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Prediction of headache response after
migraine treatment using a Markov
model

HJ Maas, M Danhof, OE Della Pasqua
Cephalalgia (2006) 26:416-422

Triptans are efficacious and specific medication for theaatngtatment of migraine
attacks. Yet, defining a concentration-effect relationtfmse compounds is difficult as
the dynamics of the migraine attack are not thoroughly wstded. To gain more insight
in the concentration—effect relation of the triptans a iaiige response model was devel-
oped to predict measures of headache response in contetitézél trials investigating
oral sumatriptan as a paradigm compound. A Markov model veasldped to describe
the course of headache response following administrafieitheer placebo or sumatrip-
tan. 638 migraine attacks from three clinical efficacy stgdiere analysed. The concept
model consists of two layers: i) a state layer representiggstates of response (no re-
lief, relief, and pain free) and ii) a score layer that addadazhe scores (the observed
variable) to the response states.

The state layer was assumed to be strictly sequential, at@&tional, to allow for
headache recurrence. Population-based sumatriptan @lasntentrations which had
been obtained by simulation were used as a covariate aatinleptransitions towards
states of better response. The described model is abledizptiene courses of headache
relief, pain-free status and headache recurrence in migaitients receiving placebo or
oral sumatriptan. Moreover, by combining pharmacokinatid efficacy information the
model can identify pharmacological properties of sumédripn a clinical population of
migraineurs.



42 CHAPTER3

3.1 Introduction

Sumatriptan has proven effective in aborting migrainecata Oral doses of 50 mg and
100 mg are commonly used to treat migraine attacks, alth@uglear concentration—
effect relation has not been established yet [1]. This isiglyr due to the dynamics
of a migraine attack, which causes time dependencies inlthenacological response.
Any attempt to develop new treatment regimens would benefih fknowledge of the
underlying concentration—effect relation. Thereforewdts aimed to develop a model
for predicting the time course of efficacy measures in ablsanc presence of pharma-
cological treatment with sumatriptan, using diseasetedlgparameters to characterise
the migraine attack itself and drug-related parameterhi#macterise drug effect on the
attack.

In evaluating acute therapies for migraine, efficacy anldifaimeasures often used
are pain relief, pain free status and recurrence of attackA2nodel should be able to
differentiate between the main phases of the migraine lattaorder capture the time
course of any of these endpoints. However, a few limitatimost be overcome to ac-
complish that goal. Firstly, the initial phase of the migeattack cannot be described
in detail since most clinical efficacy studies are desigoestdart dose administration and
pain assessment only after the attack is fully developed§8tondly, a model should rec-
ognize the subjective nature of pain rating scales by beapgisle of handling variability
in the efficacy data. Thirdly, pharmacokinetic (PK) infotioa should be incorporated
into the model to define a concentration—effect relation5|4, The latter requirement
cannot be easily addressed since current clinical resgaactice does not always assess
pharmacokinetics in conjunction with efficacy.

Previously, continuous-time Markov chains have been ifledtas an interesting ap-
proach to modelling processes related to migraine [6]. iitiipe of model, the different
phases of a disease process are represented by a numbeaesfugtach are intercon-
nected according to pathophysiology. The path of statesmodel is governed by the
Markov property, according to which the next state in anyegiyprocess is determined
only by the current state. Model parameters include the etsof a state-to-state tran-
sition matrix, presenting the chance of moving away from di@sar disease state to
another state.

