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Abstract

Vaccines against human helminths are being develbpethe choice of optimal parasitological endpmoin
and effect measures to assess their efficacy lag/eal little attention. Assuming negative binomial
distributions for the parasite counts, we rankdtagistical power of three measures of efficactoraf
mean parasite intensity at the end of the tria,dtids ratio of infection at the end of the tr@ald the rate
ratio of incidence of infection during the triale/dlso use a modelling approach to estimate thé lik
impact of trial interventions on the force of infiea, and hence statistical power. We conclude ¢hat
final mean parasite intensity is a suitable endpoinlater phase vaccine trials, and (2) masscésfef trial
interventions are unlikely to appreciably reduce fitrce of infection in the community — and hence
statistical power — unless there is a combinatfdmgh vaccine efficacy and a large proportiontad t
population enrolled.

Keywords. Helminth vaccines, Parasitological endpoints, Mathtcal model

1. Introduction

Intestinal helminths infect more than one billicgople worldwidg1] and cause the loss of more than four
million disability-adjusted life years (DALYS) anally [2]. The most important genera a&earis,

Trichuris, Ancylostoma, Necator, Enterobius andSchistosoma [2,3], while others includ&aenia,

Hymenolepis andFasciola. Current control efforts rely more heavily on clogherapy than on sanitary
measureg§l,2,4]. However, there are concerns about the sustatiyatfiperiodic deworming on the basis
of cost, and risk of drug resistance. This has ptechdevelopment of vaccines against intestina gtes

of humang5]. Trials of vaccines against hookworm have readteake [6] while those against and
Schistosoma japonicum andS. mansoni are in pre-clinical studigg—9]. leterinary vaccines have also been
developed againstasciola hepatica [10], Taenia spp andechinococcus granulosus [11].

Intestinal helminths generally cause greater magbat higher infection intensit§8,4], and the vaccines
currently in development are more likely to redtlee intensity of infections than to confer complete
protection against infection. For these reasoia,endpoints for such vaccines are likely to idigu

1de 19 21/7/2014 14:3



Selection and quantification of infection endpoifatstrials of vaccines http://www.ncbi.nlm.nih.gov/pmc/articles/PMC309362¢eport=printabl

2 de 19

measures of the intensity of infection as welliess fhe presence or absence of infection. Suchditye
endpoints have not, so far, been commonly usedraagy measures of efficacy in vaccine trials. IGriaf
existing vaccines against non-helminth parasiseases, notably malaria, have concentrated ongpimie
against infection considered as a dichotomous Meriaither infection of any intensity, or clinical
symptoms combined with infection above a specifiedshold. In trials in which the primary endpast
the incidence of new infections, existing infeciare usually cleared at the start of the triad, tgpical
endpoints are the cumulative proportion infectedhe infection incidence raf&é2-18] If infection
intensity is analysed as an endpoint in itsel§ itsually a secondary endpoint.

An exception is the Combination B malaria vacciied in Papua New GuingA9]. This is instructive
because those subjects who were free of paraséabmiughout follow-up were not included in the
analysis, apparently because zeros were not accdatawby the chosen analysis, which used logarithms
of geometric mean infection intensity. In the catrpaper we will use arithmetic rather than geoimetr
means to measure infection intensity. This avoiddlems with zeros but, more importantly, the amigtic
mean has a closer link with the force of infectiog, the rate of acquisition of infection. Thederof
infection is likely to be approximately proportidiia the total number of infectious parasites ia th
community. In the case of hookworm, this is th@ltaumber of free-living larvae, which in turniisdly to
be approximately proportional to the total eggsreted per unit time, which by definition is progonal to
the arithmetic mean egg count. By contrast, thengéic mean has no clear relation with the force of
infection.

We will assess the statistical power of assesdfitgiey measures based upon the following endpofits
arithmetic mean parasite intensity at the end efttial, (ii) dichotomous infection status (i.e hether or
not infected) during the trial, and (iii) incidencae of first infection following vaccination, ke on time
to first infection. The corresponding efficacy meas will be (i) between-arm ratio of means, (dde
ratio and (iii) rate ratio. We will also considéetimportance of the reduction in the force of atifen in the
trial population caused by clearing prevalent ititets among trial participants at the start oftitied, and
vaccinating some of the population. The work haanbmotivated by the design of preliminary studied a
trials within the Human Hookworm Vaccine Initiati{20].

