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Abstract

It is unclear whether the new anti-catabolic agent denosumab represents a viable alternative to the widely used anti-
catabolic agent pamidronate in the treatment of Multiple Myeloma (MM)-induced bone disease. This lack of clarity primarily
stems from the lack of sufficient clinical investigations, which are costly and time consuming. However, in silico
investigations require less time and expense, suggesting that they may be a useful complement to traditional clinical
investigations. In this paper, we aim to (i) develop integrated computational models that are suitable for investigating the
effects of pamidronate and denosumab on MM-induced bone disease and (ii) evaluate the responses to pamidronate and
denosumab treatments using these integrated models. To achieve these goals, pharmacokinetic models of pamidronate
and denosumab are first developed and then calibrated and validated using different clinical datasets. Next, the integrated
computational models are developed by incorporating the simulated transient concentrations of pamidronate and
denosumab and simulations of their actions on the MM-bone compartment into the previously proposed MM-bone model.
These integrated models are further calibrated and validated by different clinical datasets so that they are suitable to be
applied to investigate the responses to the pamidronate and denosumab treatments. Finally, these responses are evaluated
by quantifying the bone volume, bone turnover, and MM-cell density. This evaluation identifies four denosumab regimes
that potentially produce an overall improved bone-related response compared with the recommended pamidronate
regime. This in silico investigation supports the idea that denosumab represents an appropriate alternative to pamidronate
in the treatment of MM-induced bone disease.
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Introduction

Multiple Myeloma (MM) is a B cell malignancy that is

associated with high morbidity and short survival duration after

diagnosis. To date, MM remains incurable; therefore, the realistic

goal for treating patients with MM is to improve their quality of

life and prolong their survival time. Over 70% of patients with

MM will develop bone lesions as the MM progress, resulting in

osteolytic bone disease that includes severe bone pain, pathological

fractures, osteoporosis and hypocalcaemia [1–3]. These osteolytic

lesions may progress even if patients with MM respond to anti-

MM therapy [4,5]. The bone pain and pathological fractures

always cause disability, a loss of independence, and, ultimately, a

loss of personal dignity, as well as significantly impact the survival

duration [1]. As a result, MM-induced osteolytic bone disease is a

major cause of morbidity and mortality in patients with MM [6],

and the management of osteolysis in patients with MM is a key

aspect in the treatment of this malignancy.

Two categories of agents are used to treat bone disease

according to the terminology from [7]: anti-catabolic agents and

anabolic agents. The anti-catabolic drugs inhibit osteoclast

activity, leading to a slightly increased bone volume with a low

bone turnover, whereas the anabolic drugs promote osteoblast

activity, resulting in a robust increase in bone volume with a high

bone turnover. Whereas anti-catabolic agents are applied in the

treatment of MM-induced bone disease, there are currently no

anabolic agents that have been approved to treat this condition. In

this paper, we focus on investigating the effects of anti-catabolic

agents on MM-induced bone disease.

Currently, the most widely used agents to treat MM-induced

bone disease are the bisphosphonates, which induce a reduction in

both bone resorption and bone turnover through several

mechanisms simultaneously (i.e., by inhibiting osteoclast recruit-

ment and accelerating the apoptosis of osteoclasts) [8]. Extensive

evidence indicates that pamidronate (a member of the newer

generation of bisphosphonates) is effective in the treatment of

MM-induced osteolytic bone disease [9–11]. Additionally, in vitro

and in vivo experiments support the direct and indirect anti-MM

activities of pamidronate, which may include the inhibition of

tumor cell functions, the stimulation of anti-tumor immune

reactions, and the enhancement of the cytotoxic activity of

chemotherapeutic agents [12–15]. A regime of consisting of the

intravenous administration of 90 mg pamidronate over at least

2 hours every 3 or 4 weeks for a period of 2 years [16] is

recommended to treat MM-induced bone disease in the clinical

setting. Generally, the patients with MM tolerate pamidronate
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well; however, renal impairment has been described in patients

with MM who had received a prolonged administration of

pamidronate [17]. Osteonecrosis of the jaws (ONJ) has been

recently reported as a serious but uncommon adverse effect in

pamidronate-treated patients, and the incidence of this effect has

been reported to increase in an MM group compared with a non-

MM group [18].

There is an increasing amount of preclinical and clinical

evidence showing that a new, promising anti-catabolic agent,

denosumab (AMG 162, a human monoclonal antibody to receptor

activator of nuclear factor-kB ligand (RANKL)), is able to improve

MM-induced bone disease [19–21]. Denosumab has a high

affinity and specificity for RANKL [22], with a mean half-life of

33.3 days after the administration of 3 mg/kg denosumab in

patients with MM [21]. The most commonly reported adverse

events after denosumab administration in patients with MM were

anemia, upper respiratory tract infection, fatigue and headache

[20]. In addition, a case of ONJ in a patient who had received

denosumab was reported very recently [23]. Although denosumab

was recently approved to treat osteoporosis [24–26] and prevent

the skeletal-related events in patients with bone metastases from

solid tumors [27,28] in the United States and Europe, it is still

undergoing phase III clinical trials of its efficacy in treating MM-

induced bone disease. Without sufficient clinical investigations, it is

pre-mature to conclude that denosumab represents a viable

alternative to pamidronate in the treatment of MM-induced bone

disease.

Although clinical investigations represent a direct and reliable

way to determine the efficacy of denosumab, this approach is time-

consuming and expensive. Alternatively, in silico investigations

require less time and money, suggesting that such studies may

complement the clinical investigations. We have previously

proposed a computational MM-bone model [29] that incorporates

the most important mechanisms involved in MM-bone vicious

cycles and that has been validated by clinical observations to

simulate MM disease progression appropriately. For this reason,

the MM-bone model appears to be a suitable computational base

for investigating pamidronate and denosumab treatments in MM-

induced bone disease. Therefore, the purpose of this paper is to

investigate the effects of pamidronate and denosumab on MM-

induced bone disease using a computational MM-bone model.

First, we aim to develop integrated computational models

suitable for investigating the effects of pamidronate and denosu-

mab on MM-induced bone disease. To achieve this goal,

pharmacokinetic models of pamidronate and denosumab are

developed to simulate the transient concentrations of pamidronate

and denosumab and are calibrated and validated by different

clinical datasets. Integrated computational models are then

developed by incorporating the simulated transient concentrations

of pamidronate and denosumab and simulations of their actions

on the MM-bone compartment into the MM-bone model.

Additional clinical datasets are used to calibrate and validate the

integrated models. With integrated computational models, it is

possible to investigate the effects of pamidronate and denosumab

on MM-induced bone disease.

The second goal of this paper is to evaluate the in silico responses

to pamidronate and denosumab treatments, which help clarify

whether denosumab represents a useful alternative to pamidronate

in the treatment of MM-induced bone disease. The responses to a

variety of regimes (including dosages and administration periods)

of pamidronate and denosumab treatments in patients with MM

are investigated using the validated integrated models. Further-

more, these responses are evaluated by the defined relative

response and the relative index, which are based on quantifying

the bone volume, bone turnover and MM-cell density. The

outcomes of the evaluation may identify certain denosumab

regimes that potentially produce an improved bone-related

response compared with the recommended pamidronate regime.

This paper is organized as follows. The pharmacokinetic models

of pamidronate and denosumab are developed in Section 2.3, the

integrated computational models are developed in Section 2.4,

and the relative response and the relative index are defined in

Section 2.7. In Section 3.1, the pharmacokinetic models of

pamidronate and denosumab are calibrated and validated by

different clinical datasets, and in Section 3.2, the integrated

computational models are calibrated and validated by different

clinical datasets. In Section 3.4 and 3.6, the responses to various

regimes of pamidronate and denosumab treatments are investi-

gated and evaluated respectively.

Materials and Methods

2.1 Data sources
Table 1 summarizes the clinical datasets used in this paper for

the purposes of calibration and validation. One denosumab

pharmacokinetic dataset, in which 25 patients with MM received

0.1, 0.3, 1.0, or 3.0 mg/kg denosumab (s.c.) and blood samples of

denosumab were collected at 1, 2, 4, 8, and 24 hours after drug

administration and at days 1, 2, 3, 4, 8, 15, 22, 29, 43, 57, 71 and

85 [21], was used for the calibration of the denosumab

pharmacokinetic model. Another denosumab pharmacokinetic

dataset, in which 255 patients with breast-cancer-related bone

metastases received 30, 120 or 180 mg denosumab (s.c.) every 4

weeks and blood samples of denosumab were collected at days 8,

29, 57, 71 and 85 [30], was used for the validation of the

denosumab pharmacokinetic model. The skeletal retention of

pamidronate at days 2, 6, 17 and 28 in 40 patients with breast-

cancer-related bone metastasis after receiving 90 mg pamidronate

(i.v.) [31] was used for the calibration of the pamidronate

pharmacokinetic model. The skeletal retention of pamidronate

at days 1, 2, 3, 4 and 5 in 22 patients with osteoporosis after

receiving 15 mg pamidronate (i.v.) every day [32] was used for the

validation of the pamidronate pharmacokinetic model. Because

pharmacokinetics are mainly determined by agents in their own

right rather than by the pathological state of patients, it is

reasonable to assume that the state of MM, breast-cancer or

osteoporosis has no significant impact on the pharmacokinetics of

pamidronate and denosumab. Accordingly, the pharmacokinetic

datasets of pamidronate and denosumab obtained in patients with

bone destruction (i.e., breast-cancer and osteoporosis) but without

MM would not significantly influence the reliability of the

calibration and validation of the proposed pharmacokinetic

models.

