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A History of Model Evaluations
Define Needs: Time, Space, Precision  

Systems Pharmacology: Mineral and Bone Health
Peterson MC and Riggs MM (2010) A physiologically based mathematical model of integrated calcium homeostasis and bone remodeling. Bone 46:49-63

From Figure 1 of Riggs M. Multiscale Systems Models as a Knowledge Bridge Between 
Biology, Physiology and Pharmacology. AAPS Newsmagazine (December, 2011)
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3PageModel Evaluation Does model represent physiology
Much like with indirect response models: Maximal inhibition followed by “off” treatment allows for estimation of RANK-RANKL-OPG kinetics

Denosumab: RANKL inhibition 
ê available RANKL
ê RANK--RANKL interaction
ê Osteoclast activity (sCTx)
ê Activation of TGF-β
ê Osteoblast activity (BSAP)
é bone mineral density (BMD)

- ê Calcium release from bone
- ê Serum calcium 
- ê Ca sensing in PT gland
- é PTH release (calcium-sparing)

Latent TGFβ
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Much like with indirect response models: Maximal inhibition followed by “off” treatment allows for estimation of RANK-RANKL-OPG kinetics

Denosumab: RANKL inhibition à Bone Marker Changes

4

Dose-Ranging: 6 à 210 mg, 
Q3M and Q6M, d/c, re-Tx

Fig.3 and 4; Peterson MC and Riggs MM,. CPT: Pharmacometrics & Systems Pharmacology (2012) 1, e14; doi:10.1038/psp.2012.15 

Model Evaluation Does model represent physiology
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SP “middle-out”/ up – Use the model to extend to measured response (BMD)

Denosumab: RANKL inhibition à Bone Markers à BMD Change

5

Dose-Ranging: 6 à 210 mg, 
Q3M and Q6M, d/c, re-Tx

Fig.3 and 4; Peterson MC and Riggs MM,. CPT: Pharmacometrics & Systems Pharmacology (2012) 1, e14; doi:10.1038/psp.2012.15 

Model Evaluation Does model represent physiology



6Page
SP “middle-out”/ up – Use the model to extend to measured response (BMD)

Denosumab: RANKL inhibition à Bone Markers à BMD Change

6

Model Evaluation Are the results reproducible?

Observed (symbols) and simulated (lines) BMD, CTx, and BSAP during during treatment with 60mg Q6M denosumab 
for 4 years. Observed values from denosumab treatment groups: NCT00089791 (FREEDOM, blue symbols) and 

NCT00043186 (red symbols); and placebo treatment group: NCT00089791 (grey symbols).

Matthew M. Riggs, Kyle T. Baron, Elodie L. Plan, Marc R. Gastonguay. Qualification of a Physiologically-Based Model for Predicted Bone Marker and Bone 
Mineral Density Changes Associated with Denosumab Treatment. Presented at American Society of Bone Mineral Research (ASBMR) Annual Meeting, 
Minneapolis, MN; October 14, 2012 (Abstract# SU0363). Available at: http://metrumrg.com/index.php/publications
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Translational, clinical, 
literature data

Threshold / Maximum Release of 
PTH from PT gland: ceiling effect 

for BMD response well below 
teriparatide clinical data

Calcilytic

Model Evaluation PTH short-term time scale, long-term effect 
Time, it’s all about relativity 

Model Development Model Applications Open Science References / Follow Up

PTH-Focused Application

PTH-Ca Effects from Ca Sensing Receptor Inhibition

Link to 2013 ASBMR poster

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 13 / 23

Presented at American Society of 
Bone Mineral Research (ASBMR) 
Annual Meeting, Baltimore, MD; 

October 6, 2013 (Abstract# SU0407) 
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Start with a concept, add clinical data, watch it grow.

Chronic Kidney Disease-Mineral Bone Disorder

Riggs MM, Baron KT, Melhelm M (2018) Multiscale physiology-based modeling of mineral bone disorder 
in patients with chronic kidney disease and secondary hyperparathyroidism on hemodialysis: application 
to etelcalcetide treatment effects on calcium homeostasis. ACoP9 Abstract #T-078.

Drug

Sy
ste

m

Disease

1

Kidney
Ca excretion

Calibrate Disease Model
New data, new compartment

Pharmacology
Direct and indirect 
effects in PT gland and 
bone



11PageModel Evaluation Integrate System, Disease, Drug
Start with a concept, add clinical data, watch it grow.