2. Materials and methods

2.1. Statistical power of potential efficacy measures

We consider simple two-arm trial designs consistihgqual numbers of individuals randomized between
vaccinated and unvaccinated arms. Any product dsit@ied to those in the unvaccinated arm is assumed
to be ineffective against the target infection. fek the statistical power of ratio measures atady
based on the following three endpoints: (1) meé&aciion intensity at the end of the trial; (2) wiet
infected or not at the end of the trial; and ()dence rate of first infection in the trial. Wesame that
infection intensity is estimated by counting paessin a standard stool sample volume, and thaethe
parasite counts can be described by a negativeni@hdistribution, as is commonly the cd8&,22] This
distribution is a generalization of the Poisson.il/the Poisson is mathematically based on an gssum
of uniformity in the underlying level of parasitiesdifferent individuals, the negative binomial reas
additional parameter (usually denotgdvhich allows greater variance, reflecting betwgenson
heterogeneity in infection levels. We express thieameters of the other two endpoints in terms a$etof
the negative binomial distribution. For each endpwaie obtain the test statistic for comparing thecine
and control arms, as the ratio of a relevant effiaameasure divided by its standard error. For npeaasite
intensity, the efficacy measure is the ratio of nzeletween the two arms; for dichotomous infection
status, it is the odds ratio; and for the incideofcfrst infection, it is the rate ratio. We fughassume that
there will be no waning of efficacy during the periof the trial Appendix Ashows the derivation of the
corresponding expected values of the test statigiiich are denoted,ean, Zor andZgr. Higher absolute
values of thesg statistics correspond to greater evidence agdiastull hypothesis for a given set of trial
parameters (such as vaccine efficacy) with asswakes. We treat this as synonymous with greater
statistical power, although it is a simpler conddyain pre-trial power calculation, which dependshez
statistics under the null and alternative hypotb&sg|. Trial duration does not enter directly into our
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calculations, although longer trials will tend tave larger infection intensities in the control aamd hence
higher efficacy measures (under the above assumptino vaccine waning).

The test statisticeZ are expressed in terms of the negative binonmadan () and dispersionk]
parameters. The latter is associated with varidheia the relatiorn =y + ,u2/k, so lower values df imply
higher values of variance. For sample size calonat the simplest assumption is tkdtolds a constant
value over the different arms of the tifiadl]. However, descriptive studies often find loweres ofu to
be associated with lower valueskofWe therefore also allow for this possibility withrials. Since the
vaccine is assumed to redyc&om its pre-trial value, this implies a smallein the vaccine arm, relative
to control. So, an assumption of such a relatidwéenu andk is conservative, in that it increases the
variance, relative to the previous assumption ofstantk.

To quantify this reduction ik, we use Taylor's power law, which is an empirie¢dtion between mean and
variance of population numbehg= ayb [25,26] The magnitude of association is reflected bylthe
parameter, whila is of less fundamental interest since it depemdsampling effort. Equating this power
law with the previous expression fgrgivesk =y/(ayb_l - 1), ork :yz'b/a [27]. Shaw28] found thatb

was approximately 1.5 for many different parasibeat including nematodes. For hookworm, this is
consistent with data from our studies conducteimericaninhas (Minais Gerais State, BraZd], from
which we estimatet = 1.4 (95% confidence interval 0.6—2.2). Henceuse a value db = 1.5 in our

analysis, so that the vallg in the trial arm is related to that in the contiah byk; = kg +/ ,ul/,uO .

When calculating the test statistic for incidenZeRR), we take account of the fact that monitoring efn
infections will not generally be continuous, soythell not be detected till the next scheduleddaltup
examination. This increases the standard errdreofdte ratio to an extent which depends on tlguéecy
of follow-up [30].

2.2. Impact on force of infection of trial interventions

The statistical power of a vaccine trial will degden part on the force of infection in the studga(i.e.
rate of acquisition of infection). The greater fbece of infection, the greater the expected nundaber
infection events in the trial, and the greaterdtagistical power of the trial. However, the trial
intervention(s), if efficacious, will tend to redeithis force of infection to below the pre-trialug, even in
the control arm, because their vaccinated neigtswiliy on average, be less infectious. For thes@né
work, we assume that all infections are clearatiastart in both arms of the trial (vaccine andtod).
We modify an existing model to quantify the impatthese interventions on the time course of thanme
number of adult worms per person, in both armsefttial, and in those people not participating. We
assume that:

a proportiong of the study area’s population are trial partictpahalf of these in the vaccine arm
and half in the control arm;

the vaccine reduces acquisition of adult worms Eactory, and this protection is assumed to last at
least for the duration of the trial.