Absolute median serum type I collagen cross-linked N-

telopeptides (NTX), collected at days 1, 2, 3, 4, 8, 15, 22, 29,

43, 57, 71 and 85 in 25 patients with MM after receiving 0.1, 0.3,

1.0, or 3.0 mg/kg denosumab (s.c.) or 90 mg pamidronate (i.v.)

[21], were used for the calibration of the anti-catabolic effects of

the integrated models with denosumab or pamidronate respec-

tively. In particular, the percentage changes of paraprotein from

the baseline at months 3, 6, 9, 12 and 14 in 32 patients with MM

who received 90 mg pamidronate (i.v.) monthly in combination

with chemotherapy or received chemotherapy alone were used for

the calibration of the anti-MM effects of the integrated model with

pamidronate [33]. The median percentage changes of serum type

I collagen cross-linked C-telopeptides (CTX) from the baseline at

months 4 and 7 in 53 patients with relapsed MM after receiving

120 mg denosumab (s.c.) at days 1, 8, 15, and 29 and then at day 1

Effects of Pamidronate and Denosumab on Myeloma
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of every cycle (28 days) [20] were used for the validation of the

anti-catabolic effects of the integrated model with denosumab.

The median percentage changes of urine NTX from the baseline

at months 1, 3, 6, 9 and 13 in 167 patients with stage III MM after

receiving 90 mg pamidronate (i.v.) every 4 weeks [9] were used for

the validation of the anti-catabolic effects of the integrated model

with pamidronate. because CTX concentrations are highly

correlated with NTX concentrations [34] and measurements of

the NTX in the serum reflect bone resorption to the same extent

as urinary indices [35], the percentage changes of the CTX and

the urinary NTX are assumed to be almost the same as the serum

NTX percentage changes. As a result, using CTX and urinary

NTX datasets to validate the integrated models with pamidronate

and denosumab does not significantly influence the reliability of

the validation.

All of the above-described datasets were digitalized from graphs

of previously published papers using WinDIG version 2.5.

2.2 The structure of the integrated models with
pamidronate and denosumab

We previously proposed a computational MM-bone model [29]

that implements the most important mechanisms involved in MM-

bone interactions. The dynamic outcomes of this computational

model were shown to agree with known clinical observations,

suggesting that the two positive feedback cycles identified in this

model are sufficient to appropriately replicate MM disease

progression. As a result, the MM-bone model appears to be a

suitable computational base for investigating the effects of

pamidronate and denosumab on MM-induced bone disease. To

use the computational MM-bone model to investigate the effects of

pamidronate and denosumab on MM-induced bone disease, the

agents pamidronate and denosumab must be appropriately

integrated into the model. As Figure 1 shows, this integration

begins with the pharmacokinetic models of pamidronate and

denosumab so that the transient concentrations of pamidronate

and denosumab are simulated as inputs into the MM-bone model.

After the drugs enter the MM-bone model, the actions of

pamidronate and denosumab on the components of the MM-

bone model are modeled and incorporated into the MM-bone

model. Outputs from the MM-bone model as a result of the

pamidronate and denosumab treatments, such as bone resorption

marker NTX, are quantified for the purpose of comparing the

model with the clinical data. Eventually, integrated computational

models incorporating pamidronate and denosumab are produced.

Figure 2 illustrates the structure of the integrated computational

models. Because the details with respect to the MM-bone model

are provided in [29], only the newly introduced drug-related

mechanisms in the integrated models are described here. To input

the transient concentrations of pamidronate and denosumab into

the MM-bone model, two pharmacokinetic models of pamidro-

nate and denosumab are first developed to simulate the transient

concentrations of pamidronate and denosumab. By assuming that

MM disease has no significant impact on the pharmacokinetics of

pamidronate and denosumab, the pharmacokinetic models can be

Table 1. The clinical datasets used for the calibration and validation of the integrated models with pamidronate and denosumab.

denosumab pamidronate

PK PD PK PD

calibration input 0.1, 0.3, 1, 3 mg/kg
denosumab s.c. in MM
for 12 weeks

0.1, 0.3, 1, 3 mg/kg
denosumab s.c. in
MM for 12 weeks

90 mg pamidronate i.v. in
breast cancer for 4 weeks

90 mg pamidronate i.v.
in MM for 12 weeks

output Denosumab (ng/ml)
in serum [21]

NTX (nM) in serum [21] Pamidronate (mg) in bone
[31]

NTX (nM) in serum [21]

input NA NA NA Chemotherapy alone or
chemotherapy plus 90 mg
pamidronate i.v. in MM every
month for 14 months

output NA NA NA Paraprotein (%) in serum [33]

validation input 30, 120, 180 mg denosumab
s.c. in breast cancer every 4
weeks for 3 months

120 mg denosumab
s.c. in relapsed MM every
28 days for 7 months

15 mg pamidronate i.v.
in osteoporosis every
day for 5 days

90 mg pamidronate i.v. in MM
every 4 weeks for 13 months

output Denosumab (ng/ml) in
serum [30]

CTX (%) in serum [20] Pamidronate (mg) in
bone [32]

NTX (%) in urine [9]

doi:10.1371/journal.pone.0044868.t001

Figure 1. The schematic of the incorporations of the drugs into
the MM-bone model. NTX: type I collagen cross-linked N-telopep-
tides.
doi:10.1371/journal.pone.0044868.g001
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separately simulated within the MM-bone model. As a result, the

pharmacokinetic models are run to simulate the transient

concentrations of pamidronate and denosumab. During simula-

tions of the MM-bone model, the simulated transient concentra-

tions of pamidronate and denosumab are interpolated and

incorporated into the MM-bone model.

After the drugs enter the MM-bone model, the physiological

actions of pamidronate and denosumab on the components of the

MM-bone model are modeled based on biological evidence, and

the modeling of their actions is incorporated into the MM-bone

model. As discussed in the Introduction, denosumab is a specific

and affinitive human monoclonal antibody to RANKL; therefore,

its action on the MM-bone model is modeled as binding to

RANKL. This mechanism is incorporated into the MM-bone

model as regulation mechanism 8 in Figure 2. A decrease in the

density of the osteoclasts caused by pamidronate results from the

accelerated apoptosis of the osteoclasts; therefore, this action of

pamidronate on the bone is modeled as promoting osteoclast

apoptosis, and this mechanism is incorporated into the MM-bone

model as regulation mechanism 9 in Figure 2. Additionally,

pamidronate exhibits an indirect ability to reduce MM-cell density

through various mechanisms. This action of pamidronate on the

MM cells is modeled as promoting MM-cell apoptosis, and this

mechanism is incorporated into the MM-bone model as regulation

mechanism 10 in Figure 2.

Bone-cell densities are a direct way to monitor the imbalance of

bone remodeling and to assess the effects of pamidronate and

denosumab on MM-induced bone disease; however, only limited

and fragmentary clinical data are available in the literature to

identify these values [36]. Accordingly, it is impractical to use them

Figure 2. The structure of the integrated models with pamidronate and denosumab. Regulation mechanism 1: PTH stimulates RANKL
expression on the surface of osteoblast precursors while inhibiting OPG secretion by active osteoblasts. Regulation mechanism 2: RANKL binds to
RANK, which promotes differentiation of osteoclast precursors, while OPG inhibits the RANKL-RANK binding. Regulation mechanism 3: Bone
resorption released TGF-b stimulates uncommitted osteoblast differentiation, inhibits osteoblast precursor differentiation and facilitates apoptosis of
active osteoclasts. Regulation mechanism 4: MM cells adhere to BMSC, enabling IL-6 secretion by BMSC, RANKL expression on the surface of BMSC
and MM-cell proliferation. Regulation mechanism 5: IL-6 facilitates MM-cell proliferation and stimulates RANKL expression on the surface of osteoblast
precursors. Regulation mechanism 6: bone resorption released TGF-b stimulates IL-6 production by BMSC. Regulation mechanism 7: OPG is
internalized and degraded by MM cells. Regulation mechanism 8: denosumab binds to RANKL to inhibit differentiation of osteoclast precursors.
Regulation mechanism 9: pamidronate promotes the apoptosis of active osteoclasts. Regulation mechanism 10: pamidronate facilitates the apoptosis
of MM cells. Regulation mechanism 11: NTX released from bone resorption is under the control of active osteoclasts.
doi:10.1371/journal.pone.0044868.g002
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to calibrate and validate the integrated models. Alternatively, bone

turnover markers (including bone resorption markers and bone

formation markers) are usually measured in serum or urine in the

clinical setting to indirectly reflect the imbalance of bone

remodeling and to assess the effects of drugs on MM-induced

bone disease. NTX is one of most commonly used markers to

reflect bone resorption activity. To compare the simulation results

with the clinical data on NTX, the NTX levels (in serum) need to

be linked with bone resorption activity in the computational

model. It has been shown that osteoclasts secrete proteases (i.e.,

Cathepsin) to cleave type I collagen to produce fragments in bone,

such as NTX/CTX, that are released into the circulation and

cleared by the liver or kidneys [37]. Therefore, as regulation

mechanism 11 in Figure 2 shows, the production of NTX is

modeled as being under the control of the density of the

osteoclasts.

Technically, in this manuscript, the drug treatments are applied

in a case of quasi-stable MM (i.e., the proliferation of MM cells

PMM = 0.055/day, see [29]). Given that the median survival

duration of the patients with MM after diagnosis is currently in the

range 50–55 months [38], the administration of pamidronate and

denosumab starts at the end of year-3 of MM disease progression;

thus, the state of MM disease at the end of year-3 represents the

initial state of the integrated models. It should be noted that

another circumstance of administrating drugs at the end of year-4

of MM disease progression has also been examined and it

produces consistent results with the circumstance of administrating

drugs at the end of year-3 of MM disease progression, suggesting

that the results presented in this manuscript are probably

irrelevant to the time point of drug administration.

