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Should personalised dosing have
a role in cancer treatment?

Claire C. Villette, David Orrell , Jim Millen
and Christophe Chassagnole*

Physiomics PLC, Oxford, United Kingdom
Almost all pharmaceutical products are approved on the basis of their effect in

patients representing the “average” of the population studied in registrational

trials, with most drug labels allowing, at most, for empirical dose reduction in the

case of toxicity. In this perspective article we explore some of the evidence that

supports the use of personalised dosing in cancer treatment and show how we

have been able to build on existing models linking dose, exposure and toxicity to

demonstrate how dose optimisation, including increasing the dose, has the

potential to significantly improve efficacy outcomes. We also explore, through

the lens of our own experience of developing a personalised dosing platform,

some of the hurdles that stand in the way of implementing a personalised

approach to dosing in real world settings. In particular, our experience is

illustrated by the application of a dosing platform for docetaxel treatment in

prostate cancer.
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1 Introduction

Drug development is a notoriously expensive and risky business. It is estimated that it

costs around a billion dollars, from initial design to final patient trials, to develop a

successful new treatment (1). The vast majority of new candidates of course do not get this

far. And even if a drug does make it to market, the actual improvement that it offers over

existing treatments may not be very great. For example, one study found that between 2008

and 2012 the FDA approved most uses of cancer drugs based on surrogate outcomes, such

as response rate or progression-free survival, with limited or no evidence of overall survival

or improved quality of life. Where measured, median improvement in survival among

cancer patients treated with 71 different anti-cancer drugs was just 2.1 months (2). Real

world benefits are often significantly less than those measured in trials.

While the quest for new drugs is of course essential, an alternative and much less

expensive approach to improving outcomes is to use existing drugs more efficiently, by
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concentrating on questions such as dosage and timing. There is

increasing evidence that drugs can have a very different effect

depending on the details of how and when they are taken, and on

who they are taken by; and unlike the design of a radical new

compound, such questions are often amenable to analysis using

mathematical models. It is much easier to test and optimise a

treatment protocol in silico for an existing drug, whose properties

and mechanism of action are well-understood, than it is to predict

the effect of a new drug.

This perspective paper will look at how mathematical models

can be used to optimise anti-cancer treatments on a personalised

basis, and discuss some barriers that still hinder their clinical use. A

range of examples will be highlighted, including a focus on a specific

precision dosing application for prostate cancer treatment that will

serve as in-depth illustration.
2 Dose optimisation using
mathematical models

One example of the use of mathematical models to optimise

treatment, is in the scheduling for anti-cancer drugs. These drugs

are often used in combination, and the interaction between them

will typically depend on complex, time-dependent effects; for

example, one treatment might directly inhibit or potentiate

another treatment, or create synchronisation effects in the cell

population, which mean that the effect of treatment is highly

time-sensitive. This fact has attracted the attention of clinicians

who are looking at increasingly complex schedules in order to

obtain substantial gains in survival rates (3). Mathematical models

of growing tumours have been developed which allow modellers to

predict the effect of a change in schedule and optimise

treatment (4).

Another type of schedule-dependent effect is the sort seen with

chronotherapy, where the impact of a drug varies substantially

depending on the time of day at which it is taken, or more precisely

the patient’s circadian cycle. For example, results from three phase

three trials in metastatic colorectal cancer suggest a superiority of

chronotherapeutic vs conventional schedules in man with a gain in

overall survival, 20.8 months vs 17.5 months, whereas a reverse

effect was observed in females (5). Rather than develop a new drug

from scratch, a similar gain in efficacy can therefore be obtained by

using the existing drug more optimally, in a manner which may

depend on the patient (since circadian cycles vary). Again,

mathematical models have been developed to simulate and

predict chronotherapeutic schedules (6, 7).