For this analysis, we assumietb be lower for lower values @f via the relation derived above

(k1 = ko+/pl/p0). The model equations are derivediippendix B

All calculations were done using the software SRiersions 6.2 and 7, and R versions 2.5-2.7. In
particular, the model's differential equations weskved numerically using the ‘odesolve’ packagRin

3. Results

3.1. Statistical power of potential efficacy measures

We consider three candidate efficacy measures: odthean parasite intensity at the end of thé ttie
odds ratio for being parasite-positive at the enithe trial, and the incidence rate ratio for iraride of
infection (of any intensity) during the trial. Aliree are expressed in terms of the parametehgof t
negative binomial distribution: the mear) &nd dispersion paramete(Appendix A). The mean is of the
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number of parasites seen per person at each ex@minaund. For example, for intestinal parasites,
could be the mean of the total numbers of eggsaligtseen (added up over possibly multiple slidEsy.
example, from a single Kato-Katz slide per persbe,possible values of eggs seen are 0, 1, 2, ..thend
possible values of eggs per gram are 0, 24, 48[he negative binomial distribution can be fittedhe
former data but not the latter. However, if theutisg mean is, for example, 2 eggs per slide,ithéasily
converted to 48 eggs per gram. Larger valudspaframeter imply a distribution of parasites betwee
people which is more uniform (closer to Poissomjuikzalently,k is smaller when parasites are more
clustered in smaller numbers of people. Henceafgiven mean parasite intensity, larger valuds of
correspond to larger prevalences, and larger incigleates. This is illustrated fifig. 1

To rank the statistical power of the three effeeasures, we calculate thgistatistics, i.e. the ratio of
expected value to standard error. This is illusttahBox, and inFig. 2for a range of mean eggs counted
per persony) in the control and intervention arms, for a fixedf 0.5 andch = 100 people per arm. Each of
the effect measures has a three-dimensional supfatand a contour plot, showing the same regults
terms of itsZ statistic. AZ value which is larger in magnitude (i.e. farthemf zero) produces a smalfer
value and reflects greater statistical powéy. 2 shows that, for the fixed value bf 0.5, the ratio of
means is more powerful than the other measuresn@kiemost powerful is the incidence rate ratio,
followed by the odds ratio. Little gain in powesuéts from measuring incidence continually as opdds
three follow-up surveys. One would expect the adtis to be less powerful than the incidence rater
because, while both are based on infection statastenary outcome, the odds ratio is based onfnaih
infection status, while the incidence also usesdtibn status at surveys during the course ofriak t

Box

Worked example

We revisit the example given by Brooker et[24l]. In the control arm of a trial, the final mean rhen
of hookworm eggs counted per person is assumee g b 72, with the negative binomial dispersion
parameter beinky = 0.33. The mean in the vaccine arm is assumbd 80% less:

u1=72x(1 - 0.3) = 50.4. Assuming tHais proportional to the square root of the meaa Miccine

armhask; = ko+/pul/p0 ~ 0.28 .

The egg-positive prevalences in the control anaingcarms are then 83% and 76%, respectively
(using the relevant equationAmppendix A), and the corresponding incidence rates are h@dd al4.
These rates are expressed with trial length agnfeSo if the trial takes 1 year to reach thesgiv
infection intensities, then the rates are per yié#ne trial takes two years to reach the samecitidn
intensities, then the rates are 0.89/year and Ye@p/respectively.

Comparing effect measures, th@alue for ratio of means — i.e. the log ratio @fans divided by its
standard error — with 100 people per arfig;n = 1.38. This is larger than the corresponding e didu
odds ratio Zor = 1.20) and slightly larger than those for ratégorhased on 3 surveygdr = 1.32) or
continuous surveillanc&ggr = 1.34). Finally, the sample size based on rdtimeans, for 90% power
and 5% two-sided significance level, is 523 per,arxompared to 505 per arm wih= 0.33 for both
arms[24].

Similar patterns to those 6fg. 2were seen for the other values of fixedonsidered (0.1, 0.2 and 1, not
shown). However, whekis allowed to vary with the mean, then the rafimeans is not always the most
powerful effect measure. Such an example is shawigi 3. Here, the incidence rate ratio is the most
powerful, although the differences between the &jfect measures are small.