2.3 Pharmacokinetic models of pamidronate and
denosumab

Based on the study of Lipton et al. [30] study, the proposed

pharmacokinetic model of denosumab is a two-compartment

model with dual first–order and Michaelis–Menten clearances

from the blood compartment. As shown in Figure 3a, m1 and m2

represent the denosumab concentrations (nM) in muscle tissue

after a subcutaneous injection and in blood (nM) respectively; Ka is

the absorption of denosumab from the muscle into the blood

circulation; Ke denotes the linear elimination constant of

denosumab; Km is the half-maximal concentration of denosumab

in Michaelis–Menten elimination; and Vmax is the maximal velocity

of Michaelis–Menten elimination. The conceptual model describ-

ing the pharmacokinetics of denosumab can be expressed as

follows:

dmDen,1

dt
~{Ka

:mDen,1 ð1Þ

dmDen,2

dt
~Ka

:mDen,1{Ke
:mDen,2{mDen,2

:Vmax=(KmzmDen,2) ð2Þ

By assuming that pamidronate molecules, both on the surface of

the bone and buried within the bone matrix, are acting on

osteoclasts, the previously proposed three-compartment model of

pamidronate pharmacokinetics [32] is simplified into a two-

compartment model. In Figure 3b, m2 and m3 represent the

pamidronate mass (mg) measured in the blood after an intrave-

nous injection and the retention in the bone (mg) respectively; Ke2

is the elimination constant of pamidronate by renal function; and

K23 and K32 denote the diffusion constants between m2 and m3

respectively. The corresponding governing equations to describe

pamidronate pharmacokinetics are as follows:

dmPam,2

dt
~{(Ke2zK23):mPam,2zK32

:mPam,3 ð3Þ

dmPam,3

dt
~K23

:mPam,2{K32
:mPam,3 ð4Þ

2.4 The formulation of the governing equations of
denosumab and pamidronate actions on the MM-bone
model

Without drug treatments, the concentrations of RANKL are

calculated as follows [29]:

RANKL~

PRANKL,dzbRANKL
:OBp

(1zKA,OPG
:OPGzKA,RANK

:RANK):(
bRANKL

RRANKL:pligands
RANKL

zDRANKL)

ð5Þ

The binding of denosumab to RANKL influences the concentra-

tions of RANKL; therefore, with denosumab treatments, equation

(5) to calculate the concentrations of RANKL is replaced by the

following:

RANKL~

PRANKL,dzbRANKL
:OBp

(1zKA,OPG
:OPGzKA,RANK

:RANKz
mDen,2

KD,Den

):(
bRANKL

RRANKL:pligands
RANKL

zDRANKL)

ð6Þ

where, mDen,2 is the denosumab concentration in serum and KD,Den

is proportional to the dissociation rate constant of denosumab

binding to RANKL (the derivation of KD,Den is described in the

Supporting Information S1). KA,OPG and KA,RANK are the associa-

tion rate constant of RANKL binding to osteoprotegerin (OPG)

and receptor activator of nuclear factor-kB (RANK) respectively.

Figure 3. The schematic of the pharmacokinetic models of
pamidronate and denosumab. (a) Denosumab. (b) Pamidronate.
m1: muscle; m2: blood; m3: bone.
doi:10.1371/journal.pone.0044868.g003

ð6Þ
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RRANKL is the maximal number of RANKL molecules that can be

expressed on the surface of osteoblast precursors. PRANKL,d is the

external production rate of RANKL with the unit of pM:day{1.

bRANKL is the endogenous production of RANKL by osteoblast

precursors with the unit of day{1. DRANKL is the degradation of

RANKL. pligands
RANKL is the enhanced ‘activator’ function in response

to simultaneous parathyroid hormone (PTH) and IL-6 stimula-

tions.

Without drug treatments, the population of active osteoclasts

and MM cells are calculated respectively as follows [29]:

dOCa

dt
~DOCp

:OCp
:pRANKL

act,OCp
{AOCa

:OCa
:pTGFb

act,OCa
ð7Þ

dMM

dt
~(PMM

:pligands
MM zPMM,other):

MM:(1{
MM

MMmax
){AMM

:MM

ð8Þ

With pamidronate treatments, the apoptosis of active osteoclasts is

co-regulated by simultaneous transforming growth factor b (TGF-

b) and pamidronate stimulations. Using equation (3) in [29], which

models the ‘enhanced’ cellular response to simultaneous two

ligand stimulations, the suggested action of pamidronate on the

bone microenvironment is modeled. As such, the governing

equation of the population of active osteoclasts (equation (7)) is

replaced by the following equations:

dOCa

dt
~DOCp

:OCp
:pRANKL

act,OCp
{AOCa

:OCa
:pligands

OCa
ð9Þ

pligands
OCa

~pTGFb
act,OCa

zpPam
act,OCa

zc1
:pTGFb

act,OCa
:pPam

act,OCa
ð10Þ

pPam
act,OCa

~
mPam,3

mPam,3zKM,Pam,OCa

ð11Þ

where, mPam,3 is the pamidronate concentration retained in the

bone. KM,Pam,OCa is the half-maximal concentration of pamidronate

to kill active osteoclasts. pligands
OCa

is an ‘activator’ function, which

models the apoptosis of active osteoclasts in response to

simultaneous TGF-b and pamidronate stimulations. pTGFb
act,OCa

and

pPam
act,OCa

are the ‘activator’ functions of the apoptosis of active

osteoclasts under the control of TGF-b and pamidronate

respectively. c1 is a parameter that can be calibrated to reflect

the effects of the co-stimulation with TGF-b and pamidronate.

In addition, using equation (3) in [29], we incorporate the

suggested action of pamidronate on MM cells into equation (8) as

follows:

dMM

dt
~(PMM

:pligands
MM zPMM,other):MM:

(1{
MM

MMmax
){AMM

:MM:(1zc2
:pPam

act,MM )

ð12Þ

pPam
act,MM~

mPam,3

mPam,3zKM,Pam,MM

ð13Þ

where, mPam,3 is the pamidronate concentration retained in the

bone; KM,Pam,MM is the half-maximal concentration of pamidronate

to kill MM cells; pPam
act,MM is the ‘activator’ function of pamidronate

promoting the apoptosis of MM cells; and c2 is a parameter that

can be calibrated to reflect the effects of pamidronate stimulation.

In this analysis, c2 is set to 1 to simplify the integrated model.

Finally, the bone volume as a system output of the integrated

models is calculated as follows [29]:

dBV

dt
~{kres

:OCazkform
:OBa ð14Þ

where BV represents normalized bone volume, kres and kform

represent relative rate of bone resorption and bone formation

respectively with the unit of %:pM{1:day{1.

2.5 The formulation of the governing equations of NTX
output

Because the production of NTX from type I collagen is

controlled by the density of the active osteoclasts and serum NTX

is cleared by the liver or kidneys, the changes of the serum NTX

over time compose one source term (i.e., the production of NTX

in the bone) and one sink term (i.e., the degradation of NTX in the

bone and blood). Here, we assume that the concentrations of type

I collagen are a constant because they are much greater than the

NTX concentrations in the bone. In addition, we assume the

following: (i) the production of NTX is controlled by the density of

active osteoclasts in the form of the Hill function, and (ii) NTX

degrades at the first–order kinetics in the serum. The changes of

the serum NTX over time are summarized as follows:

dNTX

dt
~bNTX

:pOCa
act,NTX {DNTX

:NTX ð15Þ

pOCa
act,NTX ~

OCa
n

KM,NTX
nzOCa

n ð16Þ

where, bNTX denotes the production rate of NTX and DNTX

denotes the degradation of NTX. pOCa
act,NTX denotes the ‘activator’

function of active osteoclasts stimulating the production of NTX.

KM,NTX is the half-maximal density of active osteoclasts to control

the production of NTX, and n is the Hill coefficient.

2.6 Calibration of the parameters
The calibration of the parameters is performed using the least-

square criterion, that is, to minimize the following objective

function:

J~
Xn

i~1

Xm

j~1

½ypred{yexp�ij
n o2

½yexp�ij
n o2

ð17Þ

where, ypred and yexp are simulated values and the corresponding

experimental or clinical values respectively. The values of ypred are

calculated using the routine ‘ode15s’ in Matlab, and the values of

yexp are collected from the literature (see Table 1). Additionally, n is

the number of experiments, and m is the number of sampled

points in each experiment. The optimization process is imple-

mented using the routine ‘patternsearch’ in Matlab.

To evaluate the goodness of fit between simulations and

experiments, the coefficient of determination (r2) is defined as

Effects of Pamidronate and Denosumab on Myeloma

PLOS ONE | www.plosone.org 6 September 2012 | Volume 7 | Issue 9 | e44868



follows:

r2~

Pm
j~1

½ypred{yexp�j
n o2

Pm
j~1

½yexp{�yyexp�j
n o2

ð18Þ

where, �yyexp is the mean of yexp. The closer this value is to 1, the

better the agreement is between the simulation results and the

experimental data.

2.7 The quantification of the responses to pamidronate
and denosumab treatments in patients with multiple
myeloma

In a clinical situation, the primary concerns regarding

pamidronate and denosumab treatments in MM-induced bone

disease are the extent to which these treatments improve osteolytic

bone lesions and whether these treatments cause serious adverse

effects. Additionally, the extent to which these treatments alleviate

the MM tumor burden is of concern, although pamidronate and

denosumab are basically considered anti-catabolic agents. One of

reasons for this concern is that anti-catabolic agents are found to

inhibit MM-cell proliferation and survival [39,40]. To link the in

silico investigations of pamidronate and denosumab treatments in

MM-induced bone disease with clinical concerns, in silico

investigations should provide all of the above-mentioned informa-

tion.