Chronic Kidney Disease-Mineral Bone Disorder

Riggs MM, Baron KT, Melhelm M (2018) Multiscale physiology-based modeling of mineral bone disorder in patients with chronic kidney disease and secondary 
hyperparathyroidism on hemodialysis: application to etelcalcetide treatment effects on calcium homeostasis. ACoP9 Abstract #T-078.
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Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation First, Understand the Question
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and 
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD 
Immo Zadezensky, PhD Nitin Mehrotra, PhD 

2 

Control on 24-hour Urinary Calcium was Not Apparent 
with Natpara in the Registration Trial (CL1-11-040) 

Mean (±SE) 24-hr Urinary Calcium  Mean (±SE) Serum Calcium  
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Reduction in Urinary Calcium Excretion is Short-lived 

12 

Natpara 100 µg 

Natpara 50 µg 

* 

Modest p24-h Ca excretion:  

       50 µg – 13% 

       100 µg – 23% 

* Day -1, 16-24h data 

C09-002 Study – Natpara Pharmacodynamics: Urinary Calcium 

Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation First, Understand the Question
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and 
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD 
Immo Zadezensky, PhD Nitin Mehrotra, PhD 
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Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation @ Level Needed to Support Question
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory 
Committee (UCM413617) by Manoj Khurana, PhD, Immo Zadezensky, PhD Nitin Mehrotra, PhD 
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Altering Regimen (QD to BID) or Release Profile 
Controls Hypercalciuria While Maintaining 
Normocalcemia 

21 

Serum Calcium 24-h Urinary Calcium 

Baseline 

Baseline 

100 µg QD 
100 µg QD 

50 µg BID 

50 µg BID 

50 µg QD slow 

50 µg QD Slow 

Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation With added confidence, investigate the question
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and 
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD 
Immo Zadezensky, PhD Nitin Mehrotra, PhD 



16PageModel Evaluation An ODE to Open Science
Without open science , none of this would have been possible… be open, make it possible!!

QUALITY PROCESS & 
INFRASTRUCTURE

TRANSPARENCY

EXPERTISE & 
EXPERIENCE

STRATEGIC 
APPROACH

INNOVATION

GROWING THE 
SCIENCE

COLLABORATION

https://github.com/metrumresearchgroup/OpenBoneMin



17PageiPSP An ODE to Open Science
Without open science , none of this would have been possible… be open, make it possible!!

QUALITY PROCESS & 
INFRASTRUCTURE

TRANSPARENCY

EXPERTISE & 
EXPERIENCE

STRATEGIC 
APPROACH

INNOVATION

GROWING 
THE SCIENCE

COLLABORATION

https://github.com/metrumresearchgroup/OpenBoneMin
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A History of Model Evaluations
Define Needs: Time, Space, Precision  

Systems Pharmacology: Mineral and Bone Health
Peterson MC and Riggs MM (2010) A physiologically based mathematical model of integrated calcium homeostasis and bone remodeling. Bone 46:49-63

From Figure 1 of Riggs M. Multiscale Systems Models as a Knowledge Bridge Between 
Biology, Physiology and Pharmacology. AAPS Newsmagazine (December, 2011)
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Thank you!!!

Acknowledgements Collaborating Authors/Researchers
It has been my privilege to work with so many brilliant researchers
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Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation First, Understand the Question
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and 
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD 
Immo Zadezensky, PhD Nitin Mehrotra, PhD 

Outline 
� Highlight important mechanistic aspects of PTH  
� Pharmacokinetic (PK) and pharmacodynamic (PD) 

characteristics of Natpara in patients with 
hypoparathyroidism  
¾Relevance of PD effects on urinary calcium excretion to 

clinical data 

� Can we obtain better control on hypercalciuria? 
¾ Is different dosing regimen a solution?  

� Summary 
 

4 
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Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation Using Open, Public Source Model
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and 
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD 
Immo Zadezensky, PhD Nitin Mehrotra, PhD 
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Clinical data
FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Model Evaluation First, Understand the Question
Open science opens doors

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and 
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD 
Immo Zadezensky, PhD Nitin Mehrotra, PhD 

3 

Control on 24-hour Urinary Calcium was Not Apparent 
with Natpara – Long-term Risk? 

Placebo 
(Standard of Care) 

Natpara 

*Andrew F. Stewart and Arthur E. Broadus. Ann Rev Med. 32: 457-73 (1981). 
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Time Scale: An Evolution in the Model, Too!

