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Dynami, eonomi approahes to HTA underunertaintyMartin Forster,∗ Paolo Pertile†,AbstratA simple, two period framework is used to interpret existing ontributionsto the literature on deision rules for HTA under unertainty and to ontrastthem with a dynami, eonomi model solved using bakward indution.JEL odes: I10, C61Keywords: eonomi evaluation, dynami programming1 IntrodutionThe onsisteny of deision rules delivered by statistial approahes to HealthTehnology Assessment (HTA) with those based on dynami, eonomi, ap-proahes has been questioned in reent years. Claxton (1999) proposes that,if an adoption deision annot be deferred, it should be based on the max-imization of net expeted value, with unertainty surrounding the point es-timate being used to inform a deision about whether to arry out furtherresearh. Palmer and Smith (2000) propose a `real option' approah to HTA.Ekermann and Willan (2007, 2008) show that, if the deision to adopt isirreversible, it annot be separated from the deision to researh. Further,they link the deision-theoreti onept of the Expeted Value of SampleInformation to the onept of the option.This note uses a simple, two-period, framework to argue that suessfuldevelopment of a truly dynami, eonomi, stohasti model for HTA should
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be based on established methodology - namely dynami programming (Bell-man, 1957) - whih models researh and adoption deisions together as oneprojet, whose expeted disounted value is to be maximised (Roberts andWeitzman, 1981; Ekermann and Willan, 2008). Optimal rules for adoptionand researh should be obtained reursively, using bakward indution. Theframework shows how the option value and the Expeted Value of PerfetInformation may be alulated, under various ombinations of irreversibilityand �exibility regarding the timing of an adoption deision.2 A two-period modelAn expeted utility maximising deision-maker (DM) is onsidering whetheror not to treat Pt patients in period t and Pt+1 patients in period t+ 1 witha new or existing health tehnology. In period t there exists unertaintyover the inremental net monetary bene�t (INMB) of the new tehnologyversus the existing one whih an be ompletely eliminated by arrying outresearh in t at ost c > 0, the results of whih will be available in t+1, priorto the point at whih the DM must make the adoption deision. A number ofsimplifying assumptions are made: there exists no sunk ost assoiated withadoption of the new tehnology; one a patient has been treated with eitherone of the two tehnologies, it is not possible to treat that patient again(with either tehnology); researh and treatment populations are separated,implying that value arues for the treatment population only and that thispopulation is not used for researh. These are straightforward to relax.Viewing the deision in t + 1 from the perspetive of t, and onditionalupon the DM's information set in t, the DM believes that, should researhbe arried out, it will indiate that the new tehnology is superior, withINMB equal to x > 0, with probability p, and the existing tehnology issuperior (with INMB equal to y < 0) with probability (1 − p). De�ne theexpeted inremental net monetary bene�t of treating one patient with thenew tehnology as z = px + (1 − p)y and assume that osts and bene�tsaruing in t+1 are disounted by the rate δ. We onsider the ase in whih
z > 0, that is, the new tehnology is expeted to be superior to the existing2



one (the analysis is simple to repeat for the ase of z < 0).The optimal ations for the DM may be established reursively. In period
t + 1, the DM's information onerning INMB is the same as that in t if noresearh is arried out in t and is `perfet' if researh is arried out in t. If noresearh is arried out in t, the DM hooses the new tehnology sine z > 0.If researh is arried out in t, the DM's optimal ation is to adopt the newtehnology if INMB = x (for an inremental reward of x at the individuallevel) and stik with the existing tehnology if INMB = y (for an inrementalreward of zero).The ations available to the DM in period t are as follows: adopt/do notadopt the new tehnology, treat/do not treat the Pt patients and researh/donot researh.We identify the optimal ations and rewards in four senarios whih di�eraording to whether or not adoption of the new tehnology in t is irreversibleand treatment of patients in t an be deferred (researh an only take plaein t). These are summarised in Table 1. We show how to alulate the valueof the option, bearing in mind that, in order for a non-zero option valueto exist, at least one ation (the relevant ations being adopt/do not adoptand treat/do not treat the Pt patients) must be both irreversible and �exible(Dixit and Pindyk, 1994). Note that all senarios assume that the treatmentof patients is irreversible and the DM has the �exibility to hoose the timingof adoption.Consider �rst senario 1(a). In period t, the DM does not have the�exibility to delay treatment of Pt patients until t+1 and is unable, in period
t+1, to reverse a deision to adopt the new tehnology if it is made in period
t. Figure 1 shows a deision tree for the problem and the assoiated expeted,disounted, period t rewards for the DM are shown in the �rst 2× 2 table ofTable 2. For eah senario in Table 2, the values reported in the ells of thetables refer to expeted values in t assuming optimal behaviour aording tofollowing appropriate poliy rules in t+ 1 and then t, alulated reursively.Shaded ells represent a ombination of ations whose rewards are stritlyless than the rewards in one of the other ells.For senario 1(a), irreversibility of a deision to adopt the new tehnology3