Changes over time in the active osteoblast and osteoclast

populations, relative to each other, result in changes in the bone

volume, which is a ‘system output’ of the bone compartment [29].

Consequently, bone volume appears to be an appropriate variable

for tracking the improvements in osteolytic bone lesions. As a state

variable of the proposed integrated models, MM-cell density

appears to be an appropriate variable for tracking the alleviation

of the MM tumor burden. Unfortunately, it is impossible for in

silico investigations to track various adverse effects because these

effects are associated with a number of other organs, which is

beyond the scope of the MM-bone model. However, it is possible

for in silico investigations to track specific adverse effects. For

example, ONJ is found to be a serious adverse effect of

pamidronate treatments. Although the exact mechanisms of

ONJ occurrence are unknown, the inhibition of osteoclast function

and differentiation might be a key factor [23]. Accordingly, the

density of osteoclasts appears to be an appropriate variable for

tracking the occurrence of ONJ, which is an output from the

proposed integrated models.

Furthermore, after pamidronate and denosumab treatments the

accumulated absolute deviation of these variables (i.e., bone

volume, MM-cell density and the density of osteoclasts) over time

can be quantified by calculating the area under their curves

(AUC), which is the time integral of the change in the variable

from the beginning of the treatment to the end of the treatment.

Supporting Information S2 illustrates the specific calculations of

the AUCs for the bone volume, the MM-cell density and the

density of osteoclasts (denoted by BVAUC, MMAUC and OCa,AUC

respectively). Higher values of BVAUC, MMAUC and OCa,AUC

indicate a greater improvement in MM-induced bone lesions, a

greater alleviation of the MM tumor burden and a reduced

occurrence of ONJ respectively.

Pamidronate has been used in clinical settings to treat MM-

induced bone disease for many years, and a regime consisting of

the intravenous administration of 90 mg pamidronate every 4

weeks for a period of 2 years is recommended. In contrast,

denosumab is a novel agent that is still undergoing the phase III

clinical trials to treat MM-induced bone disease; accordingly,

different denosumab regimes are undergoing testing, and no

recommended denosumab regimes are available yet to treat MM-

induced bone disease. In the meanwhile, according to the

highlights of prescribing information provided by Amgen Inc.

(http://pi.amgen.com/united_states/xgeva/xgeva_pi.pdf), it is

worth mentioning that the administration of 120 mg denosumab

every 4 weeks has been recommended to treat the skeletal-related

events in patients with bone metastases from solid tumors although

there is no experience of over-dosage of denosumab. For this

reason, the above mentioned denosumab regime can be probably

regarded as a reference regime rather than a recommended

regime to treat MM-induced bone disease before more clinical

data are available. To evaluate the responses to denosumab

treatments in MM-induced bone disease, the pamidronate

treatment with the recommended regime is selected as a base

treatment. By doing so, the relative response to the denosumab

treatment compared with the response to the pamidronate

treatment is calculated (denoted by BVAUC,rela, MMAUC,rela and

OCa,AUC,rela respectively); that is, the ratio of the responses to

various tested denosumab regimes to the responses to the

recommended pamidronate regime is calculated. If the relative

response is greater than 1, then the denosumab regime appears to

produce a better response than the recommended pamidronate

regime; otherwise, the denosumab regime is interpreted to

produce a response inferior to that of the recommended

pamidronate regime.

While MMAUC,rela is a single criterion to evaluate the MM

tumor-related response, BVAUC,rela and OCa,AUC,rela are two separate

criteria to evaluate the bone-related response. To use a single

criterion to evaluate the bone-related response to pamidronate and

denosumab treatments rather than using two criteria respectively,

a relative index (Indexrela) is defined in equation (19) to evaluate the

bone-related response to the pamidronate and denosumab

treatments by combining the relative responses of the bone

volume and the density of osteoclasts.

Indexrela~BVAUC,rela
:WBVzOCa,AUC,rela

:WOCa

BVAUC,rela~BVAUC,Deno=BVAUC,Pami

OCa,AUC,rela~OCa,AUC,Deno=OCa,AUC,Pami

ð19Þ

Here, BVAUC,rela and OCa,AUC,rela represent the responses of the

bone volume and the density of osteoclasts to denosumab

treatments relative to their responses to pamidronate treatments

respectively. The definitions and calculations of BVAUC,Deno,

OCa,AUC,Deno, BVAUC,Pami and OCa,AUC,Pami are described in Sup-

porting Information S2. WBV and WOCa represent the weights of

the bone volume and the density of osteoclasts to the bone-related

response. The density of osteoclasts is assumed to be a less

important criterion compared with the bone volume because it is

associated with the occurrence of ONJ that is uncommon after

pamidronate and denosumab treatments. Specifically, the risk of

ONJ associated with pamidronate is 1 to 2% within the first 2

years of the treatment [41]. Therefore, the weights WBV, and WOCa

are set to 1and 0.1 respectively according to their relative

importance. It should be noted that different evaluation outcomes

may be produced when different weights are used. Given that

there is no more knowledge to help determine these weights more

accurately so far, it is particularly important to experimentally

validate the evaluation outcomes that are produced under the

current setting of weights.
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A greater value of the relative index indicates a better bone-

related response to the denosumab regimes compared with the

recommended pamidronate regime. Clearly, the thresholds of the

Indexrela is1.1; that is, if the value of the Indexrela is greater than 1.1,

the denosumab regimes would produce a better bone-related

response than the recommended pamidronate regime.

Results

3.1 The calibration and validation of the pharmacokinetic
models of pamidronate and denosumab

Based on the clinical pharmacokinetic datasets of denosumab in

the blood and pamidronate in the bone after a single-dose

administration, the optimized pharmacokinetic models of pami-

dronate and denosumab are obtained, and the optimized

parameter values are listed in Table 2. As displayed in Figure 4,

the simulated concentrations of denosumab and pamidronate

using the optimized parameter values fit very well with the clinical

datasets. The predicted concentrations of denosumab and

pamidronate after a multi-dose administration also fit very well

with additional clinical datasets. Consistently, as the r2 values listed

in Table 3 indicate, the simulated concentrations of denosumab

and pamidronate closely agree with the concentrations measured

in clinical settings under both single-dose and multi-dose

administrations. As a result, the optimized pharmacokinetic

models of pamidronate and denosumab are suitable for simulating

the transient concentrations of pamidronate and denosumab,

which are incorporated into the MM-bone model to examine the

responses to pamidronate and denosumab treatments in MM-

induced bone disease.

3.2 The calibration and validation of the integrated
models with pamidronate and denosumab

The parameters related to the anti-catabolic action of pami-

dronate and denosumab (KD,Deno, KM,Pami,OCa and c1) are calibrated

by best fitting with the serum NTX concentrations measured in

the clinical setting. By assuming that the serum paraprotein

changes are proportional to the changes in MM-cell density, the

parameter related to the anti-MM action of pamidronate

(KM,Pami,MM) is calibrated by best fitting with the serum paraprotein

concentrations measured in the clinical setting. The original

dataset of the paraprotein concentrations (represented as percent-

age changes from the baseline) are obtained in patients with MM

who received pamidronate in combination with chemotherapy or

received chemotherapy alone [33]. The calibration of the

parameter KM,Pami,MM requires the dataset obtained in patients

with MM who received pamidronate alone. To account for this

difference, we assume that the effects of pamidronate and

chemotherapy on the changes in paraprotein concentrations are

linear addition. Therefore, the difference between paraprotein

changes after the simultaneous pamidronate and chemotherapy

treatment (denoted by paraproteinchangeschemo+pami) and those

after the chemotherapy treatment alone (denoted by parapro-

teinchangeschemo) is the paraprotein changes after the pamidronate

treatment alone (denoted by paraproteinchangespami); that is,

paraproteinchangespami = paraproteinchangeschemo+pami – para-

proteinchangeschemo. Given that the two curves (paraproteinch-

angeschemo+pami and paraproteinchangeschemo) have some scatter,

they are firstly smoothed and then used to calculate the difference

between them. The details of smoothing the two curves are

described in the Supporting Information S3. We are aware that

the assumption and derivation potentially induce an inaccuracy in

the calibration. However, the consequences of an inaccurate

calibration are mainly limited to the evaluation on the changes in

MM-cell density because the anti-MM action of pamidronate

appears to have no significant impact on the bone volume (see

Section 3.3).

Table 4 lists the calibrated parameter values of the integrated

computational models. Figure 5 displays the fittings between the

simulated NTX (and paraprotein) concentrations using the

calibrated parameter values and the NTX (and paraprotein)

concentrations measured in the clinic. Table 5 summarizes the

evaluations of the goodness of fit of these simulations.

As Figure 5a shows, the simulated NTX concentrations after

single-dose denosumab administration exhibit the same trends as

the clinical NTX concentrations, but the quantitative evaluations

(Table 5) indicate that the simulated NTX concentrations only

moderately agree with the clinical data. A possible reason may

result from the variation in the clinical pharmacodynamic datasets

used in the fittings. In contrast, the agreements between the

predicted NTX concentrations and the additional clinical dataset

after multi-dose denosumab administration are improved, as

indicated in Figure 5b and Table 5. This performance of the

calibration and validation suggests that the integrated model with

denosumab has a good ability to predict, whereas its ability to fit is

moderate.