However, the aforementioned method focused on binary tha@dache or no head-
ache) and was therefore not able to predict pain relief arrreace using clinical defini-
tions. Moreover, the effect of sumatriptan was not quatitily characterised, since no
concentration—effect relation could be derived from thailable data. In this paper we
propose the use of a type of Markov model [7], which in additio the benefits offered
by the standard Markov chain model, is able to predict varimgasures of efficacy and
quantify drug effect on a migraine attack.
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3.2 Methods

3.2.1 Efficacy data

To test the concept of hidden Markov chain in disease pregmesa Markov model
was developed to describe the course of individual migratteecks, either treated with
placebo or with oral sumatriptan. Based on data derived fitoree clinical efficacy
studies, 1180 migraine attacks in 638 patients were andlyziag this model. Headache
intensity had been measured on a 4-point verbal scale, velgeres 0, 1, 2 and 3 mean
no pain, mild pain, moderate pain and severe pain, resgdctiDrug administration
and pain assessment were started after the attacks hadléviyoped. 56% of patients
had moderate pain intensity at the start of treatmeat paseline), the other 44% had
severe pain intensity. 392 attacks were treated with paediereas 46, 44 and 698
attacks were treated with single doses of 25 mg, 50 mg and IP0rad sumatriptan,
respectively. Though the smaller sample size of the lowerdase groups may cause
some of the drug-related model parameters to be estimassdplecisely, this is not
thought to unbalance the model since all predictions aresszrily constrained between
the responses associated with placebo and 100 mg data, sdtitte outer values of the
covariate range. All patients included in the analysis wadalts, age 39 10 years,
weight 66+ 14 kg (meant standard deviation). 89% of patients were female.

3.2.2 Pharmacokinetic data

No concomitant PK information was available for most migeaattacks in the efficacy
studies. To overcome this limitation and evaluate the liakMeen sumatriptan effects
and plasma concentrations, a population pharmacokineseimvas used to estimate
and simulate population sumatriptan concentrations dirtiess of headache assessment
in the efficacy studies. Simulations were based on PK paramstimates that were ob-
tained by fitting concentration data from four sumatriptaage | studies and one phase Il
study to a population model by Cosson and Fuseau [8]. Théestgdntained data from
513 subjects which were administered single doses of siptatr dose range 2.5 — 100
mg. Population models based on mixed effects modelling @palde of identifying pa-
rameters that are valid for the investigated population asale. Thus, although no
individual concentration profiles were available, popolatbased concentrations could
be predicted that reflect the pharmacokinetics of the dosiggnen used in the clini-
cal efficacy studies. Fitting and simulation of sumatriptancentrations was performed
using the mixed effects modelling software NONMEM V (GlobexnLLC, Hanover,
MD).

3.2.3 Markov model

The pooled set of headache scores and simulated sumattim&entrations were ana-
lyzed using a Markov model (Figure 3.1). The model consiésstate layer representing
the migraine attack. The number of states in this layer watghree, which is equal to
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the number of clinically identifiable response states: tiefrerelief and pain-free. All
patients were assumed to start in the first state. Statete{sansition dynamics within
this layer are determined by transition rates. To allow fothtrecovery from headache
and recurrence of headache to occur, both forward and badkveasition rates were es-
timated. The state layer also represents the level at whictagiptan exerts its activity.

open layer:

scores

hidden layer:

states

Figure 3.1: Structure of the migraine response model. The state layer consists akaWMa
chain describing the dynamics of the migraine attack. A patient starts in fatéffom there,
can move back and forth between states, eventually ending in state 3itibrasifrom state
1to 2 and from state 2 to 3 (bold arrows) are affected by sumatriptansBaias assigned to
each state are drawn from distributions that constitute the score layer.

Estimation of treatment effect was based on the use of siptatrconcentrations
as a covariate in the model. The action of sumatriptan ondamfiransition rates was
assumed to follow a'max-model (Equation 3.1), the parameters in this model being
drug potency and maximum effect [9].

(3.1)

Py =1(0)ay - exp (me(?(t))

EC50,, + C(t)

Equation 3.1 describes the ratét), , of drug-induced transitions in the model.
r(0),y is the transition rate from a stateto another statg in the absence of sumatrip-
tan (placebo-model)C(t) is the sumatriptan plasma concentration at ttm&maz, ,,
represents the maximum effect of sumatriptan on the tiansiater(t),,,. FC50,,
is defined as the sumatriptan concentration corresponditiglf of the maximum ef-
fect. The part of the equation in the exponent describes actign and is known as the
Emax-model.

