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SYSTEMS AND METHODS FOR PATIENT-SPECIFIC BOSING

Cross-Reference To Related Application

10001} This application claims the benefit of priority to United States provisional application
5 serial number 62/145,138, filed April 9, 2015, which is hereby incorporated by reference in

its entirety.

Technical Field
10602]  This disclosure relates generally to patient-specific dosing and treatment

10 recommendations including, without imitation, computerized systems and methods that use
medication-specific mathematical models and observed patient-specific responses to
treatment, to predict, propose, and evaluate suitable medication treatment plans for a specific

patient.

15 Background
10003] A physician's decision to start a patient on a medication-based treatment regimen
mvolves development of a dosing regimen for the medication to be prescribed. Differcnt
dosing regimens will be appropniate for ditferent patients having differing patient factors. By
way of example, dosing guantitics, dosing intervals, treatment duration and other variables

20 may be varied. Although a proper dosing regimen may be highly beneficial and therapeutic,
an improper dosing regimen may be ineffoctive or deleterious to the patient’s health. Further,
both under-dosing and overdosing generally results in a loss of time, monev and/or other
resources, and increases the risk of undesirable outcomes.
{0004]  In current clinical practice, the phyvsician typically prescribes a dosing regimen

25 based on dosing information contained in the package msert (P} of the prescribed
medication. In the United States, the contents of the P are regulated by the Food and Drug
Administration (FDA). As will be appreciated by those skilled in the art, the PLis typically a
printed informational leatiet including a textual description of basic information that
describes the drug's appearance, and the approved uses of the medicine. Further, the PI

36 typically describes how the drug works in the body and how it is metabolized. The Pl also

typically mcludes statistical details based on trials regarding the percentage of people who

have side effects of various types, imteractions with other drugs, contramndications, special

warnings, how to handle an overdose, and extra
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precautions. Pls also melude dosing mformation. Such dosing mformation typically
imchides information about dosages for different conditions or for different populations,

like pediatric and adult populations. Tvpical Pis provide dosing information as a

function of certain limited patient factor mformation. Such dosing information is useful as

a reference point for physicians in prescribing a dosage for a particular patient.

{0005] Dosing information is often developed by the medication's manufacturer, after
conducting clinical trials involving administration of the drug to a population of test subjects,
carefully monitoring the patients, and recording of clinical data associated with the clinical
trial. The clinical trial data is subsequently compiled and analvzed to develop the dosing
mformation for inclusion in the PL. The typical dosing information is a generic reduction or
coraposite, from data gathered n chinical trials of a population including mndividuals having
various patient factors, that is deemed to be suitable for an "average” patient having
"average" factors and/or a "moderate” level of disease, without regard to manyv of anv specific
patient's factors, inchiding some patient tactors that may have been collected and tracked
during the clinical trial. By way of example, based on clinical trial data gathered for
Abatacept, an associated PI provides indicated dosing regimens with a very coarse level of
detail~ such as 3 weight ranges (<60 kg, 60-100 kg, and >100 kg) and associated indicated
dosing regimens (500 mg, 750 mg, and 1000 mg, respectivelv). Such a coarse gradation
linked to himited patient factors (¢.g., weight), ignores many patient-specific factors that
could impact the optimal or near optimal dosing regimen. Accordingly, it is well-understood
that a dosing regimen recommended by a Pl is not likelv to be optimal or near-optimal for
any particular patient, but rather provides a safe starting point for treatment, and it is left to
the physician to refine the dosing regimen for a particular patient, largely through a tnal and
CITOT Process.

[3006] The physician then determines a dosing regimen for the patient as a function of the
Pt mformation. For example, the indicated dosing regimen may be determined to be 750 mg,
every 4 weeks, for a patient baving a weight falling into the 66-100 kg weight range. The
physician then administers the indicated dosing regimen by prescribing the medication,
cansing the medication to be adnunistered and/or adounistering a dose to the patient
consistent with the dosing regimen.

{8607} As referenced above, the indicated dosing regimen may be a proper starting poimt
for treating a hypothetical "average” patient, but the mdicated dosing regimen 1s very likely
not the optimal or near-optimal dosing regimen for the specific patient being treated. This

may be due, for example, to the individual factors of the specific patient being treated (8.8,
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age, concomitant medications, other diseases, renal function, etc ) that are not captured by the
factors accounted for by the Pl {c.g., weight). Further, this may be due to the coarse
stratification of the recommended dosing regimens {e.g., in 40 kg increments), although the
proper dosing 1s more hikely a continuously vanable function of one or more patient factors.
{0008} Current clinical practice acknowledges this discrepancy. Accordingly, it is common
clinical practice to follow-up with a paticat after an initial dosing regimen period to
recvaluate the paticnt and dosing regimen. Accordingly, the physician may next evaluate the
patient's response to the indicated dosing regimen. By way of example, this may mvolve
examining the

patient, drawing blood or admunistering other tests to the patient and/or asking for paticnt
feedback, such that the patient’s response to the previously-administered dosing regimen may
be observed by the treating physician. As a result of the evaluation and observed response,
the physician determinegs whether a dose adjustment s warranted, ¢.g., because the patient
responsc is deficient.

{8609} If a dose adjustment s not warranted, then the physician may discontimie dosing
adjustments. If, however, a dose adjustment is warranted, then the physician will adjust the
dosing regimen ad hoc. Sometimes the smitable adjustment is made solely in the physician's
Judgment. Ofien, the adjustment 1s made in accordance with a protocol set forth in the Pl or
by

mstructional practice. By way of example, the Pl may provide quantitative indications for
mereasing or decreasing a dose, or increasing or decreasing a dosing mterval. In either case,
the adjustment 18 made largely on an ad hoc basis, as part of a trial and error process, and
based largely on data gathered after observing the effect on the patient of the last-
administered dosing regimen.

[B810] After adounistering the adjusted dosing regimen, the patient's response to the
adjusted dosing regimen is evaluated. The physician then again determines whether to adjust
the dosing regimen, and the process repeats. Such a trial-and-error based approach relying on
generic indicated dosing regimens and patient-specific observed responses works reasonably
well for

medications with a fast onset of response. However, this approach s not optimal, and often
not satisfactory, for drugs that take longer to manifest a desirable clinical response. Further, a

protracted time to optimize dosing regimen puts the patient at risk for undesirable outcomes.
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Summary

{0011} Accordingly, systems and methods are disclosed herein for predicting, proposing
and/or evaluating suitable medication dosing regimens for a specific individual as a function
of individual-specific characteristics that eliminates or reduces the trial and error aspect of
conventional dosing regimen development, and that shortens the length of time to develop a
satisfactory or optimal dosing regimen, and thus climinates or reduces associated waste of
medications, time or other resources and reduces the risk of undesirable outcomes.

{8612} Onc aspect relates to a system for determining a personalized dose of a
pharmaceutical for an individual. As discussed in detail below, the system may be a
computer system including a single computer or multiple computers communicating over any
network, such as in distributed architecture. At least one processor may be housed in one,
some, or all of the computers 1n the computer system, and may be 1o communication with at
least one clectronic database stored on the same computer or on a different computer within
the computer system. The system may include a cloud-based set of computing system
operated by the same, related, or unrelated entities.

{0013} The system includes an input port configured to receive first data representative of
one or more charactenistics of the individual prior to administration of the pharmaceutical and
second data representative of a measurement of a physiological parameter of the individual
after administration of the pharmaceutical. A computer processor is in communication with
the mput port and an clectronic database having information that represents a computational
model to predict an effect of the pharmaceutical on the mdividual’s body. The computational
model including a pharmacokinetic component and a pharmacodynamic {¢.g., response to
treatment) component, and the computer processor is configured to generate, based on the
first data and the computational model, a first target concentration and one or more first doses
determined to likely achieve the first target concentration for the pharmaceutical in the
mdividual’s body. In particular, the one or more first doses may be included in one or more
dose regimens, where cach dose regimen includes an amount {or dosage) of the
pharmaceutical to admimster to the individual, as well as a frequency or time nterval
between doses. In general, a dose regimen may include a single dose, multiple doses with the
same amounts, or multiple doses with different amounts. Moreover, a dose regimen may
melude fixed time mtervals or varving time intervals between doses. Then, the computer
processor computes, based on the second data, an vpdate to the pharmacokinetic component

and the pharmacodynamic component of the computational model to obtain an updated
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computational model that reflects the measurement of the physiclogical parameter. Based on
the updated computational model, a second target concentration and one or more second
doses determined to likely achicve the second target concentration for the pharmaccutical in
the mdividual’s body are generated. The update to the pharmacodynamic component of the
computational model is used to predict that the second target concentration will have a
therapeutic effect on the individual, To comply with HIPAA requirements, the first data and
the sccond data may each include an anonvmized identificr for the individual.

{8614} In some implementations, the pharmacokinetic component of the computational
model includes a compartmental model, and the computer processor is configured to use the
pharmacokinetic component to predict a concentration tune profile of the pharmaceutical in
at Jeast one compartment in the compartmental model. The predicted concentration time
profile is predicted by using a first differential equation that describes a flow rate of the
pharmaceutical into and out of the at least one compartment in the compartmental model.
The pharmacodynamic component of the computational model may include a differential
cquation that mcludes a synthesis rate parameter representative of a synthesis rate of a
pharmacodynamic marker and a degradation rate parameter representative of 3 degradation
rate of the pharmacodynamic marker and a drug effect component that is reflective of the
expected response to therapy of the chosen therapeutic agent. The synthesis rate parameter,
the degradation rate parameter, and the drug effect parameters are used in a second
differential equation that predicts the individual’s response to the pharmaceutical.

[0015]  In some implementations, the physiological paramcter is a measured concentration
tine profile of the pharmaceotical in the individual’s blood, tissue, or cells, and the compuier
processor generates the second target concentration and the one or more doses by comparing
the measured concentration time profile to the predicted concentration time profile. The
computational model is then updated to modify the predicted concentration time profile such
that 1t better matches the measured concentration time profile. In particular, this update may
mclude updating the pharmacodynamics component of the computational model to assess the
patient’s individual responsiveness to the therapy and to achieve a particular target
concentration. The computer processor generates the second farget concentration and the one
or more second doses by performing an optimization technigue to minimize a difference
between the measured concentration time profile and the predicted concentration. In an
tlustrative example, the phammaceutical 1s infliximab, and the pharmacodynamic component
of the computational model reflocts an effect of infliximab on the individual s body, which s

reflected by an altered formation or degradation flow rate based on the drog effect
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parameters. The modified flow rate accounts for the mdividual’s predicted response to the
mfliximab as the individual heals from his or her discase state. The first target concentration
and the sccond target concentration may cach correspond to a concentration that is predicied
to cause and maintain an effect i the individual’s body.