Furthermore, the simulated NTX concentrations after single-

dose pamidronate administration show a close agreement with the

clinical NTX concentrations before 30 days. However, the

agreement deteriorates after 30 days because the NTX in the

simulated curve appears to decrease sustainably, whereas it

rebounds after 30 days in the clinical data (Figure 5c). In fact,

both the sustained decreases in NTX and the rebounding

decreases in NTX after bisphosphonates therapy are observed in

the clinic. For example, after single-dose alendronate (a similar

agent to pamidronate) administration, NTX levels either sustain-

ably drop in some patients with MM, or decrease and rebound

after 7 days of treatment and decrease without any treatment in

other patients with MM [42]. Although the sustained decrease in

NTX appears to be associated with the long-term effects of the

pamidronate embedded in the bone [8], the reason for the

rebound behavior of NTX concentrations is not known. The

integrated model with pamidronate appears to capture the

sustained decrease in NTX concentrations, but does not capture

the rebound behavior of NTX concentrations because the

mechanisms are unclear and are not incorporated in the

integrated model with pamidronate. In spite of the inability to

capture the rebound behavior of the NTX concentrations, the

predicted NTX concentrations after multi-dose pamidronate

administration agree well with the additional clinical dataset, as

shown in Figure 5d and Table 5. Additionally, Figure 5e indicates

that the simulated percentage changes in the paraprotein after

multi-dose pamidronate administration fit well with the clinical

data.

Taken together, the calibrated integrated models exhibit a good

ability to predict the long-term responses to multi-dose pami-

dronate and denosumab treatment in patients with MM, although

their ability to fit to the short-term responses to single-dose

pamidronate and denosumab treatment is only moderate.

Consequently, the validated integrated models are suitable to

investigate the responses (especially the long-term responses after

multi-dose administration) to pamidronate and denosumab

treatments in MM-induced bone disease.

3.3 Does the anti-MM action of pamidronate have a
significant impact on the bone volume?

In the integrated computational models, the actions of

pamidronate are modeled as both anti-catabolic and anti-MM,
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and the action of denosumab is modeled as anti-catabolic. As a

result of this difference, the issue of whether the anti-MM action of

pamidronate has a significant impact on the bone volume arises.

To address this issue, the AUCs of the integrated model with

pamidronate are compared with those of the integrated model

with pamidronate in which the anti-MM action of pamidronate is

disabled (that is, regulation mechanism 10 in Figure 2 is blocked).

During the comparisons, the same regimes (the same dosages and

administration periods) are used, and the common parameter

values used in the intact and blocked integrated models with

Figure 4. The calibration and validation of the pharmacokinetic models of pamidronate and denosumab. (a) The calibration of the
pharmacokinetic model of denosumab. (b) The validation of the pharmacokinetic model of denosumab. (c) The calibration of the pharmacokinetic
model of pamidronate. (d) The validation of the pharmacokinetic model of pamidronate.
doi:10.1371/journal.pone.0044868.g004

Table 2. The calibrated parameter values of the pharmacokinetic models of pamidronate and denosumab.

Parameter Value Unit Description

Ka 1.73e-1 /day The absorption of denosumab from the muscle

Ke 2.02e-2 /day The linear elimination of denosumab

Km 5e-1 nM Half-maximal concentrations of denosumab in Michaelis–Menten
elimination

Vmax 5.6e-2 nM/day The maximal velocity of Michaelis–Menten elimination

VcF 1.06e-1 l/kg The factor that transforms the dosage from mg/kg into mg/l

Ke2 3.05 /day The elimination of pamidronate by the kidneys

K23 4.89 /day The diffusion of pamidronate from the blood into the bone

K32 2.41e-2 /day The diffusion of pamidronate from the bone into the blood

doi:10.1371/journal.pone.0044868.t002
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pamidronate are the same. Paired samples t-tests are conducted in

SPSS (version 19) to evaluate whether the impact of the anti-MM

action of pamidronate on the bone volume is significant, in which

the threshold of significance values is set to 0.1.

After various multi-dose pamidronate administrations, the

blocked integrated model with pamidronate induces the AUCs

of the density of osteoclasts to increase (Figure 6a) but the AUCs of

MM-cell density to decrease (Figure 6c) in comparison to the

intact pamidronate integrated model. The AUCs of the bone

volume either increase or decrease in the blocked pamidronate

integrated model compared with the intact pamidronate integrat-

ed model (Figure 6b). While the significance values of the blocked

and intact pairs with regard to the density of osteoclasts and MM-

cell density are lower than 0.1, the significance value (0.953) of the

blocked and intact pair with regard to the bone volume is greater

than 0.1. These significance values indicate that the anti-MM

action of pamidronate appears to have no significant impact on

the bone volume. This clarification helps evaluate the bone-related

response to pamidronate and denosumab treatments more

accurately.

3.4 Investigations of the effects of pamidronate and
denosumab on patients with multiple myeloma

A wide range of regimes of pamidronate and denosumab

treatments (dosages of 60, 90, 120 or 180 mg and administration

periods of 30, 60 or 90 days, resulting in 12 different regimes) are

investigated using the validated integrated models. After various

multi-dose administrations of pamidronate and denosumab every

30, 60 or 90 days, there are similar responses of the density of

osteoclasts and the MM-cell density. For example, the density of

osteoclasts decreases under all regimes of pamidronate and

denosumab. The greater dosages of pamidronate and denosumab

show greater decreases in the density of osteoclasts (Figure 7a). It

should be noted that the curves of the density of osteoclasts exhibit

a decrease tendency after pamidronate treatments, which is

probably caused by the long-term embedding of pamidronate in

the bone. The MM-cell density also decreases under all regimes of

pamidronate and denosumab. The greater the dosage of

pamidronate and denosumab is, the greater the decrease in the

MM-cell density (Figure 7b). It is clear that the great decrease in

MM-cell density after pamidronate treatments are caused by the

action of pamidronate on killing MM cells while the slight decrease

in MM-cell density after denosumab treatments result from the

indirect action of denosumab on MM cells through a complicate

pathway. As Figure 2 shows, denosumab treatments induce a

decreased density of osteoclasts and followed by a decreased TGF-

b release from bone resorption, which leads to a decreased IL-6

production by BMSC. Eventually, the decrease in IL-6 concen-

trations cause a decreased proliferation of MM cells and hence a

decreased MM-cell density.

In contrast, the bone volume responds differently to various

multi-dose administrations of pamidronate and denosumab every

30, 60 or 90 days. For example, after various multi-dose

administrations of pamidronate and denosumab every 30 days,

the bone volume increases under all regimes of pamidronate and

denosumab. However, the rates of increase in the bone volume

drop faster with the increases in the dosage of pamidronate and

denosumab (Figure 7c). In particular, the bone volume tends

towards plateau at a lower level after 180 mg pamidronate is

administrated every 30 days. In this circumstance, the density of

active osteoclasts decreases below 0.1-fold (Figure 7a) and the

density of active osteoblasts also decreases below 0.1-fold (figure

not shown); therefore, this tendency of the bone volume towards

plateau probably results from the very low rate of bone turnover.

When various multi-dose administrations of pamidronate and

denosumab are given every 60 or 90 days, the bone volume either

increases or decreases depending on the dosage of pamidronate

and denosumab, and greater dosages of pamidronate and

denosumab lead to greater gains in the bone volume (Figure 7d–e).

The responses to the recommended pamidronate regime

(90 mg administration every 4 weeks) and the reference denosu-

mab regime (120 mg administration every 4 weeks) are highlighted

in Figure 7a–c respectively. Compared with the recommended

regime of pamidronate, the reference regime of denosumab

induces a greater increase in the bone volume, a greater decrease

in the density of osteoclasts and a smaller decrease in the density of

MM-cells.

3.5 What factors mainly contribute to the bone-related
response to pamidronate and denosumab treatments?

The above investigations have indicated that pamidronate and

denosumab have quite different effects on the MM-cell density and

the reason is clear that pamidronate has a direct influence on the

MM-cell density while denosumab indirectly influences the MM-

cell density. In terms of the bone-related response to pamidronate

and denosumab treatments, the two drugs qualitatively produce

similar effects because both of them reduce the production rate of

active osteoclasts (decrease the right-hand-side of Eq.(9)); although

denosumab achieves this by inhibiting the differentiation of

osteoclast precursors (decrease the first positive item of right-

hand-side of Eq.(9)) while pamidronate achieves this by promoting

the apoptosis of active osteoclasts (increase the second negative

item of right-hand-side of Eq.(9)). However, the two drugs

quantitatively produce different effects; for example, the reference

denosumab regime induces a greater increase in the bone volume,

a greater decrease in the density of osteoclasts and a smaller

Table 3. Evaluations of the calibration and validation of pharmacokinetic models of pamidronate and denosumab.

Calibration Validation

Drug Denosumab (mg/kg) Denosumab (mg) administered every 4 weeks

Dose 0.1 0.3 1 3 30 120 180

r2 0.9535 0.9157 0.8621 0.8598 0.9061 0.8432 0.9249

Drug Pamidronate (mg) Pamidronate (mg) administered every day

Dose 90 15

r2 0.9968 0.9701

doi:10.1371/journal.pone.0044868.t003
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decrease in the density of MM-cells than the recommended

pamidronate regime. The different quantitative bone-related

response is probably mainly attributed to the different pharma-

cokinetics of pamidronate and denosumab; that is, denosumab has

a long half-life in serum while pamidronate has a quite short half-

life in serum but embeds in the bone for a long term.