TIMELINE

Berkeley Madonna
R / 

LSODA 
ODEs

R / C++ with mrgsolve
Deterministic à Include Variance à Include Estimation

Model&
construction&
begins&(Riggs/
Peterson)&

Model&estimation&
with&denosumab,&
teriparatide,&CKD>
MBD&data&(Riggs/

Peterson)&

2005
&
 
 

2006
&
 
 

2007
&
 
 

2008
&
 
 

2009
&
 
 

2010
&
 
 

2011
&
 
 

2012
&
 
 

Menopause&
progression&

model&
development&

(Riggs)&

Expansion&begins&
to&include&BMD&
(Riggs/Peterson) 

Stochastic&
expansion&
begins&
(Riggs/
Baron)&

GnRH/
estrogen&
(Riggs/
Martin) 

Fracture&
Risk&(Plan/
Riggs/
Baron) 

Implement&in&
METAMODLTM&&

(Riggs/
Baron)&

Vitamin&D&
modeling&
(Ocampo/
Riggs) 

Sclerostin&
modeling&
(Eudy/
Riggs)&

2013
&
 
 

2014
&
 
 

2015
&
 
 

BMD&
Validation&
(Baron/&
Riggs)&

CaSRa&
M&S&

(Baron/&
Riggs)&

2016
&
 
 

BMD/Fracture&
(Eudy/
Gillespie/
Riggs) 
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Balancing act: minimized risk for AE (bone loss) while providing therapeutic response

Endometriosis: GnRH modulation à Estrogen Loss

Figure 1 of M M Riggs, M Bennetts, P H van der Graaf and S W Martin. Integrated Pharmacometrics and Systems Pharmacology Model-Based Analyses to Guide GnRH 
Receptor Modulator Development for Management of Endometriosis. CPT: Pharmacometrics & Systems Pharmacology (2012) 1, e11; doi:10.1038/psp.2012.10

http://www.nature.com/psp/journal/v1/n10/fig_tab/psp201210f1.html#figure-title

http://www.nature.com/psp/journal/v1/n10/fig_tab/psp201210f1.html
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Balancing act: minimized risk for AE (bone loss) while providing therapeutic response

Endometriosis: GnRH modulation à Estrogen Loss

Figs 4, 6 of M M Riggs, M Bennetts, P H van der Graaf and S W Martin. Integrated Pharmacometrics and Systems Pharmacology Model-Based Analyses to Guide GnRH 
Receptor Modulator Development for Management of Endometriosis. CPT: Pharmacometrics & Systems Pharmacology (2012) 1, e11; doi:10.1038/psp.2012.10

http://www.nature.com/psp/journal/v1/n10/fig_tab/psp201210f1.html#figure-title

External Evaluation of BMD Response Overlay of BMD and Symptom Severity

http://www.nature.com/psp/journal/v1/n10/fig_tab/psp201210f1.html
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Translational, clinical, 
literature data

Threshold / Maximum Release of 
PTH from PT gland: ceiling effect 

for BMD response well below 
teriparatide clinical data

Calcilytic
Clinical data

FDA suggested BID or sustained 
release likely to retain efficacy 

while minimizing risk of 
hypercalciuria 

PTH for 
Hypoparathyroidism

Clinical literature data
Explored dose and dosing 

interval responses and provided 
descriptive responses of bone 

markers changes over time

Sclerostin 
Inhibition

Included pharmacokinetic 
conversion of Vitamin D in liver 
(calcidiol) and kidney (calitriol) 
with link into system model to 
evaluate dose-response on Ca 

and BMD response

Vitamin D

iPSP Same SP Model, More iPSP Examples
Open science opens doors

Clinical literature data

Model Development Model Applications Open Science References / Follow Up

PTH-Focused Application

PTH-Ca Effects from Ca Sensing Receptor Inhibition

Link to 2013 ASBMR poster

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 13 / 23

Model Development Model Applications Open Science References / Follow Up

External Application – FDA

FDA Natpara Review: PK Effect on Hypercalciuria

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory Committee

Link to FDA slides

Metrum Research Group LLC Bone-Mineral Model 14 Dec 2016 18 / 23

sclerostin inhibition on overall BMD. We conjecture that it
takes more time for OB to embed themselves in the matrix
and form new bone than it does for a decrease in resorp-
tion to produce an increase in BMD. This finding may help
efforts to characterize the effects of other anabolic thera-
pies like PTH and teriparatide on regional changes in BMD
within the modeling framework.