[0016]  In some implementations, the first target concentration and the one or more first
doses are portions of a first dosing regimen that includes recommended times and doses to
adnunister to the individual. In this case, the input port may be further configured to receive
third data indicative of one or more requirements set by a manufacturer of the
pharmaceutical, and the computer processor is further configured to modify the first dosing
reginmen to comply with the one or more requirements while simultancously using the
coraputational model to reduce an adverse effect of modifying the first dosing regimen.
{0817} Anocther aspect relates to a non-transitory computer readable medium storing
computer-executable instructions that, when executed by at least one computer processor,
cause a computer system to perform a method for determuining a personalized dose of a
pharmaceutical for an individual. The method includes receiving, at an inpat port, first data
represertative of one or more characteristics of the individual prior to administration of the
pharmaceutical. The method also includes generating, at a computer processor, based on the
first data and a computational model, a first target concentration and one or more first doses
determined to likely achieve the first target concentration for the pharmaceutical in the
mdividual’s body, wherein the computer processor is in communication with the input port
and an clectronic database having mformation that represents the computational model to
predict an effect of the pharmaceutical on the mdividual’s body, the computational model
mchiding a pharmacokinetic component and a pharmacodyvnamic component. Second data is
received at the input port, where the second data 1s representative of a measurement of a
physiological parameter of the individual after admimstration of the pharmaceutical. The
method mcludes computing, based on the second data, an update to the pharmacokinetic
component and the phammacodynamic component of the computational model io obtain an
updated computational model that reflects the measurement of the physiological parameter.
Then, based on the updated compuiational model, a second target concentration and one or
more second doses determined to likely achieve the second target concentration and achieve a
desired response for the pharmaceutical 1n the individaal’s body are generated, wherein the
update to the pharmacodynamic component of the computational model 1s used to predict that

the second target concentration will have a therapeutic effect on the mndividual.
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Brief Bescription of the Drawings

{8618} The above and other features of the present disclosure, including its nature and its
various advantages, will be more apparent upon consideration of the following detailed
description, faken m conjunction with the accompanving drawings in which:

[0619]  FIG. 1 s a block diagram of a computerized system for using medication-specific
mathematical models and observed patient-specific responses to treatment to predict,
propose, and evaluate suitable medication treatment plans for a specific patient, according to
an illustrative implementation.

{8628} FIG. 2 is a block diagram of a pharmacokinetic/pharmacodynamic model that can be
used to determine a target level of a physiological parameter for a specific patient and
provide a suggested dosing regimen, according to an illustrative implementation.

{8621} FIG. 3 s a flowchart of a method used by a computerized system to provide a
recommended dosing regimen for a specific patient, according to an iHustrative
mmplementation.

18622} FIGS. 4A and 4B are example displavs of a user mterface on a chinical portal that
provide graphs of predicted concentration time profiles, according to an illustrative
implementation.

[B0823] FIGS. 5A and 5B are example displays of a user interface on a clinical portal that
provide several recommended dosing regimens, according to an tllustrative mmplementation.
10624] FIG. 6 15 a block diagram of a computing device for performing any of the processes

descnbed herein, according to an illustrative implementation.

Detailed Description

{8625} Described herein are medical treatment analysis and recommendation systems and
methods that provide a tailored approach to analyzing patient measurements and to
generating recommendations that are responsive to 8 patient’s specific response to a treatment
plan. To provide an overall understanding, certain illustrative implementations will now be
described, including a svstem for predicting a patient’s response to a treatment plan and
providing a patient-specific dosing regimen. However, 1t will be understood by one of
ordinary skill in the art that the systems and methods described hercin may be adapted and
modified as is appropriate for the application being addressed and may be emploved in other
suttable apphications, and that such other additions and modifications will not depart from the
scope thereof.

10626]  The present disclosure provides systems and methods for providing patient-specific

-3
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medication dosing as a function of mathematical models updated to account for an observed
patient response, such as a blood concentration level, or a measurement such as blood
pressure or hematocrit. In particular, the systerns and methods described herein mvolve
predicting, proposing and/or evaluating suitable medication dosing regimens for a specific
mdividual as a function of mdividual-specific characteristics and observed responses of the
specific individual to the medication. Conceptually, the prescribing physician 1s provided
with access, in a direct way, to mathematical models of observed patient responses to a
medication when prescribing the medication to a specific patient. In prescribing a treatment
plan for a patient, the mathematical mode! is used to predict a specific patient's response as a
function of patient-specific characteristics that are accounted for in the model as patient
factor covariates. Accordingly, the prescribing physician is able to leverage the model in
developing a reasonably tailored treatment plan for a specific patient, as a function of the
specific patient's characteristics, with much greater precision than a Pl can provide.

{6627} Bayesian analysis may be used to determine a recommended dosing regimen. This
i3 described in detail in U.S. Patent Application No. 14/047, 543, filed October 7, 2013 and
entitled “System and method for providing patienti-specific dosing as a function of
mathematical models updated to account for an observed patient response” (“the ‘543
Application”), which is incorporated herein by reference in its entirety. As 1s described in the
‘545 Application, a Bayesian analysis mav be used to determine an appropriate dose needed
to achieve a desirable result, such as maintaining a drug’s concentration in the patient’s blood
near a particidar level. In particular, the Bavesian analysis may involve Bayesian averaging,
Bavesian forecasting, and Bayesian updating.

{8628} Importantly, not only do the systems and methods of the present disclosure provide
a reconmumendation for a dosing regimen to achieve a particular target fevel for a physiological
parameter in a specitic patient (such as the concentration level of a drug or biomarker in the
patient’s blood, for example), but the present disclosure also provides a way to determine
whether that particular target level would be effective for the specific patient. In one
example, as is shown and described in relation to FIG. 2, the mathematical model includes a
pharmacokinetic (PK) model (that predicis the time course of the presence of adrugmm a
body} and a pharmacodynamic (PD) model (that predicts the resulting therapeutic and/or
adverse effects of a drug 1n a body} combined together. As is explained in relation to FIG. 2,
the resulting pharmacokinetic/pharmacodynamic (PK/PD) model provides a recommendation
for a specific target level that is predicted to result in a therapeutic response for a particular

patient,
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18023] In addition, the specific patient’s observed response to the mitial dosing regimen is
used to adjust the dosing regimen. Specifically, the patient's observed response is used in
conjunction with the mathematical model and patient-specific charactenistics to account for
between-subject-variability (BSV) that cannot be accounted for by the mathematical mode
alone. Accordingly, the observed responses of the specific patient can be used to refine the
models and related forecasts, to effectively personalize the models so that they may be used
to forccast expected responses to proposed dosing regimens morc accurately for a specific
patient. In this manner, chserved patient-specific response data is effectively used as
"feedback” to adapt a generic mode! describing typical patient response 1o a patient-specific
model capable of accurately forecasting a patient-specific response, such that a patient-
specitic dosmg regimen can be predicted, proposed and/or evaluated on a patient-specific
basis. Using the observed response data {o personalize the models allows the models to be
modified to account for BSY that is not accounted for m previcus mathematical models,
which described only typical responses for a patient population, or a "typical for covarniates"
response for a typical patient having certain characteristics accounted for as covariates i the
model.

{0030} The systems and methods of the present disclosure allows the prescribing phvsician
to

develop a personalized dosing regimen using one or more mathematical models reflecting
actual clinical data, without the loss of resolution in the data and/or model that results from
distillation of the actual clinical data into a relatively coarsely stratified sct of
recommendations for an "average” or "typical” patient, as in a P The model-based
development of such patient-specific medication dosing regimens ¢liminates or reduces the
triai-and-crror aspect of conventional dosing regimen development. Further, such model-
based development shortens the length of time to develop a satisfactory or optimal dosing
regimen, and thus eliminates or reduces associated waste of medications, time or other
resources, as well as reduces the amount of time that a patient is at risk of undesirable
OUtCHMes.

{8631} Generally, mathematical models developed from clinical data are gathered from
patients to whom a particular medication had been administered. These models are processed
o create a composiie model rich in patient data, and patient-specific dosing regimens are
determined as a fimction of patient-specific observed response data processed n conjunction
with data from the mathematical models. More speeifically, as 1s described in the *345

Application, Bayesian averaging, Bavesian updating, and Bavesian forecasting technigues
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may be used to develop patient-specific dosing regimens as a function of not only generic
mathematical models and patient-specific characteristics accounted for in the models as
covanate patient factors, but also observed patient-specific responses that are not accounted
for within the models themselves, and that reflect BSV that distinguishes the specific patient
from the typical patient reflected by the model.

10632} In this manner, the present disclosure accounts for variability between individual
paticnts that is unexplained and/or unaccounted for by traditional mathematical models (e g.,
patient response that would not have been predicted based solely on the dose regimen and
patient factors). Further, the present disclosure allows patient factors accounted for by the
maodels, such

as weight, age, race, laboratory test results, etc., to be treated as continuous functions rather
than as categorical (cut off) values. By doing this, known models are adapted 1o a specific
patient, such that patient-specific forecasting and analysis can be performed, to predict,
propose and/or cvaluate dosing regimens that are personalized for a specific patient. Notably,
the present disclosure may be used to not only retroactively assess a dosing regimen
previously administered to the patient, but also to prospectively assess a proposed dosing
reginen before adnunistering the proposed dosing regimen to the patient, or to identify
dosing regimens {administered dose, dose mnterval, and route of administration} for the patient
that will achieve the desired outcome.

{30331 By refining a particular patient's nitial dosing regimen as a function of observed
patient-specitic data, in view of the composite mathematical model, a personalized, patient-
specific dosing regimen is developed, and further is developed quickly. It will be appreciated
that the exemplary method is implemented and carried out by a computerized model-based
patient specific medication dosing regimen recommendation svstem 100 with input provided
by a human operator, such as a physician or other medical professional, and thus acts as a
recommendation engine and/or physician’s expert system providing information for
consideration by a prescribing physician.

