for a null
hypothesis of ¥ =0.7, an alternative hypothesis of ¥=0.8,
with 80% power and alpha=.05/8. The minimum sample
size to assess concordance for categorizing hip fracture is
n=1196.

Statistical analysis

Descriptive statistics stratified by sex were used to describe
the analytic cohort. Continuous variables were described with
mean and SD, with between-group comparisons analyzed
using Kruskal-Wallis tests. Categorical variables were
described with the number and percent of each attribute,
with between-group comparisons analyzed using Pearson’s
Chi-squared test.

A quadratic weighted kappa and 95% CI were calculated
to estimate the chance-corrected agreement between FRAX
estimates.!> Tables (3 x 3) were constructed to measure
concordance between FRAX-DXA and FRAX-Rho for cat-
egorizing participants in three MOF risk categories. Tables
(2 x 2) were constructed for hip fracture risk categories. A
Cohen’s kappa coefficient ¥ > 0.75 is considered very good,'*
and k > 0.80 is considered excellent agreement.'3

Questionnaire data for each year following the X-ray and
DXA collection were reviewed for the occurrence of an
event, either MOF or death, and time to event, in years, was
recorded. If no event occurred, the time to event was the
last completed questionnaire and the event was censored.
We calculated C-index, the discriminative power of the
risk predictive model, using the concordance function on
Cox proportional hazards regression models using the R
package survival. The response variable (time to MOF or
hip fracture, and whether or not the fracture occurred)
was modeled against each FRAX estimate (ie, FRAX-DXA,
FRAX-RHO, or FRAX-NoT). Discrimination performance
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Table 1. Participant characteristics.

Males Females p-value

(N=517) (N=1270)
Age, years 68.6 (9.4) 70.0 (9.3) .005
BMI 27.6 (4.1) 27.4(5.1) .061
Current smoking 64 (12.4) 114 (9.0) 011
Alcohol 17 (1.2) 7 (0.6) <.001
Corticosteroids 6(1.2) 35(2.8) .041
Parental hip fracture 55(10.6) 145 (11.4) .64
Prior fracture 79 (15.3) 287 (22.6) <.001
Secondary osteoporosis 16 (3.1) 69 (5.4) .035
Rheumatoid arthritis diagnosis/treatment 2 (0.4) 14 (1.1) 145
DXA T-score FN —0.528 (1.103) —1.310 (1.054) <.001
FRAX-NoT MOF 6.9 (3.9) 14.9 (9.9) <.001
FRAX-DXA MOF 6.2 (4.0) 12.3 (8.3) <.001
FRAX-Rho MOF 7.0 (4.1) 13.3 (8.3) <.001
FRAX-NoT hip 2.3(3.0) 5.2 (6.5) <.001
FRAX-DXA hip 1.7 (2.9) 3.2(5.2) <.001
FRAX-Rho hip 2.1(3.2) 3.7(5.1) <.001

Data are mean & SD or N (%).

of FRAX refers to its ability to predict who would fracture
earlier and who would fracture later. Higher values of the
C-index indicate better discrimination performance of the
model. We compared correlated C-indices (eg, FRAX-DXA
vs FRAX-RHO) using the R package compareC. Brier Score,
the average squared distances between the observed survival
status and the predicted survival probability, was calculated
using incident fracture as the ground truth outcome (yes/no)
for MOE. The 95% CIs were calculated by bootstrapping
(B=1000). It is a measure of overall performance of the
model.

Statistical analyses were performed by C.S., in R, version
4.2.2.

Research ethics board approval

Participants of the CaMos study provided informed consent
and the study was approved by the Institutional Review
Board of each participating institution. For the current study
analyzing CaMos data, research ethics board approval was
obtained from an independent review board (Veritas) with a
waiver of informed consent.

Results
Participant characteristics

The dataset included unique participants with at least one
frontal X-ray available and FRAX inputs available (n =1787).
The dataset included more females than males (Table 1).
Females vs males were older (70.0 [9.3] vs 68.6 [9.4]), had a
higher rate of prior fractures (22.6% vs 15.3%), lower T-Score
estimates (—1.310 [1.054] vs —0.528 [1.103]), and higher
FRAX scores by all methods of calculation.