A second layer in the model, the score layer, couples theoresspstates to the ob-
served headache scores. As there are four possible heastamies and three disease
states, different distributions of scores will arise witlgiach state. The transition rates
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and distributions of scores in each state are found by altelnoptimizing the parame-
ters in one layer while keeping the parameters in the otlyer ltixed.

On the basis of headache scores (variable) and sumatripteremtrations (covari-
ate), parameters were estimated for both layers of the Marlarel using an open-code
C software [10] which was operated from within S-Plus on aukimvorkstation (SUSE
Linux 7.2 Professional, kernel version 2.4.4-4GB-SMP). gemwritten Emax-model
defining the covariate effect was implemented in the modetigipation file. At the start
of the parameter estimation process, the distributionsafs in the open layer were set
uniform and maximum drug effect parameters were set to peswdid bias in the search
performed by the algorithm. Parameter estimates are expaiith their 95% confidence
intervals. These were derived from the standard errorgjubi@ error propagation cal-
culator program EPC (D. Kelley, http://epc.sourceforgd.n This program calculates
confidence intervals based on a series of random perturisatiothe mean and is espe-
cially useful when calculating confidence intervals for lnoear equations such as the
one in the current model.

The model was designed to predict measures of response gukapon basis: indi-
vidual time courses of headache progression cannot benebtai

3.3 Results

Sumatriptan concentrations were simulated to match thestiof headache assessment
in the efficacy data set. Since three different doses wergeptein the data, three
concentration-time profiles were generated (Figure 3.@8hd€ntration data and headache
scores were combined and analysed in the HMM. Parameteraiss of the hidden layer
and the open layer are summarized in Table 3.1 and Table&sgectively. As can be
seen in the score layer table, all "severe” and most "modéztin scores were clustered
into the first state. "Mild” scores and "no pain” scores welacpd into the second and
third states.

In the state layer, both estimates of thewax parameters are significantly larger than
zero implying that both forward transition rates are fagtghe presence of sumatriptan
compared with placebo treatment only. To aid in the intagtien of the Emax pa-
rameters, they are shown as the maximum gain in transit tiome bne state to another
relative to placebo treatment. Whereas the potency on thééirsition (ZC50, ») could
be well identified by the model, the potency on the secondsitian (£C505 3) could
not be precisely estimated.

Based on these parameter estimates, the time course ofdheaddief and pain-
free status (Figure 3.3), as well as the rate of recurrenigei(@ 3.4) were simulated for
placebo treatment and 100 mg sumatriptan after oral doimg predicted time course of
pain relief and pain free status were compared with thosedduthe original data. 95%
confidence intervals were constructed based on standand énrthe transition matrix
(manuscript in preparation).

The properties of the concentration—effect relation fofimdorally administered
sumatriptan can be conveniently summarised by relatingasiptan concentration to
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the pain relief response at 1 and 2 hours post-dose (FigGje Note that the value of
parametetE(C50; 2 as given in Table 1 cannot be inferred from this graph. Helaglac
relief in a fraction of patients is the sum of all paths leadio "mild pain” or "no pain”,
whereas this parameter refers to a single transition. Tiferelinces in the shape of the
two curves show the effect of underlying disease prograssiechanisms on the phar-
macology.