[0034] FIG. 1 15 a block diagram of a computerized system 100 for implerenting the
systems and methods disclosed heren. In particular, the system 100 uses medication-specific
mathematical models and observed patient-specific responses to treatment to predict,
propose, and evaluate suitable medication treatment plans for a specific patient. The

gystern 100 includes a server 104, a chinical portal 114, a pharmacy portal 124, and an
clectronic database 106, ali connected over a network 102, The server 184 includes a

processor 105, the clinical portal 114 includes a processor 116 and a user interface 112, and

10
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the pharmacy portal 124 includes a processor 120 and a user interface 122, As used herein,
the term "processor” or "computing device” refers to one or more computers,
microprocessors, logic devices, servers, or ather devices configured with hardware, firmware,
and sottware to carry out one or more of the computenized techniques described heren,
Processors and processing devices may also include one or more memory devices for storing
mputs, outputs, and data that is currently being processed. An illustrative computing

device 600, which may be used to implement any of the processors and servers described
herein, is described in detail below with reference to FIG. 6. As used herein, "user interface”
mehudes, without imitation, any suitable combination of ong or more input devices (e.g.,
kevpads, touch scroens, trackballs, voice recognition systems, efe.} and/or one or more output
devices {e.g., visual displays, speakers, tactile displays, printing devices, efc.}. Asused
herein, “portal” includes, without limitation, any suitable combmation of one or morg devices
configured with hardware, firmware, and software to carry out ong or more of the
computerized techniques described herein. Examples of user devices that may implemental a
portal include, without limitation, personal computers, laptops, and mobile devices (such as
smartphones, blackberries, PDAg, tablet computers, efe.}. For example, a portal may be
implemented over a web browser or a mobile application installed on the user device. Only
one server, one clinical portal 114, and one pharmacy portal 124 are shown m FIG. 1 to aveid
complicating the drawing; the system 100 can support multiple servers and multiple clinical
poitals and pharmacy portals.

{6635} In FIG. 1, a patient 116 is examined by a medical professional 118, who has access
to the chinical portal 114, The patient may be subject to a disease that has a known
progression, and consults the medical professional 118. The medical professional 118 makes
measurements from the patient 116 and records these measurements over the clinical portal
114. For example, the medical professional 118 may draw a sample of the blood of the
patient 116, and may measure a concentration of a biomarker in the blood sample.

10636}  In general, the medical professional 118 may make any swtable measurement of the
paticnt 116, including lab results such as concentration measurements from the pationt’s
blood, urime, saliva, or any other hiquid sampled from the patient. The measurement may
correspond to observations made by the medical professional 118 of the patient 116,
meluding any symptoms exhibited by the patient 116, For example, the medical professional
118 may perform an examination of the patient gather or measure patient-specific factors

such as sex, age, weight, race, disease stage, discase status, prior therapy, other concomitant

i1
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disgases and/or other demographic and/or laboratory test result information. More
specifically, this involves
identifving patient charactenistics that are reflected as patient factor covariates within the

mathematical model that will be used to predict the patient’s response to a drug treatment

(]

plan. For example, if the model is constructed such that it describes a typical patient response
as a function of weight and gender covanates, the patient's weight and gender characteristics
would be identified. Any other characteristics mayv be wdentified that are shown to be
predictive of response, and thus reflected as patient factor covartates, in the mathematical
models. By way of example, such patient factor covariates may include weight, gender, race,
10 lab resulis, discase stage and other objective and subjective information.
{8837} Based on the patient’s measurement data, the medical professional 118 may make
an assessment of the patient’s disease status, and may identify a drug soitable for
administering to the patient 116 to treat the patient 116. The clinical portal 114 may then
transmit the patient’s measurements, the patient’s discase status {as determined by the
15 medical professional 118), and an identifier of the drug over the network 102 to the server
104, which uses the received data to select one or more appropriate computational models
from the models database 106, The appropriate computational modcls are those that arc
determined to be capable of predicting the patient’s response to the admimstration of the
drug. The one or more selected computational models are used to determine a recommended
20 set of planned dosages of the drug to administer to the patient, and the recommendation is
transmitted back over the network 102 to the clinical portal 114 for viewing by the medical
professional 118,
10638} Altematively, the medical professional 118 may not be capable of assessing the
patient’s discase status or identify a doug, and either or both of these steps may be performed
25 by the server 104, In this case, the server 104 receives the patient’s measurement data, and
corrglates the patient’s measurement data with the data of other patients in the patient
database 106a. The server 104 may then identify other patients who exhibited similar
symptors or data as the patient 116 and determine the discase states, drugs used, and
outcomes for the other patients. Based on the data from the other patients, the server 104
30 may identify the most common disease states and/or drugs vsed that resulted in the most
favorable outcomes, and provide these results to the clinical portal 114 for the medical
professional 1138 to consider.
[8839]  Asis shown in FIG. 1, the database 106 includes a set of four databases including a

patient database 106a, a disease database 106b, a treatment plan database 106¢, and a models

iz
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database 1064. These databases store respective data regarding patients and their data,
discases, drugs, dosage schedules, and computational models. In particular, the patient
database 106a stores measurements taken by or symptoms observed by the medical

professional 118, The disease database 106b stores data regarding various discases and

(]

possible symptoms often exhibited by patients infected with a disease. The treatment plan
database 106c¢ stores data regarding possible treatment plans, including drugs and dosage
schedules for a sct of patients. The set of patients may include a population with different
characteristics, such as weight, height, age, sex, and race, for example. The models database
1064 stores data regarding a set of computational models that may be used to deseribe PK,
10 PD, or both PK and PD changes to a body. One example of a PK/PD model is described in
relation to FIG. 2 and EQS. 1-16.
{8048]  Anv suitable mathematical model may be stored in the models database 1064, such
as in the form of a compiled library module, for example. In particolar, a suitable
mathematical model is a mathematical function (or set of functions) that describes the
15 relationship between a dosing regimen and the observed patient exposure and/or observed
paticnt response {(collectively "response™) for a specific medication. Accordingly, the
mathematical model describes response profiles for a population of patients. Generally,
development of a mathematical model involves developing a mathematical function or
equation that defines a curve that best "fits" or describes the observed climical data, as will be
20 appreciated by those skilled in the art.
{6641} Typical models also describe the expected 1mpact of specific patient characteristics
on response, as well as quantify the amount of unexplaned variability that cannot be
accounted for solely by patient characteristics. In such models, patient characteristics are
reflected as patient factor covantates within the mathematical model. Thus, the mathematical
25 model is typically a mathematical function that describes underlying chinical data and the
associated variability seen in the patient population. These mathematical functions mehude
terms that describe the variation of an individual patient from the "average" or typical patient,
allowing the model to describe or predict a variety of outcomes for a given dose and making
the model not only a mathematical
30 function, but also a statistical function, though the models and functions are referred to heremn
in a generic and non-limiting fashion as "mathematical” models and functions.
[6042] 1t will be appreciated that many suitabie mathematical models already exist and are
used for purposes such as drug product development. Examples of suitable mathematical

models describing response profiles for a population of patients and accounting for patient
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factor covanates include PK models, PD models, hybrid PE/PD models, and
exposure/response models. Such mathematical models are typically published or otherwise
obtainable from medication manufacturers, the peer-reviewed literature, and the FDA or

other regulatory agencies. Aliernatively, suitable mathematical models may be prepared by

(]

original research. Moreover, as is described in the ‘545 Application, a Bayesian model
averaging approach may be used to generate a composite model to predict patient response
when multiple paticnt response models are available, though a single mode! may also be
psed.
{0643} In particular, the output of the PK/PE mode! corresponds to a dosing regimen or
10 schedule that achicves an optimal target level for a physiological parameter of the patient
116. The PK/PD model provides the optimal target level as a recommendation specifically
designed for the patient 116, and has verified that the optimal target level 1s expected to
produce an effective and therapeutic response in the patient 116, In the example shown and
described in relation to FI1G. 2, the physiological parameter corresponds to a concentration of
15 adrg i the patient’s blood, though in general, the physiclogical parameter may cormrespond
to any number of measurements from a patient. Whes the drug 1s infliamab, for example, it
may be desirable to measure the dmg concentration (and predict the drug concentration using
a PK model, as is described in detail below) and other measurable umits (that may be
predicted by a PD model, for example), such as € reactive protem, endoscopic disease
20 seventy, and fecal calprotectin. Each measurable {e.g., the drug concentration, € reactive
protein, endoscopic discase severity, and focal calprotectin} may involve one or more PK
and/or PD models. The micraction between PK and PD models may be particularly
important for a drug like infliximab, in which patients with more severe discase clear the drug
faster (modeled by higher clearance from a PK model, as is explamed in detail below}. One
25 goal of the drug infliximab may be to nommalize C reactive protein levels, lower fecal
calprotectin levels, and achieve endoscopic remission.
100344}  In one example. the medical professional 118 may assess the hikelihood that the
paticnt 116 will exhibit a therapeutic response to a particular drug and dosing regimen. In
particular, this likelihood may be low if several dosmg regimens of the same drug have been
30 administered to the patient, but no measurable response from the patient 1s detected. In this
case, the medical professional 118 may determined that it is unlikely that the patient will
response to further adjustments to the dose, and other drugs may be considered. Moreover, as
is described in detail below, a confidence interval may be assessed for the predicted model

results {¢. g, the predicted exposure to the drag (as provided by the PK model} and the
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predicted response of the body to the presence of the drug (as provided by the PD model). As
data is collected from the patient 116, the confidence interval gets narrower, and i3 indicative
of a more trustworthy result and recommendation.

[0045]  Importantly, the systems and methods of the present disclosure allow for the
simultaneous mteraction and fit of the PK and PD models. The PD model 1s used to identify
an individualized target level, and the PK model is used to provide individualized dosing
recommendations based on the individualized target level. Morcover, by simultancously
fitting both a PK model and a2 PD model, the two models that predict drug level and
therapeutic response are allowed to interact in a manner that is more physiclogically realistic
than other models.

[0045]  Often, the medical professional 118 may be a member or emplovee of a medical
center. The same patient 116 may meet with multiple members of the same medical center in
various roles. In this case, the clinical portal 114 may be configured to operate on multiple
user devices. The medical center may have its own records for the particular patient. In
some implementations, the present disclosure provides an interface between the
computational models described herein and a medical center’s records. For example, any
medical professional 118, such as a doctor or a nurse, may be required to enter authentication
mformation (such as a username and password) or scan an employee badge over the user
mterface 112 to log into the svstem provided by the clinical portal 114, Once logged in, gach
medical professional 118 may have a corresponding set of patient records that the
professional s allowed to access.