Of these participants, some participants had only a lumbar
X-ray, only a thoracic X-ray, or both X-rays available. About
1361 unique individuals had a lumbar X-ray with complete
FRAX input (excluding DXA FN T-Score); and 1324 of those
had DXA FN T-Scores available. A total of 1507 unique indi-
viduals had thoracic X-rays and FRAX inputs; 1467 of those
had DXA T-Scores available. Follow-up data were available
to ascertain if participants sustained an MOF in the 9 yr
following data collection (Table 2). A flowchart is provided
in the Supplementary Material (Figure S1). Females vs males
had a higher rate of incident MOF (7% vs 3%).

The following results are for FRAX-Rho derived from lum-
bar X-rays, as, in the clinical experience of the authors, lumbar
X-rays are more commonly performed in routine clinical
practice than thoracic X-rays. Results for FRAX-Rho derived
from thoracic X-rays are presented in the Supplementary
Material.

Agreement between FRAX indices at categorizing
MOF risk

Participants were classified as being at low-, moderate-, or
high-MOF risk according to each of the FRAX indices, and
the agreement of FRAX pairs was evaluated using a 3 x 3
confusion matrix. FRAX-NoT vs FRAX-DXA had very good
agreement (0.76 [0.73-0.78]; Table S1), and the agreement
between FRAX-Rho and FRAX-DXA was slightly greater
(0.79 [0.77-0.82]; Table S3).

Incident MOF rate in FRAX-NoT and FRAX-Rho risk
categories

In the 1361 participants with lumbar X-rays, over the course
of a 9-yr follow-up, 81 (6%) sustained an incident MOF
within the follow-up period of 9-yr and 148 (11%) par-
ticipants died. To compare FRAX-Rho and FRAX-NoT, we
constructed a confusion matrix of the MOF risk categories
(Table 3). Each cell shows the number of participants who
sustained incident MOF (numerator), total number of partici-
pants (denominator), and fracture rate in parentheses. Overall,
MOF rate was similar between FRAX-Rho and FRAX-NoT
in the low-risk groups (2% and 3%, respectively), moderate
risk groups (8% and 6%, respectively), and high-risk groups
(14% in both). FRAX-Rho upgraded the risk category from
low by FRAX-NoT to moderate (7= 356) or high (n=2) and
downgraded the risk category to low from moderate (n=98)
or high (n=2).

Incident MOF rate in discordant FRAX-Rho and
FRAX-NoT risk categories

Participants were next grouped by whether their risk would
have been upgraded from low by FRAX-NoT to moderate
or high by FRAX-Rho, or downgraded from moderate or
high by FRAX-NoT to low by FRAX-Rho (Table 4). Of
downgraded participants, 51/100 did not sustain an MOF
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Table 2. Available X-rays and 9-yr incident fracture.
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Lumbar (N =1361)

Thoracic (N =1507)

Male Female Male Female
(N=401) (N =960) (N =443) (N =1064)
Major Osteoporotic Fracture within 9 yr
No (%) 340 (84.8) 792 (82.5) 380 (85.8) 875 (82.2)
Yes (%) 13 (3.2) 68 (7.1)* 15(3.4) 77 (7.2)P
Deceased (%) 48 (12.0) 100 (10.4) 48 (10.8) 112 (10.5)
Hip Fracture within 9 yr
No (%) 347 (86.5) 831 (86.6) 388 (87.6) 926 (87.0)
Yes (%) 5(1.2) 20 (2.1) 7 (1.6) 18 (1.7)
Deceased (%) 49 (12.2) 109 (11.4) 48 (10.8) 120 (11.3)
Females vs males had higher percentage of incident MOFs, 2p =.020, *p =.017.
Table 3. MOF rate according to FRAX-NoT and FRAX-Rho from participants with lumbar X-rays.
FRAX-NoT MOF Category (n [%])
Low Moderate High Total
FRAX-Rho Low 13/641 (2%) 3/98 (3%) 0/2 (0%) 16/741 (2%)
MOF Category Moderate 9/56 (16%) 18/263 (7%) 6/76 (8%) 33/395 (8%)
(n [%]) High 0/2 (0%) 2/35 (6%) 30/188 (16%) 32/225 (14%)
Total 22/699 (3%) 23/396 (6%) 36/266 (14%) 81/1361 (6%)

Table 4. Follow-up events in participants initially stratified with FRAX-NoT with modified risk by FRAX-Rho (from lumbar X-rays).