Figure 5. The calibration and validation of the integrated computational models with pamidronate and denosumab. (a) The
calibration of the integrated model with denosumab according to the NTX levels. (b) The validation of the integrated model with denosumab
according to the CTX levels. (c) The calibration of the integrated model with pamidronate according to the NTX levels. (d) The validation of the
integrated model with pamidronate according to the NTX levels. (e) The calibration of the integrated model with pamidronate according to the
paraprotein levels.
doi:10.1371/journal.pone.0044868.g005
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To check whether the allowable dosage of one of pamidronate

and denosumab gives a higher bone-related response than the

other, we use the MM-bone model (rather than the integrated

models) to investigate the responses to pamidronate and

denosumab treatments when their different pharmacokinetics are

removed. For example, we simulate the responses to denosumab

treatments by increasing the value of DOCp at the beginning of the

fourth year of MM progression in the bone because denosumab

plays its role by decreasing the first positive item of right-hand-side

of Eq.(7). Similarly, we simulate the responses to pamidronate

treatments by decreasing the value of AOCa. The amounts of the

increase in DOCp and the decrease in AOCa are proportional to the

dosages of denosumab and pamidronate respectively. In addition,

the upper limit of the increase in DOCp and the lower limit of the

decrease in AOCa, which induce the strongest responses to

denosumab and pamidronate treatments respectively, are deter-

mined by the decrease in the density of osteoclasts, which is

assumed to at most decrease 50% in these simulations.

One example of almost the strongest responses to denosumab

and pamidronate treatments is shown in Figure 8. It clearly

indicates that pamidronate and denosumab have the ability to

produce almost the same effects on the decrease in the density of

osteoblasts and osteoclasts, the decrease in the MM-cells density

and the increase in the bone volume. Therefore, the possibility

that the allowable dosage of one of pamidronate and denosumab

gives a higher bone-related response than the other can be

excluded. In addition, pamidronate and denosumab are not

involved in other items of the MM-bone model except for the

involvement in the right-hand-side of Eq.(9); therefore, the

possibility that other items of the MM-bone model cause the

different quantitative bone-related response to pamidronate and

denosumab treatments can also be excluded. In a summary, the

different pharmacokinetics of pamidronate and denosumab mainly

contribute to the different quantitative bone-related response to

pamidronate and denosumab treatments.

3.6 Is denosumab an alternative to pamidronate in the
treatment of MM-induced bone disease?

Since the different pharmacokinetics of pamidronate and

denosumab mainly contribute to the different quantitative bone-

related response to pamidronate and denosumab treatments, how

to administrate pamidronate and denosumab (or the regime of

pamidronate and denosumab) plays a key role in improving the

bone-related response to pamidronate and denosumab treatments.

To clarify whether denosumab represents an alternative to

pamidronate in the treatment of MM-induced bone disease, the

issue of whether a specific regime of denosumab produces a

greater improvement in bone lesions than pamidronate has to be

addressed. If a specific regime of denosumab can be found to

produce a greater improvement in bone lesions than pamidronate,

Table 4. The calibrated parameter values of the integrated models with pamidronate and denosumab.

Parameter Value Unit Description

KD,Den 1.45e+4 pM The dissociation rate constant of denosumab binding to RANKL

KM,Pam,OCa 6.04e+2 mg Half-maximal concentrations of pamidronate to kill active osteoclasts

c1 4 - A constant to reflect the co-stimulation of TGF-b and pamidronate on the
apoptosis of active osteoclasts

KM,Pam,MM 9e+1 mg Half-maximal concentrations of pamidronate to kill MM cells

c2 1 - A constant to reflect the pamidronate stimulation on the apoptosis of MM
cells

bNTX 2.31e+4 pM/day The production rate of NTX

DNTX 1.5 /day The degradation of NTX

KM,OCa,NTX 1.8e-4 pM Half-maximal density of active osteoclasts to control the production of NTX

n 7e-1 - Hill coefficient

doi:10.1371/journal.pone.0044868.t004

Table 5. Evaluations of the calibration and validation of the integrated models with pamidronate and denosumab.

Calibration Validation

Drug Denosumab (mg/kg)

Denosumab (mg)
administered every 28 days in
relapsed MM

Dose 0.1 0.3 1 3 120

r2 0.1137 0.1902 0.6913 0.1181 0.9955

Drug Pamidronate (mg)
Pamidronate (mg), every 4 weeks
administration

Pamidronate (mg) administered every 4
weeks

Dose 90 90 90

r2 0.75631 0.0.81992 0.5287

Note 1: The r2 is calculated before 30 days after pamidronate treatment.
Note 2: The r2 is calculated to evaluate the goodness of fit paraprotein concentrations.
doi:10.1371/journal.pone.0044868.t005
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then denosumab may represent a viable alternative to pamidro-

nate in the treatment of MM-induced bone disease. As a result, the

above-described responses to 12 different regimes of denosumab

treatments are further evaluated by the defined relative response

and the relative index, resulting in the identification of four

denosumab regimes that potentially produce an improved bone-

related response compared with the recommended pamidronate

regime. The responses of the density of osteoclasts, the bone

volume and the MM-cell density to the identified denosumab

regimes are shown in Figure 9.

As summarized in Table 6, the identified denosumab regimes

are as follows: (i) the administration of 90 mg denosumab every 30

days; (ii) the administration of 120 mg denosumab every 30 days;

(iii) the administration of 120 mg denosumab every 60 days; (iv)

the administration of 180 mg denosumab every 60 days. Clearly,

the relative index Indexrela of these identified denosumab regimes is

greater than its threshold value of 1.1. Specifically, whereas the

relative response BVAUC,rela of the denosumab regimes except for

the third are greater than 1, the relative response BVAUC,rela of the

third denosumab regime is lower than 1. In contrast, the relative

response OCa,AUC,rela of the denosumab regimes except for the third

are lower than 1 but the relative response OCa,AUC,rela of the third

denosumab regime is greater than 1. These differences in the

relative response indicate that the denosumab regimes except for

the third improve the responses of the bone volume but worsen the

responses of the density of osteoclasts, whereas the third

denosumab regime improves the response of the density of

osteoclasts but diminishes the response of the bone volume. In

other words, compared with the recommended pamidronate

regime, all the identified denosumab regimes produce an overall

improved bone-related response but cannot improve the responses

of the bone volume and the density of osteoclasts simultaneously.

In contrast, the relative response MMAUC,rela of the identified

denosumab regimes is much lower than 1, as a result, the

identified denosumab regimes cannot improve the MM tumor-

related response in comparison with the recommended pamidro-

nate regime because denosumab has no anti-MM action in the

MM-bone compartment.

Clinically, the first three identified denosumab regimes are

feasible because their doses are lower than or equal to the dose of

the reference denosumab regime (120 mg) and their administra-

tion periods are longer than or equal to the administration period

of the reference denosumab regime (every 4 weeks), suggesting that

the possible toxicities (at least in terms of the risk of ONJ) caused

Figure 6. A comparison of the responses to the intact pamidronate integrated model with those to the blocked pamidronate
integrated model after multi-dose pamidronate administration. (a) The active osteoclast after multi-dose pamidronate administration. (b)
The bone volume after multi-dose pamidronate administration. (c) The MM-cell density after multi-dose pamidronate administration. Blue: the intact
model; Black: the blocked model.
doi:10.1371/journal.pone.0044868.g006
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by these denosumab regimes should be tolerable. On the other

hand, the dose of the fourth identified denosumab regime

(180 mg, every 60 days) is larger than that of the reference

denosumab regime but the administration period of the fourth

identified denosumab regime is longer than that of the reference

denosumab regime; as a result, it is difficult to determine whether

the fourth identified denosumab regime is feasible in the clinical

setting based on the regime on its own right. However, the ratios

Figure 7. The responses to the integrated models after various regimes of denosumab and pamidronate administration. (a) The
active osteoclasts after multi–dose administration every 30 days. (b) The MM-cell density after multi-dose administration every 30 days. (c) The bone
volume after multi-dose administration every 30 days. (d) The bone volume after multi-dose administration every 60 days. (e) The bone volume after
multi-dose administration every 90 days.
doi:10.1371/journal.pone.0044868.g007
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between BVAUC,rela, OCa,AUC,rela and Indexrela when the fourth

identified denosumab regime is used and those when the reference

denosumab regime is used are 1.0417, 1.2972 and 1.0569

respectively, indicating that the fourth identified denosumab

regime is superior to the reference denosumab regime in terms

of the improvements of both the bone volume and the density of

osteoclasts. Therefore, the fourth identified denosumab regime is

also clinically feasible. In a word, the four identified denosumab

regimes not only produce an overall improved bone-related

response compared with the recommended pamidronate regime

but also are clinically feasible.

It should be noted that although the administration of 180 mg

denosumab every 30 days produce an overall improved bone-

related response (the values of BVAUC,rela, OCa,AUC,rela, Indexrela and

MMAUC,rela are 1.06, 0.4941, 1.1094 and 0.3876 respectively)

compared with the recommended pamidronate regime, this

denosumab regime is not regarded as clinical feasibility because

its dose is larger than the dose of the reference denosumab regime

and it induces a higher risk of ONJ than the reference denosumab

regime. In addition, the above-described responses to 11 different

regimes of pamidronate treatments (except the recommended

pamidronate regime) are further evaluated by the relative response

and the relative index. None of the evaluated pamidronate regimes

can further improve the bone lesions, alleviate MM-tumor burden

and decrease the risk of ONJ simultaneously compared with the

recommended pamidronate regime.