18047} In some implementations, the patient 116 mteracts with the clinical portal 114,
which may have a patient-specific page or area for mteraction with the patient 116, For
cxample, the clinical portal 114 may be configured to monitor the paticnt’s treatment
schedule and send appomtments and reminders to the patient 116. Moreover, one or more
devices (such as smart mobile devices or sensors) may be used to monitor the patient’s
ongoing physiological data, and report the physiological data to the climical portal 114 or
directly to the server 104 over the network 102, The physiological data is then compared to
expectations, and deviations from expectations are flagged. Monitoring the patient’s data on
a continual basis in this manner allows for possible early detection of deviations from
expectations of the patient’s response 1o a drug, and may indicate the need for carly
miervention or aliernate therapy.

[8348] As described herein, the measurements from the patient 116 that are provided into

the computational model may be determined from the medical professional 118, directly from
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devices monitoring the patient 116, or a combmation of both. Because the computational
model predicts a time progression of the disease and the drug, and their effects on the body,
these measurements may be used to update the model parameters, so that the treatment plan
{that 1s provided by the model} 1s refined and corrected to account for the patient’s specitic
data.

100649]  In some implementationg, it is desirable to separate a patient’s personal information
from the patient’s measurement data that is needed to run the computational model. In
particolar, the patient’s personal information may be protected health information (PHE), and
access 1o a person’s PHI should be limited to authorized users. One way to protect a patient’s
PHI is to assign each patient to an anonymized code when the patient is registered with the
server 104, The code may be manually entered by the medical professional 115 over the
chnical portal 114, or may be entered using an automated but secure process. The server 104
may be only capable of identifving each patient according to the anonyvmized code, and may
not have aceess to the paticnt’s PHIE. In particular the clinical portal 114 and the server 104
may exchange data regarding the patient 116 without identifying the patient 116 or revealing
the patient’s PHI

{0050} The generation or sclection of the code may be performed in a similar manuner as is
done for credit card sysiems. For example, all access to the system may be protected by an
application programming interface (AP} kev. Moreover, when the medical professional 118
1s pait of a medical center, the medical conter’s connection to the network 102 over the
clinical portal 114 may have cnhanced security systems in compliance with HIPAA. Asan
example, a single admimstrative database may define access in 2 manner that ensures that
members of one team {¢.g., one set of medical professionals, for example} are prohibited
from viewing records associated with another tearmn. To tnplement this, each end-user
application may be issued a single API key that specifies which portions of a database may be
accessed.

10651)  In some implementations, multiple fevels of ¢linician interaction with the portal are
configured. For example, some medical professionals, upon logging into the clinical portal
114, may have access that only allows them 1o view the patient’s data. Another level of
access may allow the medical professional 118 to view the patient’s data as well as enter
measurement and observation data regarding the patient 116, A third level of access may
allow the medical professional 118 to view and update the patient’s data, as well as prescribe
a treatment for the patient 116 or otherwise update the patient’s treatment plan or dosing

schedule.

16



(]

10

20

WO 2016/164665 PCT/US2016/026562

{8652} Different levels of access may be set for different types of users. For example, a
user who 18 a system administrator for the clinical portal 114 may be able to grant or rescind
access to the system to other users, but does not have access to any patient records. As
another example, a prescriber may be allowed to modify a particular patient’s treatment plan
and has read and write access to patient records. A reviewer may have just read-only access
to patient records, and can only view a patient’s treatment plan. A data manager may have
read and write access to the patient records, but may not be allowed to modify a patient’s
treatment plan.

18653} In some implementations, the chinical portal 114 is configured to communicate with
the pharmacy portal 124 over the network 102, In particular, aficr a dosing regimen is
selected to be administered to the patient 116, the medical professional 118 may provide an
mdication of the selected dosing regimen to the clinical portal 114 for transmitting the
selected dosing regimen to the pharmacy portal 124, Upon receiving the dosing regimen, the
phammacy portal 124 may display the dosing regimen and an identifier of the medical
professional 118 over the user wnterface 122, which interacts with the pharmacist 128 to fulfill
the order.

{0054} In some implomentations, recommendations or custom orders for drug amounts is
provided fo drug manufacturers (not shown), who may have access to the network 102,
Manufacturers of drugs may only produce certain drags at set amounts or volumes, which
may correspond to recommended dosage amounts for the “typical™ patient. This may be
especially true for expensive drugs. However, as is described herein, the optimal amount or
dosing schedule of a drug for a specific patient may be different for different patients.
Moreover, some drugs have expiration dates or have decreased efficacy over time as the drug
sits on the shelf. Thus, if it is desirable to admunster the optimal amount of drug according to
a recommended dosing regimen, then this could potentialiv lead to drug wastage at least
because the optimal amount may not correspond fo an integer maltiple of the set amount that
1s produced by the manufacturer.

{0655} One way for this problem to be mediated 1s to provide information to the drug
manufacturer reflective of the recommended dosing regimen abead of time, so that the dimg
manufacturer can produce custom sized orders for certain medications at the destred times
according to the regimen. o this manuer, the present disclosure allows for drugs to be
freshly produced i the desired amounts at a time that 1s as close to the administration time as

possible.
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18656} Moreover, chinical phase I'V drug trials are often limited due to the expensive cost of
the drugs. The present disclosure provides a way for data regarding a subject’s specific
response to a drug to be fed back into the models to adequately capture the subject’s specific

data. The present disclosure provides an automated method of computing a recommende

(]

dosage schedule that is deterministic. The dosage schedule can be sapplied economically and
guickly in a secure manner {e.g., without revealing the patient’s PHI} to the drug
manufacturer, who may then manufacture customized orders, thercby saving on cost and
leading to reduced drug wastage. Moreover, the manufacturer of the drug may be interested
in the tested efficacy of the drug, and may be able to adjust the amounts of the drug that are
10 produced and/or the production timeline to acconunodate various dosing regimens.
{8837}  1n addition, to the extent that a drug manufacturer’s timeline s imited by certain
factors, the present disclosare s capable of providing recommended dosing regimens within
the himts of the drug manufacturer. For example, for technological and/or ¢conomical
reasons, the drug manufacturer may only be able to produce a drug in set quantitics. Because
15 adosing regimen often mvolves two parameters (namely, an amount of a drug and a time at
which to administer the drug}, the recommended dosing regimen provided by the system 100
may be modified accordingly to acconunodate the drug manufacturer’s himits.
[3358] Asis shown in FIG. 1, the server 104 15 a device {or set of devices) that is remote
from the chinical portal 114, Depending on the computational power of the device that
20 houses the clinical portal 114, the clinical portal 114 may simply be an interface that
primarily transfers data between the medical professional 118 and the server 104,
Alternatively, the chnical portal 114 may be configured to locally perform any or all of the
steps described to be performed by the server 104, including but not Hmited to receiving
patient symptom and measurement data, accessing any of the databases 106, running one or
25 more compuiational models, and providing a recommendation for a dosage schedule based on
the patient’s specific symptom and measurement data. Moreover, while FIG. 1 depicts the
patient database 106a, the discase database 106b, the treatment plan database 106¢, and the
models database 106d as being entities that are separate from the server 104, the clinical
portal 114, or the pharmacy portal 124, one of ordmary skill in the art will understand that
30 anv or all of the databases 106 may be stored locally on any of the devices or portals
described herein, withowt department from the scope of the present disclosure.
[B8539] FIG. 2 1s a block diagram 200 of an illustrative compartmental model for
pharmacokinetics and pharmacodynamics. A compartmental model gencrally describes the

result when a dreg enters a body, which is represented as one or more compartments, which
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may represent one or more organs or tissues within the body. Specifically, the drug enters the
body via a site of administration and enters a central compartment. From the central
corapartment, the drug may be exchanged with one or more peripheral compartments that
represent distribution of the drug to other regions ot the body. The drug may also be
eliminated from the central compartment via metabolism or excretion processes. The
movement of the drug (into and out of the central compartment and any peripheral
compartments) may be represented by using transfer rate constants

8668} For example, a PK model 220 for mfliamab (JFX) may mclude the two
compartments shown in FIG. 2, which includes a central compartment 204 and a peripheral
corpartment 206, The central compartment 204 may generally represent blood circulation in
an organism and corresponds to a relatively rapid distribution. For example, the central
compartment may represent organs and systems within an organism that have a well-
developed blood supply, such as the hiver or kidney. In contragst, the peripheral compartment
206 may represent organs or systems that have lower blood flow, such as muscle, lean tissue,
and fat.

{8661} In addition to the two compartments in the PK model 220, FIG. 2 also depicts aput
flows and output flows into and out of the compartments. fo particular, the IV infusion 202
corresponds to a flow rate of entrance of the drug 1nto the body via the site of admumisiration
and into the central compartment 204, The clearance (CL) 210 corresponds to an exat flow
rate out of the central compartment 204, and may be representative of an amount of drug that
1s flushed out of the system, such as via metabolisn or excretion processes. The mter-
compartmental clearance (Q3 208 corresponds 1o a flow rate between the central compartment
204 and the peripheral compartment 2006, and represents distribution of the drug between
organs with higher blood flow and organs with lower blood flow.

[B0862] For IFX, the following system of equations may be used to represent the PK model.

Y

CL = (Bl * <Weight)eb * (%’-{f/@m ® (';T)eu ¥ {1484, * IRP)) * exp(ny) EQ.

\ 76
1
Weight a7 . o
Vi=10,=* (———7—5-) * exp(n;) EQ.
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V2 =108, % (f-fffﬁ) * exp(Ny) EQ.
4

In the above set of equations, the set of values for §; denotes a vector of fixed-effect
parameters that represent structural parameters of the model. The parameter “weight”
represents the weight of the patient in kilograms, ALB represents a level of albumin in grams
per deciliter, AST represents a level of aspartate aminotransferase m international units per
liter, and IRP represents Immuane Response Positive. These parameters are examples of
physiological parameters that arc measurable directly from the paticnt. As used i EQ. 1, the
value for IRP 15 indicative of whether the patient has developed antibodies against the drug
IFX. 1f so, this increases the clearance of the drug out of the central compartment 204, The
parameter V1 corresponds to the volume of distribution of the central compartment 204, and
the parameter V2 corresponds to the volume of distribution of the peripheral compartment
206. The set of values for n; represents between-subject variability for the clearance (), the
volume V1 (1), the inter-compartmental clearance Q (n:), and the volome V2 (114},
Generally, the values w; represent the unexplained random variability that is not captured by
patient factors.