Event Risk downgraded to low by
FRAX-Rho (7= 100)

Risk upgraded from low to moderate
or high by FRAX-Rho (n=158)

No MOF (n [%]) 51(51)
MOF (1 [%)) 3(3)

Death (7 [%]) 17 (17)
Lost to follow-up (7 [%]) 29 (29)

32 (55)
9 (16)
6 (10)
11 (19)

within 9 yr; these could be considered “true negatives” for
Rho as they were considered lower risk and truly did not
fracture. 3/100 did sustain an MOF; these could be considered
“false negatives” for Rho as they were considered lower risk
but this classification was not correct, as they did go on to
fracture. Of upgraded participants, 32/58 did not sustain an
MOF; these could be considered “false positives” for Rho
as they were considered at higher risk but this classification
was not correct as they did not fracture. 9/58 did sustain an
MOF; these could be considered “true positives” for Rho as
they were considered higher risk and truly did fracture. Death
and loss to follow-up events are also shown as competing
risks. The median (first quartile—third quartile) time to loss
of follow-up was 5 (5-6) yr and 5 (5-8) yr in downgraded
and upgraded participants, respectively, indicating that on
average, participants lost to follow-up had not sustained an
MOF in a 5-yr period following initial data collection. A
X2 test comparing rates of events in participants who would
have had their risk category upgraded vs downgraded by
FRAX-Rho (vs FRAX-NoT) was significant (p =.013). The
proportion of participants who went on to have an MOF
in those upgraded by Rho (9/58; 16%) was greater than in
those downgraded by Rho (3/100; 3%; p=.011), and the
proportion of participants who went on to have an MOF in
the downgraded by Rho group was similar to the proportion
in the category assigned low risk by both FRAX-NoT and
FRAX-Rho (13/641; 2%).

Assuming a moderate- or high-risk classification would
lead to screening or therapy, FRAX-Rho vs FRAX-NoT
would have decreased the number of participants screened
or treated by 100 — 58 =42 while correctly identifying an
additional 6 participants (9-3) who, because they went on to
have an MOF, would have benefited from that screening or
therapy.

Incident MOF rate in FRAX-NoT vs FRAX-DXA risk
categories

Similar comparisons of incident MOF rate in MOF risk cate-
gories were made for FRAX-NoT vs FRAX-DXA (Tables S1
and S2). FRAX-DXA upgraded the risk category from low by
FRAX-NoT to moderate (7=36) and downgraded the risk
category to low from moderate (n=158) or high (n=7). As
expected, those participants categorized as low-risk by FRAX-
NoT that would be upgraded to higher risk by including DXA
in the FRAX calculation had a significantly higher rate of
true incident MOFs (6/36; 17%) vs those participants with
moderate- or high-risk by FRAX-NoT that would be down-
graded to low risk by including DXA in the FRAX calculation
(6/165; 4%; p =.009). Overall, FRAX-DXA vs FRAX-NoT
would have decreased the number of participants screened or
treated by 165-36 =129 and would have (correctly) upgraded
the risk category of 6 participants who went on to have
an MOE but simultaneously (incorrectly) downgraded the
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risk category of 6 participants who went on to have an
incident MOE.

Incident MOF rate in FRAX-Rho vs FRAX-DXA risk
categories

FRAX-DXA vs FRAX-Rho upgraded the risk category from
low by FRAX-Rho to moderate (7 =47; Table S3) and down-
graded the risk category to low from moderate (n=127) or
high (n=35). Those participants low-risk by FRAX-Rho that
would be upgraded to higher risk by including DXA in the
FRAX calculation (instead of Rho FN) had a similar rate of
true incident MOFs (4/47; 9%; Table S4) vs those participants
with moderate- or high-risk by FRAX-Rho that were down-
graded to low risk by including DXA in the FRAX calculation
(10/132; 8%; p=1). Overall, FRAX-DXA vs FRAX-Rho
would have decreased the number of participants screened
or treated by 132 — 47=8S5, and would have (correctly)
upgraded the risk category of 4 participants who went on to
have an MOFE, but simultaneously (incorrectly) downgraded
the risk category of 10 participants who went on to have an
incident MOE.

