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Objectives
Two datasets, one measuring fracture events at the individual patient level derived from NHANES, and another aggregated from clinical studies in a
model-based meta-analysis (MBMA) approach, were used to build a combined hazard model of fracture in order to determine

1. The extent to which individual-level patient characteristics (BMI, years post-menopause, age) influence fracture risk

2. The degree to which different therapeutic mechanisms influence fracture rate, independent of their effects on BMD

Methods: Data Structure
NHANES
A subset of patient data were assembled from the NHANES database
(2005-2008). Patients included in this dataset were post-menopausal
women above 20 years of age and who were at least 2 years post-
menopausal at screening. They also had accompanying bone mineral
density (BMD) data at the spine and hip at screening (N=1925 total
patients).

BMD measurements were imputed at the time of a fracture event us-
ing the following equation, for different cohorts of BMD reported at
screening:

BMDpred,i = β0 + β1 (postmenopausal age− 20) +

β2 (age at last menopausal period− 51.7) +

β3 (BMI − 27.1) +

β4Iafrican−american

for the i th individual.

MBMA
The MBMA was comprised of treatment-arm-level data from clinical trials
published from 1995-2015 having fractures as a primary endpoint and lumbar
spine BMD as a secondary endpoint. The resulting dataset included data from
21 studies, 79 treatment arms, representing 48241 individual patients.

For both datasets, if BMI was missing it was imputed using the following
equation:

BMIi = β5 + β6 (agei − âge)

for the i th individual or treatment arm,
where β5 and β6 were estimated separately for each dataset.

Coefficients for both equations were estimated by multiple linear regression.

Metadata Summary

●●

●●

●

●●

●● ●

●● ●

● ●

●●

● ●

● ●

● ●

●●

● ●

●

● ●

● ●

●●

●

●●

●● ●●

● ●

●●

● ●●

●

study 1 0−3 years

study 2 0−3 years

study 3 0−1.5 years

study 3 0−1.58 years

study 4 0−3 years

study 5 0−3 years

study 6 0−6 years

study 7 0−0.93 years

study 8 0−3 years

study 9 0−1 years

study 9 0−2 years

study 10 0−1.5 years

study 11 0−2 years

study 12 0−3.12 years

study 13 0−4 years

study 14 0−3 years

study 15 0−3 years

study 16 0−2 years

study 16 0−3 years

study 17 0−2 years

study 18 0−3 years

study 19 0−3 years

study 20 0−2 years

study 21 0−3 years

0 10 20 30
% of Patients Experiencing Fracture

Fracture Rate by Trial Arm

Source code: newfracdat_DA_3.R
Source graphic: ./deliv/figure/frac_data.pdf

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●●●

●

●

●

●

●

●

●
●

●

●
●

●

●
●

●

●
●

●

●
●

●
●●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●
●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
●

●

●● ●

●

●

●

●

●

●● ●

●

●

●

●

●

●
●●

●

●

●
●

●

●
●

●

●
●

●

●
●

●

●

●

●

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 20

21

0.72

0.74

0.76

0.81

0.82

0.83

0.84

0.87

0.90

0.93

0.78

0.80

0.82

0.77
0.78
0.79
0.80
0.81

0.90
0.91
0.92
0.93
0.94

0.82
0.83
0.84
0.85
0.86

0.79
0.80
0.81
0.82
0.83
0.84

0.75

0.78

0.81

0.84

0.78
0.79
0.80
0.81
0.82
0.83

0.910

0.915

0.920

0.925

0.930

0.60

0.62

0.64

0.66

0.68

0.84

0.86

0.88

0.90

0.80

0.82

0.84

0.60

0.61

0.62

0.76

0.78

0.80

0.82

0.77

0.79

0.81

1
2
3
4
5

0.76

0.78

0.80

0.82

0.84

0.78

0.80

0.82

0.84

0.850

0.875

0.900

0.925

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0 0.1 0.2 0.3 0.4 0.5 0.0
0

0.0
2

0.0
4

0.0
6

0.0
8

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.0
0

0.0
4

0.0
8

0.1
2

0.0
0

0.0
5

0.1
0

0.1
5

0.0 0.1 0.2 0.0 0.1 0.2 0.3 0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.0
0