{8663} EQS. -4 represent a two-compartmental PE model for the distribution of IFX in a
body, and the patient-specific parameters that are not readily measurable are solved for based
on measurable patient parameters. In particular, none of the parameters in the above set of
cquations may be readily measurable from a patient, but these parameters may be inferred
from measurements of concentration of a drug in a patient’s blood.

[8864] For example, the concentration time profile of IFX in a patient’s blood may be
measurcd and then compared to a predicted time profile of IFX using the following set of
equations. The parameters above, ncluding CL, VI, Q, V2, 8, and w;, may then be fitto
result in a predicted concentration time profile that resembles the measured concentration

time profile.

El = - (S} ea - (F) 4 + () + 4@ EQ.3
42 () a0~ (3) 40 o

In EQS. 5 and 6 above, A1) denotes an amount of IFX in the central compartment 204, and

A2} denotes an amount of IFX in the peripheral compartment 206. In particular, EQ. 5



(]

10

30

WO 2016/164665 PCT/US2016/026562

represents the net flow rate of the drug IFX nto the central compartment 204, after
accounting for the clearance 219, and the nter-compartmental clearance 208. As is shown in
EQ. 5, the flow rate of the 1V infusion 202 15 not included. However, it will be understood
that EQ. 5 may be modified to include the flow rate of input of the drug during the time(s) of
mfusion. For example, the right hand side of EQ. 5 may be modified to mchude a flow rate

parameter RO, which is set to the input flow rate of the drug during infusion time, and zero

. CLY 7Y . .
when no mmfusion takes place. The (H} * A{1) and ( %) * A(1) terms in EQ. 5 are negative

because these correspond to flow rates of IFX exiting the central compartment 204, while the
term (%) * A(2) corresponds to an mput How rate of IFX from the peripheral compartment

206, Simularly, EQ. 6 represents the net flow rate of IFX into the peripheral compartment

206, after accounting for the inter-compartmental clearance 208 that enters the peripheral

compartment 206 {corresponding to the positive term (—%) * A(1)) and that exits the

peripheral compartment 206 {corresponding to the negative term (%) « A(2}).

{0665} The wnatial conditions may be set such that both A(1) and A(2) are initially zero
{betore adnunistration of any IFX). As discussed above, EQS. 1-6 may be used to predict a
concentration time profile of IFX n the central compartment 204, The concentration time

1)

. ACIKD . 4
rofile may be represented as ————. or the amount of IFX in the central compartment 204 as
p 3 ! v )

AN

vi

a function of time, divided by the volume of the central compartment 204, The profile
may be referred to herein as a predicied concentration time profile, because the profile resulis
from model predictions, and not from direct measurcments.

{8666} To deternmine whether the model predictions and values for the model parameters

are reasonable, the predicted concentration time profile is compared to a measured
concentration time profile. The measured concentration time profile may be directed
measured by sampling a paticnt’s blood at different times, and measuring the concentration of
IFX in the blood. An optimuzation technique may be performed to compute estimates for CL,
V1, Q, and V2 by deternuning values for the set of theta values 8;, and estimating difference
parameter values for the set of eta values w {which represent unexplained variability), that
minimize the error between the measured concentration time profile and the predicte

concentration time profile.

AQ)T)
V1

Concentration(t) = x exp{e,) EQ.7
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In EQ. 7, the parameter concentration(t) corresponds to the measured concentration of IFX in
a patient’s blood as a function of time, while the values for A(1){t) and V1 are provided from
the two-compartmental PK model. The parameter £; corresponds to a residual error that is

representative of measurement error. The optimization may be performed to minimize the

(]

residual ervor between the measurements and predictions. As s shown in FIG. 2, the
predicted concentration 212 1s provided by the PK model 220 to a PD model 222
{0667}  In contrast to the above-described PK model 220, a PD model 222 predicts the
physiological and biochemical effects of a drug on abody. In particular, the effect of a drug
and the drug’s concentration may be represented with a sigmeoidal curve. In this cage, for
10 drug concentrations below a first threshold, the effect of the drug may be minimal and may
have hittle to no etfect. For drug concentrations above a second threshold (higher than the
first threshold), the effect of the drug may be maximal, and higher concentration would not
result in mach increased effect. This maximal drug effect is represented by a unitless
parameter Emax, which may be defined as in EQ. 8.
5 Emax = 8y, * exp(nz) EQ.8
Morcover, the concentration of a drug that is between the first and second thresholds, and that
produces an effect of the drug at half of the maxamal effect Emax, is reforred to as EC30
(having anits of amount/volume), and s described in EQ. 9.
FC50 = 6,5 * exp(ng) EQ.©
20 {0068} The concentration that achicves half the maximal response (EC50) represents a key
parameter in the PD model and may be used to determine appropriate drug exposure to
matntain therapeutic response. Importantly, the particudar value for ECS0 for different
patients may be different, as is denoted with the between subject variability parameter v,

This indicates that the target concentration necessary to achieve maximal meaningful clinical

o
[

cffect for different patients may be different, and should thercfore be estimated individually
for cach patient. In some implementations, the target concentration does not correspond to
the concentration that achieves half the maximal response. In particular, higher or lower
values may be used, and are dependent on the particular goal to be achieved. For example, if
a drug lowers blood pressure, this may mean that the maximal response of the body to the

36 drug means that the blood pressure is reduced to zero. In this case, a drug concentration that
achicves half of this maximal response may be too severe, and a much lower target value for
the drag concentration may be used instead. However, even in this case, knowledge of the
maximal response and what the value of the concentration is that achieves half the maximal

response may be important in determining the target concentration. By estimating the EC50
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parameter on a patient-by-patient basis, the svstems and methods of the present disclosure use
a computational method of determining the relevant target concentration of a drug in an
mdividual that 1s likely to produce a therapeutic response.

[B0369]  1n atumover PD model, parameters are used to represent a base amount of a PD

(]

marker prior to drug administration {¢.g., Base} and a synthesis rate of the PD marker (e.g.,
Ksyn 214, having units amount/time}.

Base = 8,4 * exp(ny) EQ 10

Ksyn = 84, = exp{ng) EQ. 11
Base corresponds to the PD response prior to the first administration of drug, and Ksya 214 is
10 the rate of formation of the PD marker. Moreover, in the untreated state, the parameters Base
and Ksyn are related to each other according to EQ. 12, which describes a ratio of Ksyn and
Base as a degradation rate of the PD marker {e.g., Kdeg 218, having units 1/time}, since the
undisturbed baschine value is the ratio of formation and degradation of the P marker.

Kdeg = -2 EQ. 12

Base

15  In particular, the parameters described 1 relation to EQS. 812 are used to mode! C reactive
protein, which is one of the markers of disease activity that may be tracked when IFX s used.
In general, the same parameters in EQS. 8-12 may be used to model € reactive proteim with
any other suitable drug. Moreover, one of ordinary skill in the art will understand that other
parameters that track any marker in relation to any drug or pharmaceutical may be used

20 without departing from the scope of the present disclosure. The example PD model used
herein 1s a turnover model. However, generally, any suitable P model may be used without
departing from the scope of the present disclosure. The specific type of PD model may
depend on the drug and the PP marker. Examples of types of PD models are not himited to
turnover models and include direct effect PD models, link effect PD models, mdirect effect or

25 traover PD models, transit PD models, or any suitable combination thereof.
[8678] Inthe PD model 222 shown in FIG. 2, a pharmacodvnamics effect compartment 216
is depicted as having an imput Ksyn 214 and an output Kdeg 218. In the PD model 222, the
overall effect of a drug on a body may be represented as in EQ. 13, where the values for

Concentration, Emax, and ECS50 are as described i relation to EQS. 7. 8, and 9, respectively.

Emax*Concentration

30 Effect = EQ. 13

ECSG+Concentration
Moreover, the PD effect compartment 216 ropresents an amount of clearance ot the
biomarker that is mediated by the presence of the drug. In particular, EQ. 14 describes a

differential equation for the flow rate of the biomarker or PD endpoint (¢.g., a quantity that is

b
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measurable on a patient and is mdicative of a PD response A{3}) within the PD effect
compartment 216, and relates to the synthesis rate Ksyn, the degradation rate Kdeg, and the

overall effect of the drug Effect to the measured level of biomarker.

%ﬁrﬁ = Ksyn — Kdeg » A(3) = (1 + Ef fect) EQ 14
In particular, the concentration of the drug (from EQ. 7) {predicted by the model) is used to
drive the response of the PD model by first providing the individually estimated
concentration into EQ. 13 and EQ 14, which are updated simultaneously to determine the
overall effect of the drug, and to determine a predicted time profile of the response A(3). In
general, the predicted concentration 212 may be provided to the PD model 222 rather than the
measured concentration profile, at least becanse the predicted concentration provides a
smoother function to fit to the PD model 222. An initial condition for the PD compartment
for the respouse A{3} may be set to the Base parameter, which represents the PD response
measurement prior to the mmitiation of treatment.
{8671} Then, in a similar manner as described in relation to EQ. 7, the time profile of the
predicted value of the PD marker A3} is it to the patient’s measured Response, as 1s shown
m B} 15 where g; represents the residual error for the PD evaluation and corresponds to
MCasurement Crror.

Response = A(3) » exp{el) EQ. 15
The optimization may be performed to minimize the residual error between the measurements
and predictions. In particudar, the patient’s measured Response to the drug IFX may
correspond to a laboratory measurement of C reactive protein or fecal calprotectin,
Alternatively or additionally, the patient’s measured Response may include a categorical
observation, such as endoscopic remission, which may indicate one of various states,
mcluding progressive discase, stable discase, partial response, or complete response.
10672 With at least some drugs, the response of the system {as modeled by the PD model}
affects the amount of the drug that remains n the system or is flushed out {as modeled by the
PK model}. Thus, the PK model (as described in relation to EQS. 1-7) may be combined
with the PD model (as described in relation to EQS. 8-15) to form a PK/PD model that
describes the mterrelation between the two models. To combine the two models, the
equations above may be modified to include the effect of the pharmacodvnamics on the
pharmacokinetics.
{00731 In one example. this is performed by updating the clearance 210 (from the PK

model) to reflect the response A(3) (from the PD model), as 1s shown m EQ. 16,
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CLT = CL+ A(3) xexp{—K + &) EQ 16
The parameter CLT corresponds to a total clearance metric and is represented as an addition
between the original PK clearance parameter {({CL} and the PD estimate for the PD marker

A(3), modificd by a rate constant K. In this example, the rate constant K reflects the

(]

diminishing effect of the PD response on CL over time. Even though the value for the

amount A3} is also generally expected to diminish with time {(due to the presence of the

drug}, the rate constant K represents a separate effect, as the PD endpoint approaches normal
ranges. In particular, as the patient heals and the disease is eliminated, the total clearance

CLT approaches the PK clearance CL.