3.4 Discussion

Migraine attacks are self-extinguishing phenomena. Thg<finical evaluation of anti
migraine treatments has been rather descriptive, prayidose-pain response profiles
at a given time after dosing; a comparison which is often confled by differences
in placebo response rate. Understanding of the dynamicssehsk is therefore es-
sential to optimize the evaluation of treatment effect. dhlion, any attempt to de-
velop new dosing regimens in migraine would benefit from kieolge of the underlying
concentration-effect relation, particularly when conipardifferent compounds. In the
current investigation, we have used sumatriptan cliniesd ¢lo evaluate the feasibility of
applying a Markov model to characterise concentratioretffelations and the dynamics

Population—predicted sumatriptan concentrations

—— 100 mg dose
""""" 50 mg dose
25 mg dose

40

concentration [ng/ml]
20
1

10

time [h]

Figure 3.2: Simulated concentration-time profiles after 25 mg, 50 mg and 100 mg sptaatr
oral dosing were used to provide pharmacokinetic information that aeavailable from the
efficacy studies.
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Table 3.1: Parameter estimates of the state layer of the model. Parameter symbejs are
plained in Equation 3.1. 95% C.l. denotes the 95% confidence intertia¢ @fstimate.

transition
(from state — to state) parameter estimate 95% C.I.

1-2 r(0) [h=1] 0.16 0.15 — 0.18
EC50; 2 [ng/ml] 9 4 - 17
Emazi 2 1.3 09 - 16
Max. gain [h] 5

2-1 r(0) [h=1] 0.08 0.07 — 0.10

2-3 r(0) [h=1] 0.22 0.20 — 0.24
EC5023 [ng/ml] | 148 19 -674
Emazs 3 6.0 0.79 — 115
Max. gain [h] 4

3-2 r(0) [h=1] 0.04 0.03 — 0.05

Table 3.2: Estimates of the score layer: percentages of pain scores in each statentBges
per state (columns) add up to 100%.

] score H state 1 state 2 state 3
no pain 0 0 100%
mild 0 96% 0
moderate 55% 4% 0
severe 45% 0 0

of disease in migraine. To demonstrate this paradigm, theehweas designed for orally
administered sumatriptan only. Since in most clinical Etsdefficacy measures are not
assessed simultaneously with pharmacokinetics, surtatnjpasma concentrations were
simulated in order to estimate its concentration-effelettien.

Model-derived parameters showed that sumatriptan istaféeboth in the process
leading to pain relief (transition from first to second s}atad in alleviating mild pain
(transition from second to third state). Depending on pksencentrations, these pro-
cesses could be shortened by up to 5 h after sumatriptamieat The potency related
to the maximum effect on the first transition was 9 ng/ml. Tkect of sumatriptan
on migraine recurrence was also predicted. It was assumtidsimodel that identical
mechanisms determine recurrence after placebo and ama#nent. Recurrence dur-
ing active treatment may reflect recurrence in a mixture tiépss, some of whom have
had a placebo response, and others who experienced thé¢ drtgaeffect. Under the
assumption of identical mechanisms, this phenomenon dutesffiect the predicted re-
currence rates since both types of recurrence are govegndelsame transition rates
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(i.e. those from state 2 to 1 and from state 3 to 2).

It is important to note that the use of population estimatsseiad of individual pa-
tients’ concentrations makes the calculation of drugteelgparameters more difficult.
The pharmacokinetic data used in this exercise containbdtloree (one for each dose)
different concentration-time courses. As a consequemeecannot assess how variabil-
ity in systemic exposure may affect final treatment respolkeeover, the model cannot
detect whether any variability in the pain assessment wasechby clinically significant
differences in individual pharmacokinetics. Awarenessab of pharmacokinetics is
growing in migraine research, but it is not enough to enspagse pharmacokinetic
sampling as a standard practice. On the other hand, eankdysis has shown that dif-
ferences in clinical effects cannot be directly explaingdbtween-patient differences in
pharmacokinetics [11]. These findings imply that the useopiutation concentrations is
not likely to bias the estimation of drug-related paranseter

The structure of this disease model was defined by threesstatebidirectional con-
nections between states, which allowed for the charaettiiz of various measures of
response. At the same time this structure was simple enaugtaintain identifiability
of the parameters. Although a four-state model could beidered to describe migraine

Pain relief Pain free

1.0

sumatriptan 100mg -

0.8

0.8

0.6

0.6

fraction of patients
0.4

fraction of patients

0.4

0.2
0.2

0.0
0.0

time [hr] time [hr]

Figure 3.3: Predicted means (solid lines), corresponding 95% confidence int¢deghed

lines) and observed values (markers) of pain relief and pain fre@mes versus time. Hair-
lines represent placebo treatment, bold lines represent treatment Withd Gumatriptan.