Agreement between FRAX indices at categorizing
hip fracture risk

Participants were classified as being at low- or high-hip
fracture risk according to each of the FRAX indices, and
the agreement of FRAX pairs was evaluated using a 2 x
2 confusion matrix. Agreement between FRAX-Rho and
FRAX-DXA (0.67 [0.63-0.71]) was significantly greater
than the agreement between FRAX-NoT and FRAX-DXA
(0.52 [0.47-0.56]). When FRAX included the Rho FN T-
Score (vs no T-Score), accuracy and specificity were both
improved (0.86 [0.83-0.87] vs 0.77 [0.75-0.79] and 0.84 vs
0.72, respectively), and sensitivity was similar (0.91 vs 0.90;
Table S5).

Incident hip fracture rate in FRAX-NoT and
FRAX-Rho risk categories

In these 1361 participants with lumbar X-rays, over the
course of a 9-yr follow-up, 25 (2%) sustained an incident hip
fracture within the follow-up period of 9-yr; and 158 (12%)
participants died. Note that in the breakdown of events for
MOF, 148 participants died; this means 10 participants in that
dataset suffered a non-hip MOF before their death, thus were
counted as MOF events in that dataset as opposed to death
events, while in this dataset they are counted as death events,
bringing the total death events to 158. To compare FRAX-Rho
and FRAX-NoT, we constructed a confusion matrix of the
hip fracture risk categories (Table S6). Hip fracture rate was
similar between FRAX-Rho and FRAX-NoT in the low-risk
groups (0.6% and 0.4%, respectively) and high-risk groups
(4% in both). FRAX-Rho upgraded the risk category from
low by FRAX-NoT to high in 53 participants, and down-
graded the risk category to low from high by FRAX-NoT
in 161 participants. A X? test comparing rates of events in
participants who would have had their risk category upgraded
vs downgraded by FRAX-Rho (vs FRAX-NoT) was not signif-
icant (p =.36; Table S7). The proportion of participants who
went on to have a hip fracture did not differ in those upgraded
by Rho (0/53; 0%) vs in those downgraded by Rho (2/161;
1%;p=1).

Incident hip fracture rate in FRAX-NoT vs
FRAX-DXA risk categories

Similar comparisons of incident hip fracture rate in hip frac-
ture risk categories were made for FRAX-NoT vs FRAX-DXA
(Tables S8 and S9). FRAX-DXA upgraded the risk category
from low by FRAX-NoT to high (#=35), and downgraded
the risk category to low from high (n=269). Those par-
ticipants low-risk by FRAX-NoT that would be upgraded
to moderate or high risk by including DXA in the FRAX
calculation had a similar rate of true incident hip fractures
(0/35; 0%) vs those participants high-risk by FRAX-NoT that
would be downgraded to low risk by including DXA in the
FRAX calculation (3/269; 1%).

Incident hip fracture rate in FRAX-Rho vs
FRAX-DXA risk categories

FRAX-DXA vs FRAX-Rho upgraded the risk category from
low by FRAX-Rho to high (#=33; Table $10), and down-
graded the risk category to low from high (7=159). Those
participants low-risk by FRAX-Rho that would be upgraded
to high risk by including DXA in the FRAX calculation
(instead of Rho FN) had a similar fraction of hip fractures
(0/33; 0%; Table S11) vs those participants high-risk by
FRAX-Rho that were downgraded to low risk by including
DXA in the FRAX calculation (1/159; 0.6%).

Agreement between FRAX indices at categorizing MOF
and hip fracture risk in participants with thoracic X-rays are
presented in the Supplementary Material (Tables S12 -S24).

Predicting incident fractures

The C-index, which is a measure of the discriminative power
of the risk predictive model, defined as the proportion of
concordant pairs divided by the total number of possible
evaluation pairs, was calculated using true incident MOF
(within 9 yr). Values near 1 indicate high performance, and
a value of 0.5 indicates that the discrimination performance
of the model is the same as a coin flip (random concordance)
in predicting which patient will fracture.