10 {8674] One example computational model for IFX is described herein for illustrative
purposes, but in general, one of ordinary skill in the art will understand that the systems and
methods of the present disclosure are applicable to any computational model that involves
both pharmacokinetics and pharmacodynamics to estimate a target value for a physiological
parameter. In particular, a two-compartment mode! has been shown and described in relation

15 1o FIG Z, but in general, anv number of compartments may be used without departing from
the scope heremn. In particular, the PK model may mclude a non-compartmental component,
or be a single-compartment, multi-compartmental, or any other suitable PK model.
Moreover, depending on the particular discase, disease status, and the drug, different
mathematical functions and equations that describe the impact of the PD marker on the body

20 may be used in the models, without departing from the scope of the present disclosure.

10675)  Importantly, the above IFX example illustrates that not only do the systems and

mcthods of the present disclosure provide a recommended dosing reginen to achieve a

particular target level for a physiological parameter {¢.g., concentration level of a drug or

biomarker in blood}, but the present disclosure also s able to evaluate whether the particular

N
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target fevel would be effective for a specific patient extubiting specific characteristics and
responses.  As described above, the target level of concentration EC30 (which is derived from
the mdividual) needed to achieve an effective response from the patient is estimated
specifically for a particular patient. The estimate for ECS0 may be periodically updated, such
as whenever any additional patient measurement data is recorded, or when a threshold

30 amount of additional patient measurement data is received. For example, depending on the
computational complexity of the models used, it may be undesirable to re-run the
computational models whenever any measurement is taken from the patient. Ingtead, it may
be desirable to wait until a full set of measurements is taken, or until enough data is collected

that deviates from what 1s expected. As used in the above example, the target concentration

[\
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level corresponds to a concentration level that would cause the patient to respond with a
clintcally meaningful effect. In general, the target concentration level may correspond to any
suitable fraction of a maximal cffect, without departing from the scope of the present

disclosure.

(]

[0876] FIG. 3 s a flowchart of a method 300 that may be implemented by the system 100
to provide a recommended treatment plan to 3 specific patient, where the treatment plan is
designed particularly for the specific patient, based on the patient’s measurements and data.
In general, the method 300 provides an analysis of the patient’s specific data and determinegs
an appropriate treatment plan or dosing regimen suitable for recommendation to the patient.
10 An overview of the method 300 will first be provided, followed by illustrations of various
mplementations of the steps of the method. As shown, the method 300 generally includes
the steps of receiving an mput indicative of the patient’s measurements {step 3023, The
patient’s measurements may inchide a disease status of the patient and/or a history of the
patient’s responses 1o dosing regimens of medications that have been previously administered
15 tothe patient. Based on the patient’s measurements, a therapeutic drug for administering to
the patient is identified (step 304). The method further includes identifving a model for
predicting the patient’s response to the drug (step 306), and providing the patient’s
measurements to the model (step 308). Then, an optimization technigue on the model 1s run
to generate a recommended dosing regimen for the specific patient (step 3103, and the
20 recommended dosing regimen is provided o a user interface {step 312). After the
recommended dosing regimen {(or a vanant of the recommended dosing regimen) is
administered to the patient, additional data may be recorded from the patient, and data
mdicative of the patient’s response o the administered dosing regimen is received (step 314).
Based on the patient’s response data, it 15 determined whether to re-run the model (decision
25 block 316). If so, the method 300 returns 1o step 308 to provide the patient’s updated
measurements to the model, and if not, the method 300 ends until additional patient response
data is received to warrant a re-running of the model.
{00771 At step 302, an input indicative of paticnt measurcments is received. For example,
as was described in relation to FIG. 1, the medical professional 118 makes measurements
30 from the patient 116, The medical professional 118 may draw a sample of the blood of the
patient 116, and may measure a concentration of a biomarker in the blood sample. In
general, the medical professional 118 may make any suttable measurement of the patient 116,
mcluding lab results such as concentration measurements from the patient’s blood, arine,

saliva, or any other liquid sampled from the patient. The measurement may ioclade
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observations made by the medical professional 118 of the patient 116, including any
symptoms exhibited by the patient 116. For example, the medical professional 118 may
perform an examination of the patient gather or measure patient-specific factors such as sex,

age, weight, race, disease stage, disease status, prior therapy, other concomitant diseases

(]

and/or other demographic and/or laboratory test result information.

10678] At step 304, a therapeutic drug 1s identified for admuusiering to the patient. The

medical protessional 118 may already know which drug should be administered to the patient

116, and so may provide the name or other identifier of the drug to the clinical portal 114

The drog may be determined based on an assessment of the patient’s discase status.

10 [6679]  Atstep 306, a model 15 wdentified for predicting the patient’s response to the drug
wdentified at step 304, In particular, one or more appropriate computational models may be
selected from the models database 106. As is described in the “545 Application, a Bayesian
model averaging approach may be opticnally used to generate a composite mode! to predict
paticnt response. The averaging may be used when nwitiple patient response nodels are

15 available, and corresponding weights may be assigned to each patient response model, where
the weights correspond to a level of confidence in each model. In an cxample, multiple PK
and/or P models are tested, and those models that have better performance {c.g., by fitting
the measurement data better than other models) may be determined to be more likely than
other models, and accordingly are assigned higher weights or ranks. As an example, there

20 may be multiplc PK models or multiple PD models, and the response of each model may be
averaged across the multiple models. As an example, a smgle PD model may include
multiple paths, where cach path describes a causal relationship between the administration of
the drug and its effect on the patient’s body. For example, one effect of the drug on the
patient’s body is that the patient may improve, while another possible effect is that the patient

25 may not improve or worsen. In this case, averaging may occur over the various paths of the
model. In general, the “composite” model may refer to the averaged model when multiple
paticnt response models are available, to a single model, or to one of several possible models
describing different paths or trajectories.

{8680} At step 308, the patient measurements received at step 302 are provided as mputs

30 mto the model wdentified at step 306, In particalar, as was described in the example shown in

FiG. 2, various parameters of the computational model may be set in accordance with the

patient measurements. For example, the patient’s weight, ALB, AST, and IRP may be values

that are readily measurable and input into EQS. 1-4. Moreover, the patient’s concentration

time profile may be measured and used as the parameter “concentration” in EQ. 7. The
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example deseribed i relation to FIG. 2 1s shown for illustrative purposes only, and one will
uaderstand that any suitable measurements may be made and provided as input to a
computational model.

[B081] At step 310, an optimization technigue 1s run on the model to generaie a
recommended dosing regimen. In particular, as was described in the *345 Application, a
Bayesian forecasting process may be used to test various dosing regimens for the patient 116
as a tunction of the patient’s specific characteristics accounted for as patient factor covanates
within the models, and the composite mathematical model. This forecasting involves
evaluating dosing regimens based on predicted responses for a typical patient with the
paticnt-specific characteristics. Generally, Bavesian forecasting jnvolves using mathematical
model parameters to forecast the likely response that a specific patient will exhibit with
various dosing regimens. Notably, forecasting allows for deternunation of a hikely patient
response 1o a proposed dosing regimen before actual administration of a proposed dosing
regimaen. Accordingly, the forecasting can be used to test multiple different proposed dosing
regimens {e.g., varying dose amount, dose mterval and/or route of administration} to
determine how gach dosing regimen would likely impact the patient, as predicted by the
patient-specific factors and/or data in the model/composite model.

[B082] More specifically, the server 104 performs muliiple forecasts of patient responses to
evaloate multiple proposed dosing regimens based on the patient’s characteristics, by
referencing and/or processing the composite model. Then, each dosing regimen is
determined to be adequate or inadequate for meeting treatment objective or target profile. For
example, the target profile may mvolve maintenance of a trough blood concentration fevel
above a therapeutic threshold. Further, the server 104 may compare forccasts of patient
responses to various dosing regimens, and create a set of satisfactory or best dosing regimens
for achieving the treatment objective or target profile. These satisfactory or best dosing
regimens may correspond to those dosing regimens that arc recommended for the patient 116.
{00831 At step 312, the one or more recommended dosing regimens are provided to the user
mterface 112 m the clinical portal 114, The medical professional 118 may then browse the
recommended one or more dosing regimens before selecting a dosing regimen for
administration to the patient 116, In doing this, the medical professional 118 may selecta
dosing regimen from the list. or may modify the recommended dosing regimen,
accordance with his/her judgment. Vanous considerations may be taken mto consideration
by the medical professional 118 and/or the server 104 m determuning recommended dosing

regimens. For cxample, a primary consideration may be meeting a specific treatment
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objective, sach as mamtaining a mininnim blood level concentration or maintaining a target
blood pressure, for example. However, other considerations may also be taken into
consideration, such as casc of compliance, scheduling consideration, or medication/treatment
cost, for example. The system may include utility functions for taking such other
considerations mto account when determining the recommended dosing regimens. Then, the
medical professional 118 directly or indirectly administers the dosing regimen {(which may be
the same or different from the recommended dosing regimen) to the patient, and later follows
up with the patient 116 to check the patient’s response to the dosing regimen.

{8684} In some implomentations, the recommended dosing regimen is provided with a
confidence interval that indicates a likelihood that the particular dosing regimen will be
therapeutically effective for the patient 116, In particular, the contidence mterval of the
projected response or concentration from the individiual data may be assessed based on the
complexity of the multiple computational models and the amount of individual data (PK
and/or PD data}. In particular, the contidence inmterval may reflect the possible error in the
mdivideal predictions from the models. Intially, when no individual measurements have
been taken from the patient 116, the model’s predictions have an error associated with them
that is approximately equal to the unexplained vanability in the PK and the PD models.
However, as mdividual measurements are taken and introduced into these models, the error
{or equivalently, the confidence nterval) decreases before ultimately approaching the assay
error, which may correspond to a measurement error. Morcover, the confidence intervals
may be provided to the clinical portal 114, to give the medical professional 118 a sense for
the amount of error remaining in the model predictions.