made in period t means the DM has no hoie but to use the new tehnologyin t+1. Hene the deision tree in Figure 1 has no branhes for adopt/do notadopt hoies in t+ 1, onditional upon having adopted the new tehnologyin t. Conditional upon adoption in t, it is never bene�ial to arry outresearh, sine ell YY (the �rst Y/N always referenes �Adopt in t?�, theseond �Researh in t?�) in Table 2 is always of lower value than ell YNby the amount c (hene the grey shading of ell YY). If the DM does notadopt in t and arries out researh, perfet information will be available in
t+1, allowing the DM to invest in the new tehnology for total reward Pt+1xif the researh favours the new tehnology and ontinue with the existingtehnology, with payo� 0 (and probability 1 − p) if researh favours theexisting tehnology. Hene, using bakward indution, from the perspetiveof period t, the expeted disounted value assoiated with not adopting andarrying out researh is −c + p(Pt+1x)(1 + δ)−1. Finally, ell NN is stritlyless than ell YN. Only two feasible ells are available in senario 1(a). Non-adoption and arrying out researh will be optimal if the value in ell NYstritly exeeds that in ell YN, in other words, if:

1

1 + δ
( pPt+1x
︸ ︷︷ ︸EV|PI − Pt+1z

︸ ︷︷ ︸EV ) > Ptz + c, (1)where EV|PI is the expeted value onditional upon being in possession ofperfet information in t + 1 and EV is the expeted value in t + 1, thedi�erene between the two being the expeted value of perfet information(EVPI). On the right hand side is the total ost of deiding to postponeadoption to aquire more information: the expeted loss of INMB assoiatedwith not treating patients in t with the new tehnology, together with theost of researh. Eq. (1) an also be interpreted in terms of option values:the left hand side is simply the value of the option to postpone investment,whereas the right hand side is the exerise ost of the option.It is straightforward to ontinue this analysis for the other three senarios
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in Table 1. For senario 1(b), NY is preferred to YN if:
1

1 + δ
[p(Pt + Pt+1)x− Pt+1z] > Ptz + c, (2)the di�erene between this senario and that of senario 1(a) lying in the Ptpatients whose treatment may be deferred until t+1 owing to the �exibility todelay treatment, thereby inreasing the value of the option (they show up asthe Pt+1 patients in the EV|PI term of Eq. (2)). For senario 2(a), there existsfull and ostless reversal of the adoption deision (that is, no irreversibility)and no �exibility to defer treatment of period t's patients. The onditionsfor the existene of a non-zero option value no longer hold and adoption in tis optimal beause z > 0, with the question of whether to arry out researhdependent upon a omparison of Senario 2(a)'s EVPI with c. This is the`irrelevane of inferene' result (Claxton, 1999), a speial ase of our generalframework. Finally, in senario 2(b), the optimal deision involves hoosingthe maximum value of three feasible ation ombinations. Conditional uponadoption in t being optimal, the riterion onerning whether or not to arryout researh is the same as that for senario 2(a). Conditional upon YY notbeing optimal, the riterion is the same as that for senario 1(b).The senarios show the following:1. the existene of irreversibility and �exiblity of ations (senarios 1(a),(b)and 2(b), with at least one olumn with entries `YY', in Table 1) meansthat researh and adoption deisions are made simultaneously;2. in this simple two-period model, where unertainty is ompletely elim-inated in the seond period, the onepts of EVPI and the value of theoption are equivalent.A natural question that arises is what would happen if one were to extendthe analysis to a multi-period framework; in real life appliations, new infor-mation will typially not lead to perfet information and so the DM will oneagain fae the alternatives of arrying out more researh, adopting the teh-nology and stopping researh (without adopting). In this ase, the optimalpoliies may be established by solving the Bellman equation, whih works5