Of participants with lumbar X-rays and FRAX-DXA avail-
able (n=1324), 77 sustained an incident MOF (24 were
hip fractures) and 143 died. Results of all cox proportional
hazards model are presented in the Supplementary Mate-
rial. The best (highest c-score) discriminating risk factor for
MOF was FRAX-DXA (0.77; Table 5). Discrimination did
not differ statistically between FRAX-Rho (0.76) and FRAX-
DXA (p=.36), and both FRAX-Rho and FRAX-DXA were
statistically significantly higher than that of FRAX-NoT. The
highest discriminating risk factor for hip fracture was FRAX-
DXA (0.85), which was statistically significantly higher than
that of FRAX-NoT. FRAX-Rho did not differ significantly
from either FRAX-DXA or FRAX-NoT. In predicting true
incident MOF, DXA-FN T and Rho-FN T alone (ie, no other
FRAX inputs) did not differ in their discriminative power
(0.23 and 0.25; p=.46) and both were significantly lower
than FRAX-NoT that considers only the other risk factors
(0.73; p <2.2E-16 for both). For true incident hip fracture,
their c-indices were lower than for MOF (0.16 and 0.20;
p=.29) and both were lower than FRAX-NoT (p < 1E-14
for both).

The accuracy for predicting incident MOF was best for
FRAX-DXA (lowest Brier score; Table 6). FRAX-DXA had
a better Brier Score than FRAX-Rho or FRAX-NoT for both
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Table 5. C-index of FRAX risk for incident MOF and hip fractures in participants with lumbar X-rays.

Fracture FRAX C-index Concordant Comparable Tied p-val vs p-val vs
Pairs Pairs Risk FRAX-NoT FRAX-DXA
MOF FRAX-NoT 0.73 (0.67-0.79) 50009 689150 0 N/A 0.001
FRAX-DXA 0.77 (0.72-0.83) 52716 689150 0 0.001 N/A
FRAX-Rho 0.76 (0.71-0.82) 52032 689150 0 0.004 0.36
Hip FRAX-NoT 0.80 (0.72-0.88) 18048 22536 0 N/A 0.004
FRAX-DXA 0.85 (0.79-0.91) 19 146 22536 0 0.004 N/A
FRAX-Rho 0.82 (0.73-0.90) 18321 22536 0 0.60 0.14
Table 6. Brier score for predicting incident MOF in participants with lumbar X-rays.
Fracture FRAX Brier score t-stat vs t-stat vs
FRAX-NoT FRAX-DXA
MOF FRAX-NoT 0.060 (0.052-0.069) N/A 6.272
FRAX-DXA 0.055 (0.047-0.064) 6.272 N/A
FRAX-Rho 0.058 (0.049-0.067) 2.732 4.62°
Hip FRAX-NoT 0.019 (0.013-0.025) N/A 2.56%
FRAX-DXA 0.018 (0.012-0.024) 2.56° N/A
FRAX-Rho 0.019 (0.013-0.025) 0.77 2.192

2indicates p <.035.

MOF and hip fractures (p < .05 for both). FRAX-Rho had a
better Brier Score than FRAX-NoT for MOF (p < .05) but not
for hip fracture.

Results were similar when FRAX-Rho was derived
from thoracic X-rays instead of from lumbar X-rays. Of
participants with thoracic x-rays and FRAX-DXA available
(n=1467), 88 sustained an incident MOF (24 were hip
fractures) and 156 died. Discrimination (C-index) for MOF
and hip fracture was greatest for FRAX-DXA and weakest
for FRAX-NoT, though the differences were not statistically
significant (Table S25). FRAX-DXA had a better Brier Score
than FRAX-NoT for both MOF and hip fractures (p <.05
for both; Table S26). FRAX-Rho had a better Brier Score than
FRAX-NoT for MOF and hip fracture (p < .05 for both).