0.0
5

0.1
0

0.1
5

0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

time (years)

g/
cm

^2

Lumbar Spine Bone Mineral Density

Source code: newfracdat_DA_3.R
Source graphic: ./deliv/figure/bmd_data.pdf

A B

Figure 1: Metadata summary by trial of longitudinal changes in BMD (A) and fracture rate (B). Colors identify corresponding treatment arms in plots A & B

All data assembly and computation was performed in R R©, v3.2.1.

Presented at ASBMR (SA0217); Atlanta, GA, 17-September 2016; Copies available at: metrumrg.com/publications

Methods: Model Structure
Two forms of the likelihood equation were defined, one for each dataset, but parameters were estimated simultaneously using a Bayesian approach implemented
in OpenBUGS, v.3.2.2. A random effect was applied to the baseline hazard, h0, allowing flexibility for differences between the study arms.

The likelihood for the time to first fracture in the i th patient in theNHANES
dataset took the form:

L (θ|tfrac,i, censori, Xi) =

exp

(
−
∫ tfrac,i−1

0

hi (u|θ,Xi) du

)
− exp

(
−
∫ tfrac,i

0

hi (u|θ,Xi) du

)
,

if the fracture was interval censored or

exp

(
−
∫ tend,i

0

hi (u|θ,Xi) du

)
,

if the fracture was right-censored.

where tfrac,i is the end of a 1 year period during which a fracture
occured and tend,i corresponds to the length of the observation period for the
i th individual.

The hazard equation for the NHANES model took the form:

hi (t) = h0 · exp

(
βBMD log

(
BMDpred,i/B̂MD0

)
+

βpostMenoAge

(
postMenoAge0,i (t)− ̂postMenoAge

)
+

βBMI

(
BMIi − B̂MI

))
for the i th individual.

The probability of fracture in the MBMA dataset took the form:

pfrac,ij = 1− exp−
∫ tij
0 hij(u|θ,Xij)du

for the i th trial and j th treatment arm

Four variant forms of the hazard equation were evaluated, having different
structures for the drug effect (shown in red text, below).

hijk (t) = h0i exp

(
(βBMD + βEdrug,k) log

(
BMDij (t) /B̂MD

)
+

βpostMenoAge

(
postMenoAgeij (t)− ̂postMenoAge

)
+

βradFractureIradFracture,ij + βBMI

(
BMIij − B̂MI

)
+

Edrug,k

)
log
(
h0ij ∼ N

(
log
(
ĥ0

)
,Ωh0

))
for the i th trial, j th treatment arm, and k th drug treatment

The four model candidates were evaluated by visual predictive checks and
deviance information criteria (DIC ; a calculation of -2log(likelihood) with
a penalty term for the number of parameters in the model. When com-
paring models, generally the lower DIC indicates the more parsimonious
model that better describes the data).

Results
The DIC values for each model candidate are shown to the
right.
The model that resulted in the lowest DIC and best described
the data included the drug interaction term and the additonal
drug effect. This model yielded the following fracture predic-
tions and parameter estimates:

Drug Effect Model DIC

BMD + Drug Interaction (βEdrug,k) 1642.70

BMD + Drug Interaction (βEdrug,k) + Additional Drug Effect (Edrug,k) 1548.75
Additional Drug Effect only (Edrug,k) 1553.70

No Drug Effects 1654.35
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Figure 2: Posterior predictions for the NHANES dataset (A) and the MBMA dataset (B). “Individual” predictions = prediction of hypothetical new observations within the same trial. For B,
black = observed fracture; red = posterior median; blue = 90% credible intervals

Parameter
(units) Mean (95% CI)