reursively to give optimal rules today onditional on the state and informa-tion set of the DM and assuming optimal behaviour in the future (Bellman,1957; Bertsekas, 1976; Puterman, 1994; Dixit and Pindyk, 1994). The valueof waiting will not equal the Expeted Value of Sample Information. Pertileet al. (2010) show that it is possible to derive optimal sequential samplingrules for tehnology adoption and researh abandonment deisions, referringto the methods developed by Cherno� (1961, 1972) and Cherno� and Ray(1965).ReferenesBellman, R. E. (1957). Dynami Programming. Prineton University Press,Prineton, New Jersey, First edition.Bertsekas, D. (1976). Dynami Programming and Stohasti Control. Aa-demi Press, New York, First edition.Cherno�, H. (1961). Sequential tests for the mean of a normal distribu-tion. Proeedings of the fourth Berkeley Symposium on MathematialStatistis and Probability,. pages 79�91.Cherno�, H. (1972). Sequetial analysis and optimal design, volume 8. Siam,Philadelphia, �rst edition.Cherno�, H. and Ray, S. N. (1965). A Bayes sequential sampling inspetionplan. Ann. Math. Statist., 36(5):1387�1407.Claxton, K. (1999). The irrelevane of inferene: a deision-making approahto the stohasti evaluation of health are tehnologies. Journal of HealthEonomis, 18(3):341�364.Dixit, A. K. and Pindyk, R. S. (1994). Investment under Unertainty.Prineton University Press, Prineton, New Jersey, First edition.Ekermann, S. and Willan, A. R. (2007). Expeted value of information anddeision-making in hta. Health Eonomis, 16:195�209.Ekermann, S. and Willan, A. R. (2008). The option value of delay in healthtehnology assessment. Medial Deision Making, 28(3):300�305.
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Table 1: The four senarios de�ned aording to presene, in period t, ofirreversible adoption of the new tehnology and �exibility of treatment ofpatients Senario 1(a) Senario 1(b)Adoption of Treatment of Adoption of Treatment ofnew tehnology patients new tehnology patientsIrreversible Y Y Y YFlexible Y N Y YSenario 2(a) Senario 2(b)Adoption of Treatment of Adoption of Treatment ofnew tehnology patients new tehnology patientsIrreversible N Y N YFlexible Y N Y Y
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Figure 1: Deision tree for senario 1(a)
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Table 2: Ations and expeted disounted rewards for the projet in period
t under the four senarios of Table 1. Cells shaded in grey are stritly lessthan other ells in the table under the assumptions of the model1. Adoption deision is irreversible(a) Deferral of treatment for patients in t not permitted (`no �exibility')Researh in t?Y NY Ptz − c+

(
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1+δ

)
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)Adopt in t? N −c+ p

(
Pt+1x

1+δ

)
Pt+1z

1+δ(b) Deferral of treatment for patients in t permitted (`�exibility')Researh in t?Y NY Ptz − c+

(
Pt+1z

1+δ

)

Ptz +

(
Pt+1z

1+δ

)Adopt in t? N −c+ p

(
(Pt+Pt+1)x

1+δ

)
(Pt+Pt+1)z

1+δ2. Adoption deision is fully and ostlessly reversible(a) Deferral of treatment for patients in t not permitted (`no �exibility')Researh in t?Y NY Ptz − c+ p
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