Discussion

This study suggests that a FN T-Score estimated by Rho,
whether from lumbar or thoracic X-ray, adds value to a FRAX
score calculated without DXA BMD. In the analyzed dataset,
FRAX-Rho has the same or better agreement with FRAX-
DXA than FRAX-NoT, for both MOF and hip risk catego-
rization. At the time of FRAX score calculation, participants
at low-MOF risk by FRAX-NoT who were moderate- or high-
risk by FRAX-Rho had a higher rate of true incident MOF
than vice versa, suggesting FRAX-Rho correctly upgraded the
risk category in these participants.

Assuming moderate- or high-risk for MOF would trigger
monitoring and/or treatment, FRAX score using FRAX-Rho
rather than FRAX-NoT would have led to fewer participants
overall being flagged for monitoring and/or treatment, and
a greater proportion of participants who went on to incur
an MOF would have been flagged. Further assuming efficacy
of monitoring and/or treatment at fracture prevention, using
FRAX-Rho rather than FRAX-NoT could lead to a greater
number of participants avoiding an MOF. Together, these
findings suggest that using FRAX-Rho could offer a cost
benefit over using FRAX-NoT by triggering treatment or

monitoring in fewer participants overall, while flagging more
participants who would go on to fracture and, potentially,
preventing that fracture. Given the importance of appropriate
fracture risk stratification, additional studies with FRAX-
Rho and fracture outcomes are needed. If results support
that Rho can refine patient selection for DXA monitoring
and/or treatment, a formal cost-effectiveness analysis would
be needed to ascertain potential cost savings and utility in a
healthcare jurisdiction.

In the same participants, FRAX-DXA rather than FRAX-
NoT would also have led to fewer participants overall being
flagged for monitoring and/or treatment, and a greater pro-
portion of participants who went on to incur an MOF would
have been flagged. When comparing FRAX-DXA and FRAX-
Rho, FRAX-DXA would have led to fewer participants overall
being flagged for monitoring and/or treatment, but the pro-
portion of participants who went on to incur an MOF did not
differ between those with risk upgraded or downgraded by
FRAX-DXA. Of note, we reviewed 16 X-rays with discordant
categorization of MOF or hip fracture risk when calculated
by FRAX-DXA vs FRAX-Rho. Of the X-rays selected, both
sexes were represented, there were no clear differences in age,
BMI values, or the presence of degenerative changes between
patients with discordant risk results and the remainder of the
dataset.

In terms of fracture prediction, FRAX-DXA had the most
discriminative power of the various FRAX indices to rank
order patients according to their risk of MOF or hip fracture
(c-index) and the most accurate probabilistic prediction of
MOF and hip fracture (Brier score). FRAX-Rho from lumbar
X-rays had greater discriminative power and was more accu-
rate than FRAX-NoT for MOF and did not differ statistically
in either measure for hip fracture. FRAX-Rho from thoracic
X-rays did not differ statistically from FRAX-NoT in terms of
discriminative power for MOF or hip fracture but was more
accurate than FRAX-NoT for both types of fracture.

Strengths of the current study include the large, community-
based dataset with fracture outcome data, and demonstration
of the value of a Rho-derived FN estimate derived from two
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different X-ray types. Limitations include that both lumbar
and thoracic X-rays will have inherent degenerative change,
thus other Rho-eligible X-ray body parts (eg, chest, pelvis)
would be valuable to study, and that the observation period
was 9 yr while FRAX prediction is for 10-yr fracture risk.
Although this limitation could influence the calculated results,
itis unlikely to alter the conclusions. Finally, fracture question-
naires were designed to collect information on fracture site,
fracture number, circumstance, and treatment, but radiology
or medical reports to further adjudicate the fractures (eg,
hip vs non-hip leg) were only obtained for 78% of all inci-
dent fractures. When relevant records could not be obtained,
CaMos investigators confirmed self-reported fractures in a
telephone interview.

FRAX-Rho, when derived from lumbar or thoracic spine
X-rays, offers an improved fracture risk estimate over FRAX-
NoT in the CaMos study population. Additional evidence to
support its potential utility is required in additional popu-
lations, ideally with fracture outcomes. With such evidence,
FRAX risk score estimated using information derived from
Rho could be used in situations when DXA is not available or
has not yet been performed.
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