ĥ0(1/years) 0.0405 (0.0294;0.0543)
βBMD(1/gm/cm2) −1.0400 (-2.16;0.113)
βPostMenoAge(1/years) 0.0241 (0.00758;0.0409)
βBMI(kg/m2) −0.0126 (-0.046;0.021)
ωh0 0.7380 (0.62;0.888)

Parameter
(unitless) Mean (95% CI)

βradFracture1 .5980 (0.0528;1.14)
Edrug,bisphosphate − 0.3100 (-0.383;-0.238)
Edrug,teriparatide − 0.9020 (-1.28;-0.544)
Edrug,denosumab − 0.4500 (-0.615;-0.291)
Edrug,SERM − 2.6500 (-12.4;3.65)

Parameter
(unitless) Mean (95% CI)

βradFracture2 0.1870 (-0.408;0.811)
βEdrug,bisphosphate 0.9510 (0.165;1.72)
βEdrug,teriparatide − 0.7820 (-3.51;1.96)
βEdrug,denosumab 3.8600(-0.213;8.14)
βEdrug,SERM 56.3000 (-148;313)

Additional Results, Conclusion & Future Work
Hazard models with and without a drug-BMD interaction term and an additional drug effect covariate were compared. It was determined that there is an
additional beneficial effect of some classes of therapies, which in most cases is independent of the contribution of changes in BMD elicited by the therapy, on
fracture reduction.

Distributions of hazard ratios describing the probability of an event of any fracture type were calculated for each class of drug using the posterior estimates
for the drug effects, approximated 1 year BMD after 1 year of treatment and using the placebo arms as reference. This analysis points to significant benefits
of all classes of therapies in fracture reduction, compared to placebo.
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Figure 3: Hazard Ratios for each treatment relative to placebo are represented, for the model with both drug-BMD interaction and additional drug effect. The shaded region represents the
alpha region (0.5log unit above and below unity).

Although there is a large amount of uncertainty in some classes (dependending on the richness of data for those respective arms in the dataset), every drug
class analyzed showed reduction of hazard relative to placebo that accounted for both drug-BMD interaction and an independent drug effect.

Discussion
The improvement of hazard prediction using a model with a drug parameter independent of BMD may be highlighting the differential effects of therapy on
regional areal BMD and bone microarchitecture. This model supports the widely held notion that BMD response to therapy only partially contributes to a
reduction in fracture risk and does not represent the full benefit of therapy on fracture reduction.1,2 Possible ways that mechanisms of action contribute to
these differential effects on bone microarchitecture are discussed below.

Bisphosphonates

• affected by drug distribution3

• high affinity of bisphosphonates for
hydroxyappetite may limit distribu-
tion.

Osteoclasts may not stop remodeling
until the entire matrix containing bis-
phosphonates is resorbed.

This may lead to non-uniform miner-
alization throughout the skeleton.

image modified from: "Bone structure and function" St
George’s, University of London, Prof Timothy Cham-
bers.
http://www.http://find.jorum.ac.uk/resources/2474
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Teriparatide

• unlike bisphosphonates, has been shown to decrease cortical thickness in
the tibia and radius4

• also increases cortical porosity and significantly increasing trabecular num-
ber in the tibia

• PTH is likely to accelerate intracortical and endosteal remodeling

Denosumab

• inhibits osteoclast synthesis so that there is a rapid
reduction in newly excavated resorption cavities3

• simultaneous filling of existing cavities

• much higher CTX response than elicited by bis-
phosphonates, at comparable doses

image modified from: "Bone structure and function" St
George’s, University of London, Prof Timothy Chambers.
http://www.http://find.jorum.ac.uk/resources/2474

Future Work
Future development of the model may include investigation between the relationship between changes elicited by drug effects on BMD and microarchitecture
and fractures at specific sites. The major limitiation to this is a lack of clinical data reporting site-specific fracture events. Additional clinical data at the
level of the individual patient is also desired for more precise estimates of parameters relating patient characteristics to fracture outcomes.
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