{0685} At step 314, the patient’s response data is received, and at decision block 316, it g
determined whether to re-run or update the model. In particular, the medical professional 118
may deternune that an adjustment to the dosing regimen 1s warranted if the patient’s response
is deficient or not as expected. In this case, the medical professional 118 may take additional
measurements from the patient 116, and provide these additional measurements o the chinical
portal 114, Alternatively, the medical protessional 118 may provide the patient’s response
data to the server 104, which determines whether the patient’s response 1s as expected or
deficient, and subsequently determines whether to re-run the model. Ifit is determined to not
re-run the model, the method 300 ends or returns to step 314 to receive additional patient
response data and re-cvaluates whether to re-run the model at decision block 316.

[00886] I it is determined to re-run the model, the method 300 returns to step 308 to provide

the patient response data received at step 314 to the model. In particular, as is described in
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the ‘545 Application, a Bavesian update process may be used to update the composite model
based on the patient’s response to the dosing regimen. Each of the underlying mathematical
models are updated to reflect the patient’s specific characteristics and response. Generally,
Bayvesian updating involves a Bayesian mference, which 1s a method in which Bayves' rule is
used to update the probability estimate for a hypothesis as additional evidence is obtained.
Bayesian updating is especially important in the dynamic analysis of data collected over time
{sequentially). The method as applied here uses models that describe not only the time
course of exposure and/or response, but also melude terms describing the anexplamed
{randon) variability of exposure and response. The resulf of Bayesian updating is a set of
parameters conditional to the observed data. The process involves sampling parameters from
a prior distribution {¢.g., the underlying models) and calculating the expected responses based
on the underlying models. For each underlying model, the difference between the model
expectation and the observed data is compared. This difference 1s referred to as the
"objective function." The parameters are then adjusted based on the objective function, and
the new parameters are tested against the observed data by comparing the difference between
the new model expectation and the observed data. This process runs iteratively uatil the
objective function is minimized, suggesting that the parameters that mininize the objective
function best describe the current data.  All underlving models are thus subjected to Bavesian
updating. Once all models have been updated, Bayesian averaging may be repeated to
produce a new composite model. In some implementations, a random function may be used
1o interject some variation to ensurc that a global mimimum of the objective function has been
obtamed.

{8687} FIGS. 4A, 4B, 5A and 3B are example displays of the user interface 112 on the
clinical portal 114, according to an illustrative implementation. The display shown in FIG.
4A provides a screen that includes the IFX model predictions in accordance with the model
described m relation to EQS. 1-16. In particular, the image on the right side of FIG. 4A
depicts a predicted IFX concentration in a sohd corve {as assessed by the PK/PD model) on
the v-axis versus time on the x-axis. As is shown in FIG. 44, a critical trough value (in
ug/mi) is set by the user {or by default) to a value of 3 ug/mi.. The critical trough value
corresponds to a threshold concentration level, where it is undesirable for the patient’s
concentration to be below the cntical trough value., The triangle 1n FIG. 4A indicates a dose
of IFX that is administered to the patient {¢.g., last administered on November 1, 2014}, and
the graph indicates that the model predicts that the patient’s concentration of IFX will hit the

critical trough value on November 20, 2014, and the graph suggests that another
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administration of a dose of IFX may be administered on that date. The solid dot near January
1, 2015 indicates the measured IFX concentration, and reprosents the patient’s measurement
data to which the model predictions are fit.

[B088] In FIG. 4B, the user has provided an input dosing regimen for testing by the model.

(]

In particular, the user has set the number of doses to three, the dose interval to 28 days, and

the dose to 400 mg. In this case, the systems and methods of the present disclosure provide a

predicted concentration profile for a specific paticnt based on the input dosing regimen (solid

hine), where the three doses are administered every 28 days beginning January 1, 2015, and

are indicated by the triangles at the top of the graph. The graph also inclodes markers at

10 locations where the predicted concentration profile (solid line) intersects the critical trough
value (of 3 ng/mlb). In particular, the feedback from the model in FIG. 4B 15 that the mput
dosing regimen provided by the user 1s insufficient to keep the patient’s predicted
concentration level entirely above the critical trough vahie between doses, but is very close to
achicving this goal. In this case, the user may adjust the input dosing regimen to lower the

15 dose mterval, increase the dose, or a combmation thereof. In addition, the graph shown in
Fi. 4B mcludes a dashed line, which is representative of a typical patient’s concentration
time profile, and is not based on the patient’s individual measurements,
[B08%] FIG. 5A depicts an example display screen that displays predicted concentration
time profiles for four different dosing regimens. In particular, cach dosing regimen has a

20 corresponding dose interval (5 weeks, 4 weeks, 3 weeks, and 2 weeks), where the dose
amount decreases as dose interval decreases (as is indicated by the height of the second peak
in cach predicted concentration time profile). In this case, the user has selected to plot IFX
concentration versus time, and to allow the computational models to run to identify
recommended dosing regimens to maintain [FX concentrations above the critical trough

25 value.
[6090] In FIG. 5B, the user has selected to display the results from the plot shown in FIG.
5A in a table form. In particular, the example display screen in FIG. 5B lists the last dose
date (Januvary 2, 2013), various dosing intervals, a trough date {corresponding to the first date
after the dose date that the predicted concentration time profile falls to or at the critical trough

30 value), the suggested dose (in mg), the normalized soggested dose (in mg/kg), the number of

vials used for cach dose, and the target concentration (in ng/ml}. Asis shown in FIG. 5B a

set of proposed dosing schedules is shown, where the dosing schedules have different dose

mtervals ranging from two to eight weeks. While some of the dosing schedules with longer

dose mtervals {six to cight wecks) are not recommended, four dosing schedules (with dose
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mtervals of two to five weeks} are proposed with doses that increase as dose interval
mcreases.  In particular, when interacting with the display screen of FIG. 5B, the medical
protessional 118 may sclect a dosing regimen based on a specific goal. For example, the
longer dose interval (e.g., five weeks) may be selected if it 13 desirable to admunister doses to
the patient 116 mfrequently. Altematively, since patients are often charged the price of a full
vial, even when a partial vial is used, 1t may be desirable to use as much of the vials ag
possible. In this case, the four-week dosing regimen may be selected. since 4.9 vials are used
for each dose, and leads to little wastage of the drug (e.g., only 0.1 vials per dosage).
Alternatively, a shorter dose interval {¢.g., two weeks) may be selected it if 15 desirable to
administer doses to the patient 116 more frequently, or to charge the patient 116 for only two
vials at a time.

{6091} FIG. 6 15 a block diagram of a computing device, such as any of the components of
the systems of FIGS. 1A-1C, for performing any of the processes described herein. Each of
the components of these systems mayv be implemented on one or more computing devices
600. In certain aspects, a phurality of the components of these systems may be included
within one computing device 600, In certain implementations, a component and a storage
device maay be implemented across several computing devices 600,

[0092]  The computing device 600 includes at least one communications interface unit, an
mput/outpot controller 610, system memory, and one or more data storage devices. The
system memory includes at lcast one random access memory (RAM 602) and at least one
read-only memory (ROM 604). All of these elements are in conumunication with a central
processing amt (CPU 606) to facilitate the operation of the computing device 600, The
computing device 600 may be configured in many different ways. For example, the
computing device 600 may be a conventional standalone computer or altematively, the
functions of computing device 600 may be distributed across multiple computer systems and
architectures. In FIG. 6, the computing device 600 1s linked, via network or local network, to
other servers or systems.

{0093]  The computing device 600 may be configured in a distributed architecture, wherein
databases and processors are housed in separate units or locations. Some units perform
primary processing functions and contain at a mintnmum a general controller or a processor
and a system memory. In distributed architecture implementations, each of these vaits may
be attached via the communications interface unit 608 to a commumications hub or port {not
shown} that serves as a primary comnunication link with other servers, chient or user

computers and other related devices. The communications hub or port may have minimal
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processing capability itself, serving primarily as a commumications router. A variety of
communications protocols may be part of the system, including, but not limited to: Ethernet,
SAP, SAS™, ATP, BLUETOOTH™, GSM and TCP/IP.

[8894] The CPU 606 includes a processor, such as one or more conventional
microprocessors and one or more supplementary co-processors such as math co-processors
for offloading workload from the CPU 606. The CPU 606 is in communication with the
communications interface vnit 608 and the mput/output controller 619, through which the
{PU 606 communicates with other devices such as other servers, user terminals, or devices.
The commumnications interface unit 608 and the input/ocutput controller 610 may include
multiple communication channels for simultaneous comnunication with, for example, other
processors, servers or client terminals,

{8095}  The CPU 606 15 also in communication with the data storage device. The data
storage device may inchude an appropriate combination of magnetic, optical or semiconductor
memory, and may mclude, for example, RAM 602, ROM 604, flash drive, an optical disc
such as a compact disc or a hard disk or drive. The CPU 606 and the data storage device
cach may be, for example, located entirely within a single computer or other computing
device; or connected to each other by a communication medium, such as a USB port, serial
port cable, a coaxial cable, an Ethemet cable, a telephone hine, a radio frequency transceiver
or other similar wireless or wired medium or combmation of the foregoing. For example, the
CPU 606 may be connected to the data storage device via the communications interface unit
608. The CPU 606 may be configured to perform one or nore particular processing
functions.

{8696} 'The data storage device may store, for example, {i) an operating system 612 for the
corputing device 600; (i1} onc or more applications 614 (e.g., computer program code ora
computer program product) adapted to direct the CPU 606 1n accordance with the sysiems
and methods described here, and particulardy in accordance with the processes described in
detaill with regard to the CPU 606; or (i1t} database(s} 616 adapted to store information that
may be utilized to store information required by the program.

{8097} The operating system 612 and applications 614 may be stored, for example, in a
compressed, an uncompiled and an encrypted format, and may include computer program
code. The nstructions of the program may be read into a main memory of the processor from
a computer-readable medium other than the data storage device, such as from the ROM 604
or from the RAM 602, While exgcution of sequences of mstructions i the program causes

the CPU 606 to perform the process steps described herein, hard-wired circurtry may be used

(98]
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i place of, or in combination with, software instructions for implementation of the processes
of the present invention. Thus, the systems and methods described are not limited to any
specific combination of hardware and software.