These types of schedule optimization focus on the timing of

drug interventions, but equally important and getting increasing

attention (8, 9) is the response of the individual patient, in terms of

both the compound’s efficacy, and its toxicity. Suppose for example

that one patient has unusually high tolerance for a drug, so

experiences little in the way of toxicity. Then it may be

appropriate to give a higher, and possibly more efficacious dose,

to that patient, as compared to another patient who has trouble

tolerating the standard dose.
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While in principle it might be possible to predict such effects for

certain compounds based on things like genetic information, a more

direct approach is to monitor the patient’s response to the dose,

using PK or proxy biomarker measurements, and predict from that

whether (and to what level) the dose should be increased or

lowered. For instance, PK-guided dosing of 5-Fu in metastatic

colorectal cancer led to an increase in median overall survival

from 16 to 22 months (8). Similar techniques applied to docetaxel

dosing in a feasibility study were able to reduce the inter-individual

variability in exposure and white blood cell count decrease by 39%

and 50%, respectively (10). A further study in a larger population

would be needed to clarify the clinical outcomes in terms of efficacy

and toxicity.

Such precision-dosing techniques typically require costly

additional tests which severely restrict their use in clinical

practice. In the sections below, however, we describe a software

application (or app) which uses a mathematical model to generate

personalized dose recommendations for treatment of prostate

cancer, and which requires only a weekly standard blood test in

the first chemotherapy cycle. This app aims to significantly improve

patient outcome at a low cost without disrupting the current clinical

practice treatment pathway.
3 A precision dosing application for
docetaxel in prostate cancer

Among males, prostate cancer is the most common cancer in

Europe and the second most common cancer worldwide, especially

in those aged above 70 years. Each year there are typically around

50,000 diagnoses of prostate cancer in the UK, and 170,000 in the

USA. The main chemotherapy treatment for advanced-stage disease

is three-week cycles of Docetaxel. A common toxic side-effect of this

treatment is neutropenia, which must be controlled because it leads

to a heightened risk of severe infection. The appropriate dose is

determined from population studies, with an individual’s dose

normally scaled by their body surface area. Granulocyte colony-

s t imu l a t i n g f a c t o r (G-CSF ) i s a l s o o f t e n u s ed to

combat neutropenia.

While treatment is aimed at the “average” patient, inter-

individual variability in docetaxel exposure (area under the

concentration profile curve) has been observed to cover a 2-3-fold

range for the same administered dose level (11). Furthermore, the

toxicity of Docetaxel also varies from patient to patient, and since

the dose is standardised, this means that an estimated 20 percent of

patients may be overdosed, and another 30 percent of patients may

be underdosed (10, 12). In other words, the standard treatment is

only well-matched to about half the patient population.

An app was developed which uses a mathematical model to

generate personalized dose recommendations for treatment of

prostate cancer in order to better serve the other half, by tuning

the dose so that the treatment gives the optimal balance between

efficacy and toxicity (13–15). The main feature of the dosing app is

to use neut roph i l count as a proxy b iomarker for

docetaxel exposure.
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A population pharmacokinetics (PK) model for docetaxel (10),

and a pharmacodynamic (PD) model for myelosuppression were

first combined in order to produce a patient-specific PK/PD

toxicity model.

The population PD model relates docetaxel concentration

(exposure) to neutrophil count using a system of differential

equations. It is based on well-established chemotherapy-induced

myelosuppression models (16–18), adapted to capture both

endogenous (naturally produced) and exogenous (administered as

co-medication) G-CSF effects, in particular the simulation of

proliferation and maturation of progenitor cells.

The combined PK/PD model has five patient-specific

parameters (PK elimination rate, baseline neutrophil count,

sensitivity of hematopoietic cells to docetaxel, hematopoietic cells

proliferative feedback, and maturation time). Publicly available data

from the comparator arm of a phase III clinical trial for metastatic

hormone-resistant prostate cancer was used for calibration (clinical

trial number NCT00617669, see (19)). The model was also tested to

capture the mean neutrophil profile from two arms of a clinical trial

(20) comparing chemotherapy alone and chemotherapy plus

G-CSF (filgrastim).

Finally, proportional hazards models (Cox models) for overall

survival and progression-free survival were developed (13) which

relate Docetaxel exposure and patient baseline biomarker levels

such as LDH, ALP and PSA to survival time probability, and allow

estimation of the gains in prognosis that can be achieved by

modifying the patient dose after the first chemotherapy cycle. A

similar approach has been reported which relates docetaxel

myelosuppression effect to survival in non-small cell lung cancer

patients (21).