Although simultaneous parameter fitting and full parameter
identifiability could not be accomplished in this context, the
updated model fulfilled the Agoram25 criteria: (i) Fit for pur-

pose: only compartments and parameters that were neces-
sary to improve predictions of specific measurable clinical
endpoints were added to the model. (ii) Justification of model
structure: every point of intersection for a sclerostin effect has
an experimental or clinical basis in the published literature. (iii)
Evaluation of component submodels: models were evaluated
by goodness-of-fit and individual parameter sensitivity analyses
were conducted. (iv) Qualification of the emergent properties of
the system: the final model was cross-validated with denosu-
mab therapy simulations to ensure the changes in turnover

(a) (b)

(c) (d)

Figure 3 Simulated P1NP (a), CTx (b), lumbar spine BMD (c), and total hip BMD (d) (blue line) overlaying data from a clinical trial
with blosozumab (red points). This qualification dataset was not used in constructing the model (n 5 29, 31, 30, 30 for arms PBO,
180 mg Q2W, 180 mg Q4W, and 270 mg Q2W, respectively).

Extension of a Multiscale Systems Model
Eudy et al.

8

CPT: Pharmacometrics & Systems Pharmacology

Presented at FDA September 12, 
2014 Meeting of the Endocrinologic

and Metabolic Drugs Advisory 
Committee 

Presented at American Society of 
Bone Mineral Research (ASBMR) 
Annual Meeting, Baltimore, MD; 

October 6, 2013 (Abstract# SU0407) 

Eudy R, Gastonguay M, Baron K, and 
Riggs M. Connecting the dots. CPT: 

Pharmacometrics Syst Pharmacol, 2015 Ocampo-Pelland, Gastonguay, and Riggs. 
J Pharmacokinet Pharmacodyn, 

44(4):375–388, Aug 2017.

achieving the targeted concentrations. At BL = 5 nmol/L,

600 IU/d or 2000 IU/d of D3 would be adequate (84.7,

86.7% probability, respectively) for getting 50% of the
population to C50 or C75 nmol/L by 3 months (median

25OHD = 54.5, 86.3 nmol/L, respectively; 90% CI (47.7,

63.4), (76.0, 98.8)). Similar targets required D2 doses of
[1000 or[2000 IU/d at the same BL and timeframe. For

higher BLs, the median 25OHD concentration after daily

D2 doses of 2000 IU/d surpassed the 75 nmol/L threshold
by a greater magnitude than achieved subsequent to an

equivalent D3 dose.

Discussion

Data limitations

With limited parent PK profiles (9 units across 6 studies)
and sampling times past 30 h, two-compartment disposi-

tion was not apparent in most of the D2 SD data. During

model development, D2 data alone was fit by a one-com-
partment model (results not shown); however, fixing the

parent parameters to these values to estimate 25OHD2 PK

parameters, led to minimization errors. Additionally, one-

compartment models for 25OHD2 were inadequate, with
the linear clearance parameter estimating near zero,

resulting in metabolite formation that was entirely linear

over time and unable to capture the concentration plateau.
Therefore, a two-compartment model was used to describe

25OHD2 steady-state accumulation. Assuming that a

parent will distribute at least as extensively, if not more,
than its metabolite(s) it seemed reasonable to also assume

two-compartment disposition for parent D2, which was

also consistent with the parent D3 data [1]. In addition, the
local SA results indicated that 25OHD2 exposure was

insensitive to changes in the fixed D2 parameters, except

for Vcm2, where increasing values caused a large decrease
in 25OHD2 (Online Resource 1, Fig. 14) at concentration

values outside the typical clinically observed range

([120 nmol/L). Including IV 25OHD2 data would make
Vcm2 identifiable, but is not currently available in the

literature.

Dose-normalized D2 and 25OHD2 observations showed
little indication of nonlinear kinetics; therefore, inclusion

Fig. 4 Simulated median total
25OHD concentration across
BL 25OHD (panels) after
3 months of D2 (black) or D3
(grey) dosing; error bars = 5th
and 95th percentiles of
simulated 25OHD median
concentration, resulting from
uncertainty around fixed effects
parameters in final models
(25OHD3 assay = HPLC-MS);
vertical lines = 25OHD
thresholds

384 J Pharmacokinet Pharmacodyn (2017) 44:375–388
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