[0098]  Suitable computer program code may be provided for performing one or more
functions described herein. The program also may include program elements such as an
operating system 612, a database management system and "device drivers” that allow the
processor to inderface with computer peripheral devices (e.g., a video display, a keyvboard, a
computer mouse, efc. ) via the input/output controller 610,

{8699} The term "computer-readable medinm" as used herein refers to any non-transifory
medium that provides or participates in providing instructions to the processor of the
coraputing device 600 {or any other processor of a device described herein) for execution.
Such a medium may take many forms, inchuding but not limited to, non-volatile media and
volatile media. Non-volatile media mclude, for example, optical, magnetic, or opto-magnetic
disks, or integrated circuit memory, such as tlash memory. Volatile media include dvnamic
random access memory {DRAM), which typically constitutes the main memory. Common
formg of computer-readable media include, for example, a floppy disk, a flexable disk, hard
disk, magnetic tape, anv other magoetic medivm, a CD-ROM, DVD, any other optical
medium, punch cards, paper tape, any other phyvsical medium with patterns of holes, a RAM,
a PROM, an EPROM or EEPROM (clectromically erasable programmable read-only
memory}), a FLASH-EEPROM, any other memory chip or cartridge, or any other non-
transitory medium from which a computer can read.

{0188] Vanous forms of computer readable media may be involved in carryving one or more
sequences of one or more instructions to the CPU 606 {or any other processor of a device
described herein) for execution. For example, the mnstructions may initiallv be bome ona
magnetic disk of a remote computer (not shown). The remote computer can load the
mstnictions into its dynamic memory and send the instructions over an Ethernet connection,
cable hine, or even telephone line using a modem. A commmunications device localto a
computing device 600 (e.g., a server) can receive the data on the respective communications
line and place the data on a system bus for the processor. The syster bus camies the data to
main memory, from which the processor retrieves and executes the instractions. The
mstructions received by main memory may optionally be stored in memory either before or
after execution by the processor. In addition, instructions may be received via a
commupnication port as electrical, electromagnetic or optical signals, which are exemplary

forms of wireless communications or data sireams that carry various types of information.
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{8101} It 1s to be understood that while various illustrative tmplementations have been
described, the forgoing description is merely illustrative and docs not limit the scope of the
mvention. While several examples have been provided in the present disclosure, it should be
understood that the disclosed systems, components and methods of manufacture may be
embodied in many other specific forms without departing from the scope of the present
disciosure.

{0102} The examples disclosed can be implemented i combinations or sub-combinations
with gne or more other features described heremn. A variety of apparatus, svstems and
methods may be implemented based on the disclosure and still fall within the scope of the
mvention. Also, the various features described or itlustrated above may be combined or
miegrated in other svstems or certain features mav be omitted, or not implemented.

{3103} While various implementations of the present disclosure have been shown and
described herein, 1t will be obvious to those skilled in the art that such implementations are
provided by way of example only. Numerous variations, changes, and substitutions will now
oceur to those skilled in the art without departing from the disclosure. It should be
uaderstood that various alternatives to the implementations of the disclosure described herein
mayv be employed in practicing the disclosure.

[0104] Al references cried herein are incorporated by reference in their entirety and made

part of this application.
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Claims

1. A system for determining a personalized dose of a pharmaceutical for an individual, the
system comprising:
an input port configured to receive:
first data representative of one or more characteristics of the individual prior to
administration of the pharmaceutical, wherein the characteristics of the individual include at
least one of sex, age, weight, race, disease stage, disease status, prior therapy, concomitant
diseases, demographic information, and laboratory test result information; and
second data representative of a measurement of a physiological parameter of the
individual after administration of the pharmaceutical, wherein the physiological parameter
is a measured concentration time profile of the pharmaceutical or a biomarker in the
individual’s blood, tissue, or cells; and
a computer processor in communication with the input port and an electronic database
having information that represents a computational model to predict an effect of the pharmaceutical
on the individual’s body, the computational model being a function of response profiles for a
population of patients and patient factor covariates corresponding to the characteristics of the
individual, the computation model including a pharmacokinetic component including a
pharmacokinetic clearance and a pharmacodynamic component including a pharmacodynamic
response, the computational model describing an interrelation between the pharmacokinetic
component and the pharmacodynamic component wherein the pharmacokinetic clearance is
modified to include a diminishing effect of the pharmacodynamic response on the pharmacokinetic
clearance over time, and the computer processor being configured to:
generate, based on the first data and the computational model, a first target

concentration and one or more first doses determined by Bayesian analysis to likely achieve
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the first target concentration for the pharmaceutical in the individual’s body;

after receiving the second data, compute, based on the second data, a Bayesian
update to the pharmacokinetic component and the pharmacodynamic component of the
computational model to obtain an updated computational model that reflects the
measurement of the physiological parameter of the individual, wherein the second data
indicates a response by the individual to the one or more first doses; and

generate, based on the updated computational model, a second target concentration
and one or more second doses determined by Bayesian analysis to likely achieve the second
target concentration for the pharmaceutical in the individual’s body, wherein the update to
the pharmacodynamic component of the computational model is used to predict that the

second target concentration will have a therapeutic effect on the individual.

2. The system of claim 1, wherein the pharmacokinetic component of the computational
model includes a compartmental model, and the computer processor is configured to use the
pharmacokinetic component to predict a concentration time profile of the pharmaceutical in at least

one compartment in the compartmental model.

3. The system of claim 2, wherein the predicted concentration time profile is predicted by
using a first differential equation that describes a flow rate of the pharmaceutical into and out of the

at least one compartment in the compartmental model.

4. The system of claim 3, wherein:
the pharmacodynamic component of the computational model includes a synthesis rate
parameter representative of a synthesis rate of a pharmacodynamic marker and a degradation rate

parameter representative of a degradation rate of the pharmacodynamic marker; and
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the synthesis rate parameter and the degradation rate parameter are used in a second

differential equation that predicts the individual’s response to the pharmaceutical.

5. The system of any of claims 2-4, wherein Bayesian analysis comprises comparing the

measured concentration time profile to the predicted concentration time profile.

6. The system of claim 5, wherein Bayesian analysis further comprises performing an
optimization technique to minimize a difference between the measured concentration time profile

and the predicted concentration time profile.

7. The system of any of the above claims, wherein the pharmaceutical is infliximab, and the
pharmacodynamic component of the computational model reflects an effect of infliximab on the

individual’s body.

8. The system of claim 7, wherein the flow rate accounts for the individual’s predicted

response to the infliximab as the individual heals.

9. The system of any of the above claims, wherein the first target concentration and the second

target concentration each corresponds to a concentration that is predicted to cause an effect in the

individual’s body that is at least half of a predicted maximal effect.

10. The system of any of the above claims, wherein the first data and the second data each

include an anonymized identifier for the individual.
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11. A method for determining a personalized dose of a pharmaceutical for an individual, the
method comprising:

receiving, at an input port, first data representative of one or more characteristics of the
individual prior to administration of the pharmaceutical, wherein the characteristics of the
individual include at least one of sex, age, weight, race, disease stage, disease status, prior therapy,
concomitant diseases, demographic information, and laboratory test result information;

generate, at a computer processor, based on the first data and a computational model, a first
target concentration and one or more first doses determined by Bayesian analysis to likely achieve
the first target concentration for the pharmaceutical in the individual’s body, wherein the computer
processor is in communication with the input port and an electronic database having information
that represents the computational model to predict an effect of the pharmaceutical on the
individual’s body, the computational model being a function of response profiles for a population of
patients and patient factor covariates corresponding to the characteristics of the individual, the
computation model including a pharmacokinetic component including a pharmacokinetic clearance
and a pharmacodynamic component including a pharmacodynamic response, the computational
model describing an interrelation between the pharmacokinetic component and the
pharmacodynamic component wherein the pharmacokinetic clearance is modified to include a
diminishing effect of the pharmacodynamic response on the pharmacokinetic clearance over time;

receiving, at the input port, second data representative of a measurement of a physiological
parameter of the individual after administration of the pharmaceutical, wherein the physiological
parameter is a measured concentration time profile of the pharmaceutical or a biomarker in the
individual’s blood, tissue, or cells, wherein the second data indicates a response by the individual to
the one or more first doses;

computing, based on the second data, a Bayesian update to the pharmacokinetic component

and the pharmacodynamic component of the computational model to obtain an updated
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computational model that reflects the measurement of the physiological parameter of the individual,
and

generating, based on the updated computational model, a second target concentration and
one or more second doses determined by Bayesian analysis to likely achieve the second target
concentration for the pharmaceutical in the individual’s body, wherein the update to the
pharmacodynamic component of the computational model is used to predict that the second target

concentration will have a therapeutic effect on the individual.

12. The method of claim 11, wherein the pharmacokinetic component of the computational
model includes a compartmental model, and the method further comprises using the
pharmacokinetic component to predict a concentration time profile of the pharmaceutical in at least

one compartment in the compartmental model.

13. The method of any of claims 11-12, further comprising predicting the predicted
concentration time profile by using a first differential equation that describes a flow rate of the

pharmaceutical into and out of the at least one compartment in the compartmental model.

14. The method of claim 13, wherein:

the pharmacodynamic component of the computational model includes a synthesis rate
parameter representative of a synthesis rate of a pharmacodynamic marker and a degradation rate
parameter representative of a degradation rate of the pharmacodynamic marker; and

the synthesis rate parameter and the degradation rate parameter are used in a second
differential equation that predicts the individual's response to the pharmaceutical, and, optionally, at
least one of:

wherein the physiological parameter is a measured concentration time profile of the
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pharmaceutical in the individual’s blood, tissue, or cells, and Bayesian analysis comprises comparing
the measured concentration time profile to the predicted concentration time profile;

wherein Bayesian analysis further comprises performing an optimization technique to
minimize a difference between the measured concentration time profile and the predicted
concentration;

wherein the pharmaceutical is infliximab, and the pharmacodynamic component of the
computational model reflects an effect of infliximab on the individual’s body;

wherein the flow rate accounts for the individual’s predicted response to the infliximab as the
individual heals; and

wherein the first target concentration and the second target concentration each corresponds to a
concentration that is predicted to cause an effect in the individual’s body that is at least half of a predicted

maximal effect.
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