In the current standard of care, the first docetaxel dose is

selected based on patient BSA. A blood sample is routinely

collected on the day of first injection and sometimes on the first

day of each subsequent cycle. If clinical toxicity is observed, the next

dose is reduced and/or accompanied by G-CSF, or the treatment is
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terminated. Docetaxel is administered in 3-week cycles until switch

to another line of treatment, unacceptable toxicity or death.

This precision dosing app requires two additional blood tests

during the first chemotherapy cycle around day 7 and day 14. Just

before selecting the second chemotherapy dose, patient

characteristics (height, weight) and blood tests results are entered

into the app to compute patient-specific model parameters. These

models then output expected patient neutropenia levels and

prognosis compared to the general patient population.

Simulations of dose changes can be run in seconds.

The combined predictions of the toxicity and survival models

on the calibration dataset suggested some patients might have

benefitted from a dose reduction (limiting toxicity while

maintaining relatively good survival chance) or a dose increase

(Figure 1) (increasing survival chance while maintaining

neutropenia at a manageable level). Such simulations run as part

of the treatment pathway may help clinicians to identify effective,

under or overdosing and modulate the docetaxel dose and G-CSF

co-medication accordingly.
4 Barriers to model-based dosing
optimisation in practice

Despite the clear evidence in favour of dosing optimisation

there are many practical considerations related to cost, clinical

guidelines, patient convenience, physician preference and adoption

of new technologies. We will explore some of these in this section.

Depending on the standard of care for the specific indication and

the frequency with which patients attend for blood tests, additional

patient visits may be required to take blood samples and generate

additional neutrophil counts required to calibrate the model. This has

a cost and time implication for the patient and the health system and

may require formal amendments to care pathways, which although

justified still represent an additional hurdle to overcome.
FIGURE 1

Patient-specific (blue) and population median (grey) simulations associated with a 75mg/m2 docetaxel course. (A) Neutrophil counts over the first
cycle. Clinical measurements for this particular patient are shown as black dots and neutropenia grades are depicted by dashed lines. (B) Overall
survival probability.
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When treating some cancers other than prostate using

myelosuppressive drugs, patients may routinely be monitored

more frequently and there could be value in exploring the use of

model based dosing for these (for example chemo-radiotherapy and

some haematological cancers). Another possible solution to the

issue of higher sampling frequencies is the use of point-of-care

devices under development that allow clinicians or even patients to

obtain cell counts based on small volumes of blood using

technologies that are compact and suitable for use in outpatients,

primary care or even a patient’s own home. Results from such

devices could then be uploaded to a hospital’s electronic medical

record system (possibly via a phone-based app) and viewed

alongside other blood results taken by more traditional routes.

Finally, the benefits that can accrue from dosing optimisation rely

on the active participation of clinicians and other involved healthcare

personals to both facilitate the collection of the data required for

model calibration (for example by authorising additional visits/tests)

and perhaps more importantly on their willingness to engage with the

model and weigh the information it presents to them alongside other

data including their own personal experience, all in the context of

each individual patient’s situation. An example of such interactions

have been described by Barnett et al. (9), showing how it can benefit

childhood cancer patient, e.g. by reducing the risk of relapse (22),

whilst it can be still challenging to implement. One of the logistic

limitations being the measurement of drug concentrations, that could

potentially be overcome by more easily measurable proxy biomarker

such as neutrophil.
5 Conclusion

In this paper we have argued for the use of mathematical models in

optimising doses and schedules, and presented an app for personalised

treatment of prostate cancer. An advantage of the modelling approach

is that it offers a framework for incorporating and combining

information, which can be continuously updated as relevant data

becomes available. For the prostate cancer app, the dose is adjusted

in response to blood tests which reveal the level of neutropenia.

While such models offer many advantages to clinicians, their

use also involves a change in working practices. Instead of having a

single approved maximum dose, with set rules for modifying it, the

optimal dose may need to be increased or decreased. This

information has to be conveyed to other parties, such as the

pharmacist. Also, doctors may be more confident in their own

ability to prescribe treatments, as opposed to consulting an app.
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This means that, in order to be widely adopted, the model-based

approach to personalised dosing has to provide a very clear level of

benefit over existing methods. The challenge is great, but so is the

potential for improving therapies and clinical outcomes for patients.
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