Discussion

Pharmacodynamic (PD) simulation is the current ‘gold stan-

dard’ employed by pharmaceutical companies to investigate the

responses to a particular pharmacological drug; however, this

approach treats the human body as a ‘black box’ or a ‘gray box’

[43] and provides no information on several important ‘local

clinical variables’. In recent years, efforts have been made to

model how a pharmacological drug administered to the bone

microenvironment (via the circulation) can interact with the bone

cells. Marathe et al. [44] recently exploited this idea by

incorporating a denosumab pharmacokinetic model into a cellular

bone homeostasis model to characterize the temporal profiles of

the serum NTX after a one-off administration of denosumab in

patients with MM. Although the simulated NTX dynamics appear

to fit the experimental results quite well, an obvious limitation of

this study is that the evaluation of the responses to denosumab

treatment in patients with MM is based on the normal coupling

between the osteoblasts and osteoclasts (in this case, bone

Figure 8. Changes in the density of bone cells, bone volume and the density of MM cells after single anti-catabolic drug treatments.
(a) Changes in osteoblast density after therapies; (b) Changes in osteoclast density after therapies; (c) Changes in bone volume after therapies; (d)
Changes in MM-cell density after therapies.
doi:10.1371/journal.pone.0044868.g008
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formation and bone resorption are balanced, and no bone loss

occurs). However, the activity of the osteoblasts and osteoclasts is

uncoupled in patients with MM (in this case, bone formation and

bone resorption are unbalanced, resulting in increased bone

turnover and bone loss). This difference may undermine the

reliability and accuracy of the evaluation of the responses to

denosumab treatment in MM-induced bone disease. Additionally,

the study of Marathe et al. [44] did not provide information with

respect to the bone volume and MM-tumor burden, resulting in

an incomplete evaluation. In contrast, the present study of in silico

investigations of denosumab treatment in MM-induced bone

disease is based on the previously proposed MM-bone model [29],

in which the uncoupled coordination between the osteoblasts and

osteoclasts has been simulated and information with respect to the

bone volume and MM-tumor burden is provided. Therefore, the

reliability, accuracy and completeness of the evaluation of

denosumab (and pamidronate) treatments in MM-induced bone

disease have the potential to be improved in this study.

The reliability and accuracy of the evaluation of pamidronate

and denosumab treatments in MM-induced bone disease also

depend on the calibration and validation of the integrated

computational models. After multi-dose pamidronate and deno-

sumab administration, the simulations are consistent with clinical

datasets. However, after single-dose denosumab administration,

the consistency between the simulations and the clinical datasets

seems better qualitative (i.e., the simulation results exhibit the

same trends as the clinical data) than quantitative. This effect is

mainly caused by the limited clinical data available and the

variability of the currently available clinical data. Using more

reliable clinical data, this consistency between the simulations and

the clinical data may be improved. This consistency may also be

improved by refining the integrated models in the future. For

Figure 9. The responses using the identified denosumab regimes. (a) The active osteoclast using the identified denosumab regimes. (b) The
bone volume using the identified denosumab regimes. (c) The MM-cell density using the identified denosumab regimes.
doi:10.1371/journal.pone.0044868.g009

Table 6. The relative response and the relative index of the
identified regimes of denosumab treatment.

Denosumab regime BVAUC,rela OCaAUC,rela Indexrela MMAUC,rela

90 mg every 30 days 1.1157 0.9243 1.2082 0.2413

120 mg every 30 days 1.1279 0.7127 1.1991 0.3101

120 mg every 60 days 0.9823 1.3176 1.114 0.1334

180 mg every 60 days 1.1749 0.9245 1.2673 0.2459

Note 1: the pamidronate regime consisting of the intravenous administration of
90 mg pamidronate every 4 weeks for a period of 2 years is used as a base.
doi:10.1371/journal.pone.0044868.t006
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example, the proposed models are deterministic whereas biological

phenomena are stochastic; therefore, considering stochastic

properties, the ability to capture the effects of noise may improve

the differences between the best-fit modeling results and the

experimental data. In addition, after single-dose pamidronate

administration, the simulations only capture the sustainable

decrease in NTX levels; therefore, this result may be a

shortcoming of the integrated computational model that may

undermine the accuracy of the evaluation of pamidronate

treatment in MM-induced bone disease.

Both pamidronate and denosumab increase the bone volume by

reducing the density of osteoclasts. On the other hand, the lower

density of osteoclasts results in a less bone remodeling, which

causes some severe side effects such as ONJ. Therefore, it is

important to maintain a reasonable or balanced density of

osteoclasts in pamidronate and denosumab treatments in order

to increase the bone volume while decreasing the occurrence of

side effects. The task to identify such a reasonable density of

osteoclasts is difficult in the clinical investigations; however, it

becomes easy in the in silico investigations. For example, the

validated integrated models can be used to simulate the responses

to various regimes of pamidronate and denosumab treatments.

Furthermore, the defined relative indices make it possible to

effectively identify the improved regime from various regimes

because they concurrently contains the items of the bone volume

(needs less osteoclasts) and the density of osteoclasts (need more

osteoclasts). Indeed, using the integrated models and the defined

relative indices, four denosumab regimes have been successfully

identified, which increase the bone volume and maintain a high

density of osteoclasts compared with the recommended pamidro-

nate regime. Although it is still hard to determine whether these

identified regimes are or contain the optimal regime, they are

approaching to the optimal regime.

In this study, we identified four denosumab regimes that

potentially produce an overall improved bone-related response

compared with the recommended pamidronate regime, support-

ing the idea that denosumab can represent an alternative to

pamidronate in the treatment of MM-induced bone lesions.

Although further clinical investigations are required to verify these

identified denosumab regimes, this identification greatly narrows

the scope of testing regimes for clinical investigations. In this way,

in silico investigations are complementary to clinical investigations.

Clinical investigations provide the necessary clinical data for in

silico investigations and verify the outcomes of in silico investiga-

tions; in silico investigations accelerate the process of evaluating the

responses to the drug therapy and the process of screening the

drug therapy regimes performed by clinical investigations. This

approach of combining clinical investigations with in silico

investigations could promote efficiency in the drug evaluation

and reduce costs compared with using clinical investigations alone.

This study has demonstrated that the computational method is

an efficient way to address the issue of that denosumab appears to

represent an alternative agent to pamidronate in the treatment of

MM-bone disease. In the meanwhile, another issue of whether

denosumab can further represent an alternative agent to other

bisphosphonates in the treatment of MM-bone disease arises. For

example, zoledronic acid is also a widely used bisphosphonates in

the treatment of MM-induced bone disease and comparing the

efficacy and adverse effects of zoledronic acid with denosumab or

other bisphosphonates (i.e., pamidronate) is a critical issue in the

treatment of MM-bone disease. Several clinical investigations were

conducted to compare the responses to zoledronic acid treatments

with those to denosumab or pamidronate treatments. A random-

ized, double-blind study showed that denosumab (120 mg) was

non-inferior (tending to superiority) to zoledronic acid (4 mg) in

preventing or delaying the skeletal-related events in patients with

advanced cancer metastatic to bone or MM [45]. In a phase III,

double-blind comparative study, zoledronic acid (4 mg) was

demonstrated to be as effective and well tolerated as 90 mg of

pamidronate in the treatment of osteolytic bone lesions in patients

with advanced breast cancer or MM [9]. A 25-month clinical trial

confirmed the long-term safety and efficacy of zoledronic acid

(4 mg) and demonstrated that zoledronic acid (4 mg) was more

effective than pamidronate (90 mg) in reducing the risk of

developing skeletal complications in the patients with breast

cancer or MM [11]. In contrast, there were data showing that a

9.5-fold greater risk for the development of ONJ with zoledronic

acid compared with pamidronate in the treatment of MM-induced

bone disease, resulting in that patients with MM may prefer

pamidronate to zoledronic acid [16]. In spite of advancing in

clinical comparisons of zoledronic acid with denosumab and

pamidronate, more comprehensive comparisons (including in silico

comparisons) are necessary to address the issues of whether

denosumab can represent an alternative agent to zoledronic acid

or which one of pamidronate and zoledronic acid is superior in the

treatment of MM-induced bone disease. Since this study has

demonstrated that the method of in silico investigations is efficient,

it actually paves the way for addressing the above issues by in silico

investigations in the future study, although there may be a

potential limit of this study due to not currently address the above

issues in this study.

Conclusions

In this paper, we illustrated how to investigate the anti-catabolic

effects of pamidronate and denosumab treatments in MM-induced

bone disease using integrated computational models that link a

bone resorption marker with drug pharmacokinetics and drug

actions on the MM-bone compartment. This investigation assisted

in clarifying whether denosumab represents an alternative to

pamidronate in the treatment of MM-induced bone lesions. To

develop the integrated computational models, pharmacokinetic

models of pamidronate and denosumab were developed to

simulate the transient concentrations of pamidronate and

denosumab respectively, and were calibrated and validated by

different clinical datasets. The integrated computational models

were subsequently developed by incorporating the simulated

transient concentrations of pamidronate and denosumab and

simulations of their actions on the MM-bone compartment into

the MM-bone model. These integrated models were also

calibrated and validated by different clinical datasets, suggesting

that they are suitable to be applied to investigate the responses to

pamidronate and denosumab treatments in MM-induced bone

disease.

Using validated integrated models, a variety of regimes of

pamidronate and denosumab treatments were investigated, and

the corresponding responses were evaluated by the defined relative

responses and the relative index, which are based on the

quantification of the responses to pamidronate and denosumab

treatments. The outcomes of the evaluation identified four

denosumab regimes that potentially produce an overall improved

bone-related response compared with the recommended pami-

dronate regime. This identification supports the idea that

denosumab can represent an alternative to pamidronate in the

treatment of MM-induced bone disease.