Marker size reflects the relative number of observations availablehttizae.
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0.4
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0.1

0.0

Predicted recurrence of migraine pain

placebo
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1 T T T T T T 1
4 8 12 16 20 24 28 32
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Figure 3.4: Predicted recurrence versus time for placebo and 100 mg sumatripteeseed
as the fraction of patients having experienced recurrence. Preditoitims right of the verti-
cal line are outside the model scope and thus extrapolated.

fraction of patients

0.6

04

0.2

pain relief

0.01 0.10 1.00 10.00 100.00

concentration [ng/ml]

Figure 3.5: Concentration-effect relation for pain relief at 1 h (solid line) and 2 ttédbline)
after administration of oral sumatriptan.
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attacks, this would imply the estimation of two additionaelglrelated parameters. Apart
from the problem of identifying these parameters, they walso be more difficult to
interpret: a transition from severe to moderate pain hadinizal correlate such as pain
relief or resolution. Moreover, by distinguishing betweseistate for moderate scores
and a state for severe scores one assumes that these spoessmegenuinely different
events in the migraine attack. It is possible however these¢htwo scores merely reflect
an inter-patient or inter-attack difference in pain petmap This is supported by the ob-
servation that a migraine attack at its worst can be eithe@rseor moderate in intensity.
A two-state model on the other hand, as developed by Hasedritbbutt [6], can only
predict a single response (pain relief or pain resolutiar)pne state is reserved for the
starting condition and the other for the response state.s€prently, it is not possible
to detect changing disease conditions and drug chardatsriis a model with only one
transition.

The drug-related parametesnaz, 3 and EC502 3 on the second transition were
less precisely estimated, which is visualized by the braadidence interval for the pain
free response in Figure 3.3. This is likely due to the lack afadfor the lower dose
groups (25 mg and 50 mg) and at late sampling times. Howedweipdorer precision of
drug-related parameters in the second transition may eflext a pharmacological effect
that is qualitatively different from the first transitionu®atriptan readily mediates pain
relief (first transition) in most patients through blockad@europeptide release from the
central terminals of meningeal nociceptors. Completeluisn of pain (second transi-
tion), on the other hand is not easily achieved in patienth aflodynia since in these
cases pain has largely become dependent on the intrinsiityaof central neurons [12].
It has been estimated that 79% of patients develop allod3ts@me point during their
migraine attack [13]. The efficacy of sumatriptan has in tustext been described as
a race against the development of allodynia [14]. Since likedy that both patients
with and without allodynia are represented in the secomntbitian, sumatriptan efficacy
cannot be unambiguously quantified.

A further motive that supports the number of states choselis@ase-related. The
time passed between the onset of the attack and treatmendliffexybetween patients
and between attacks and cannot always be knaanthe attack may or may not be fully
developed yet. Yet, common to the initial phase is the ugieylactivation of cranial
neurovascular structures. In the model this phase was askarsingle state and thence,
states were further assigned to phases representing aaligbain-free status. In doing
s0, it acknowledges the physiological differences betwberisease states.

In conclusion, a Markov model was applied that includesatiseand drug-related pa-
rameters allowing characterization of the natural histdmnigraine attacks and of treat-
ment effect following administration of oral sumatriptafhis approach can be helpful
in optimizing dosing regimens and comparing efficacy ofadiht drugs in the treatment
of migraine. Moreover, it can be adapted to include covesiaind other determinants of
response in migraine.
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