This study indicates that in silico investigations are valuable as a

complementary approach to clinical investigations. This approach

substantially accelerated the process of evaluating the responses to
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drug therapy and the process of screening drug therapy regimes,

leading to the identification of several improved regimes with

reduced costs in terms of time and money. In combination with

clinical investigations, the proposal of improved regimes may be

specifically tested and verified. As a result, clinical investigations

combined with in silico investigations have the potential to

transform the traditional method of pure screening by clinical

investigations, leading to a new approach of mixed screening by in

silico investigations and verification by clinical investigations. This

combined approach promotes the efficiency of drug evaluation

and reduces the costs. In addition, based on the MM-bone model,

the method of in silico investigations of the anti-catabolic effects of

pamidronate and denosumab on MM-induced bone disease may

be utilized to investigate the anti-catabolic effects of other

bisphosphonates (i.e., zoledronic acid) or the anabolic effects of

novel agents (i.e., bortezomib) on MM-induced bone disease.
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Bisphosphonates in cancer therapy. Cancer Letters 257(1): 16–35.

13. Gordon S, Helfrich MH, Sati HIA, Greaves M, Ralston SH, et al. (2002)

Pamidronate causes apoptosis of plasma cells in vivo in patients with multiple

myeloma. British Journal of Haematology 119(2): 475–483.

14. Kunzmann V, Bauer E, Feurle J, Tony FWH-P, Wilhelm M (2000) Stimulation

of gamma delta T cells by aminobisphosphonates and induction of antiplasma

cell activity in multiple myeloma. Blood 96(2): 384–392.

15. Aparicio A, Gardner A, Tu Y, Savage A, Berenson J, et al. (1998) In vitro

cytoreductive effects on multiple myeloma cells induced by bisphosphonates.

Leukemia 12(2): 220.

16. Kyle RA, Yee GC, Somerfield MR, Flynn PJ, Halabi S, et al. (2007) American

Society of Clinical Oncology 2007 Clinical Practice Guideline Update on the

Role of Bisphosphonates in Multiple Myeloma. J Clin Oncol 25(17): 2464–2472.

17. Terpos E, Dimopoulos MA, Sezer O (2007) The effect of novel anti-myeloma

agents on bone metabolism of patients with multiple myeloma. Leukemia 21(9):

1875–1884.

18. Elad S, Yarom N, Hamed W, Ayalon S, Yahalom R, et al. (2006) Osteomylelitis

and necrosis of the jaw in patients treated with bisphosphonates: a comparative

study focused on multiple myeloma. Clinical & Laboratory Haematology 28(6):

393–398.

19. Abrahamsen B, Teng A (2005) Technology evaluation: Denosumab, Amgen

Current Opinion in Molecular Therapeutics 7(6): 604–610.

20. Vij R, Horvath N, Spencer A, Taylor K, Vadhan-Raj S, et al. (2009) An open-

label, phase 2 trial of denosumab in the treatment of relapsed or plateau-phase

multiple myeloma. American Journal of Hematology 84(10): 650–656.

21. Body J-J, Facon T, Coleman RE, Lipton A, Geurs F, et al. (2006) A Study of the

Biological Receptor Activator of Nuclear Factor-KB Ligand Inhibitor,

Denosumab, in Patients with Multiple Myeloma or Bone Metastases from

Breast Cancer. Clin Cancer Res 12(4): 1221–1228.

22. Kostenuik PJ, Nguyen HQ, McCabe J, Warmington KS, Kurahara C, et al.

(2009) Denosumab, a Fully Human Monoclonal Antibody to RANKL, Inhibits

Bone Resorption and Increases BMD in Knock-In Mice That Express Chimeric

(Murine/Human) RANKL. Journal of Bone and Mineral Research 24(2): 182–

195.

23. Aghaloo TL, Felsenfeld AL, Tetradis S (2010) Osteonecrosis of the Jaw in a

Patient on Denosumab. Journal of Oral and Maxillofacial Surgery 68(5): 959–

963.

24. Kendler DL, Roux C, Benhamou CL, Brown JP, Lillestol M, et al. (2010) Effects

of denosumab on bone mineral density and bone turnover in postmenopausal

women transitioning from alendronate therapy. Journal of Bone and Mineral

Research 25(1): 72–81.

25. Reid IR, Miller PD, Brown JP, Kendler DL, Fahrleitner-Pammer A, et al. (2010)

Effects of denosumab on bone histomorphometry: The FREEDOM and

STAND studies. Journal of Bone and Mineral Research 25(10): 2256–2265.

26. Cummings SR, San Martin J, McClung MR, Siris ES, Eastell R, et al. (2009)

Denosumab for prevention of fractures in postmenopausal women with

osteoporosis. The New England Journal Of Medicine 361(8): 756–765.

27. Smith MR, Saad F, Coleman R, Shore N, Fizazi K, et al. (2012) Denosumab

and bone-metastasis-free survival in men with castration-resistant prostate

cancer: results of a phase 3, randomised, placebo-controlled trial. The Lancet

379(9810): 39–46.

28. Fizazi K, Carducci M, Smith M, Damião R, Brown J, et al. (2011) Denosumab

versus zoledronic acid for treatment of bone metastases in men with castration-

resistant prostate cancer: a randomised, double-blind study. The Lancet

377(9768): 813–822.

29. Wang Y, Pivonka P, Buenzli PR, Smith DW, Dunstan CR (2011)

Computational Modeling of Interactions between Multiple Myeloma and the

Bone Microenvironment. PLoS ONE 6(11): e27494. doi: 10.1371/journal.-

pone.0027494.

30. Lipton A, Steger GG, Figueroa J, Alvarado C, Solal-Celigny P, et al. (2007)

Randomized Active-Controlled Phase II Study of Denosumab Efficacy and

Safety in Patients With Breast Cancer-Related Bone Metastases. J Clin Oncol

25(28): 4431–4437.

31. Cremers SCLM, Papapoulos SE, Gelderblom H, Seynaeve C, den Hartigh J, et

al. (2005) Skeletal Retention of Bisphosphonate (Pamidronate) and Its Relation

to the Rate of Bone Resorption in Patients With Breast Cancer and Bone

Metastases. Journal of Bone and Mineral Research 20(9): 1543–1547.

32. Cremers S, Sparidans R, den Hartigh J, Hamdy N, Vermeij P, et al. (2002) A

pharmacokinetic and pharmacodynamic model for intravenous bisphosphonate

(pamidronate) in osteoporosis. European Journal of Clinical Pharmacology

57(12): 883–890.

33. Terpos E, Palermos J, Tsionos K, Anargyrou K, Viniou N, et al. (2000) Effect of

pamidronate administration on markers of bone turnover and disease activity in

multiple myeloma. European Journal of Haematology 65(5): 331–336.

34. Srivastava AK, MacFarlane G, Srivastava VP, Mohan S, Baylink DJ (2001) A

New Monoclonal Antibody ELISA for Detection and Characterization of C-

telopeptide Fragments of Type I Collagen in Urine. Calcified Tissue

International 69(6): 327–336.

Effects of Pamidronate and Denosumab on Myeloma

PLOS ONE | www.plosone.org 18 September 2012 | Volume 7 | Issue 9 | e44868



35. Woitge HW, Martin P, Yuming L, Keck AV, Eva H, et al. (1999) Novel Serum

Markers of Bone Resorption: Clinical Assessment and Comparison with

Established Urinary Indices. Journal of Bone and Mineral Research 14(5):

792–801.

36. Diamond T, Levy S, Day P, Barbagallo S, Manoharan A, et al. (1997)

Biochemical, histomorphometric and densitometric changes in patients with

multiple myeloma: effects of glucocorticoid therapy and disease activity. British

Journal of Haematology 97(3): 641–648.

37. Mundy GR, Martin TJ (1993) Physiology and Pharmacology of Bone. Springer-

Verlag Berlin Heidelberg.

38. Harousseau J-L, Moreau P (2009) Autologous Hematopoietic Stem-Cell

Transplantation for Multiple Myeloma. New England Journal of Medicine

360(25): 2645–2654.

39. Yaccoby S, Pearse RN, Johnson CL, Barlogie B, Choi Y, et al. (2002) Myeloma

interacts with the bone marrow microenvironment to induce osteoclastogenesis

and is dependent on osteoclast activity. British Journal of Haematology 116(2):

278–290.

40. Vanderkerken K, De Leenheer E, Shipman C, Asosingh K, Willems A, et al.

(2003) Recombinant Osteoprotegerin Decreases Tumor Burden and Increases

Survival in a Murine Model of Multiple Myeloma. Cancer Research 63(2): 287–

289.
41. International myeloma working group (2007) Use of Bisphosphonates in

Multiple Myeloma: IMWG Response to Mayo Clinic Consensus Statement.

Mayo Clinic Proceedings 86(516–522).
42. Kitano M, Ogata A, Sekiguchi M, Hamano T, Sano H (2005) Biphasic anti-

osteoclastic action of intravenous alendronate therapy in multiple myeloma bone
disease. Journal of Bone and Mineral Metabolism 23(1): 48–52.

43. Toutain PL (2002) Pharmacokinetic/pharmacodynamic integration in drug

development and dosage-regimen optimization for veterinary medicine. Aaps
Pharmsci 4(4).

44. Marathe A, Peterson MC, Mager DE (2008) Integrated Cellular Bone
Homeostasis Model for Denosumab Pharmacodynamics in Multiple Myeloma

Patients. The Journal of Pharmacology and Experimental Therapeutics 326(2):
555–562.

45. Henry DH, Costa L, Goldwasser F, Hirsh V, Hungria V, et al. (2011)

Randomized, Double-Blind Study of Denosumab Versus Zoledronic Acid in the
Treatment of Bone Metastases in Patients With Advanced Cancer (Excluding

Breast and Prostate Cancer) or Multiple Myeloma. Journal of Clinical Oncology
29(9): 1125–1132.

Effects of Pamidronate and Denosumab on Myeloma

PLOS ONE | www.plosone.org 19 September 2012 | Volume 7 | Issue 9 | e44868