3.2. Mass effects of trial interventions

We use the model developedippendix Bto examine the reduction in force of infection @his caused
by clearance of infections among participants atstart of the trial, and by the efficacy of thesiae.
Table 1shows the default parameter values. For this medelssume th#tis related to the mean. If,
insteadk is assumed to be fixed and equal in the two attmes), for large means, the value of fhstatistic
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depends on the means largely via the numeratdr,thé denominator being dominated by the valuéds of
(see the equation f@egn in Appendix A). This implies that the power is effectively tlare for a given
ratio of means, irrespective of their magnituddsictv could well be misleading given the empirical
evidence against assuming a fixed

Three examples of the model output are showkign4: the first two panels represent hookworm, and the
rightmost oneS. mansoni (see parameters irable J).

In each case, as expected, the new equilibrium risdawer than the pre-trial equilibrium for unvazated
people (whether in the control arm or outside tizd){ because their force of infection from neighking
participants is reduced. This effect is small whéfo of the study area's population are includet tfend
panel), but appreciable when 50% are included (imiddnel). In each panel, the new equilibrium m th
vaccine arm is lower still, because the vaccinféisaey is assumed to last indefinitely. The timasecfor
rebound to their respective new equilibria is simih these two panels. By contrast, the new dxjiuifin
level is reached more slowly in the cas&ahansoni (right hand panel). This is because the basic
reproduction numbeiRp) is lower and the adult worm lifespan is high&akfle J, and it is the ratio of
these two quantities which controls the rate oéagrof infectiorf31]. Hence values of these two
parameters are likely to be important in planniagaoine trials, especially if baseline estimates of
reinfection rates are not available.

Fig. 5shows that, if a greater proportion of peopleiarie trial, or the vaccine efficacy is greatben (a)
the new equilibrium mean is lower, and (b) fhstatistic is closer to the null value (i.e. lesistically
significant). Moreover, we can see from right haadel ofFig. 4that the new equilibrium may not be
approached for several years, quite possibly lotiger is feasible for a trial. In such circumstamtheZ
values in the right hand panelkif). 5would over-estimate the statistical power of .t

4. Discussion

The first objective of the present work was to stigate the statistical properties of the betwersnatio
of mean parasite intensity at the end of a tri@rasffect measure for vaccine trials, a suggest®ihave
made elsewher@4]. The results show that, for the range of pararsetensidered, and under the
assumptions made, the ratio of means is often mare powerful than the alternatives considered.
However, there are also situations in which itdsthe most powerful but, in those cases, thedbgower
relative to other effect measures is small.

The negative binomial distribution, which we assdrf@ parasite counts, has proven to be a usefiifoo
analysing intensity of human intestinal helmintfegtions[21,22,29,32—36]Nevertheless, a better fit to
some datasets may be obtained by more sophistidateithutions such as the zero-inflated negative
binomial[37,38] As its name suggests, this is an elaboratiohehegative binomial distribution, allowing
for an increased proportion of parasite-negatigividuals. The effect on the conclusions of theent
work would depend on the extent of the zero irdlatiwhich is likely to be rather imponderable a thal
planning stage. Although the current approach cbaldxtended to other distributions, the two patarse
of the standard negative binomial allow trialistsriake assumptions for the mean and variance hasib t
likely to be sufficient in many situations.

It is surprising that fitting a negative binomiadtrdibution is not the most powerful analysis wiibis
distribution is, by assumption, the one followedtbg data. The fact that the ratio of means magdse
powerful than the incidence rate ratio is expliediy the fact that the latter involves repeated
measurements throughout the trial, while the foriméased on just one final measurement. Howelver, t
ratio of means is also sometimes less powerful tharodds ratioKig. 3), despite the fact that it too is
based only on a single final measurement. Ourpnégation is that the negative binomial involves th
estimation of two parameters, rather than onehferbinomial and that estimationlgfwhen it has a small
value, leaves less information for estimation @f theans than is available for the odds ratio after
dichotomizing the infection intensity data. Howevarsuch cases the differences between the effect
measures are smalffig. 3.

It is striking that the benefit, if any, of the imbf means depends crucially on the values asstionetie

5de 19 21/7/2014 14:3



Selection and quantification of infection endpoifatstrials of vaccines http://www.ncbi.nlm.nih.gov/pmc/articles/PMC309362¢eport=printabl

negative binomiak parameter. The simplest assumption, which we h@ade previously24], is to assume
thatk is fixed and, in particular, that it is equal irettwo arms of the trial. In practice, howeveis often
found to increase with the meE8®]. Incorporating such patterns may reduce the statidbenefit of the
ratio of means over the other effect measures. dMane ifk is assumed fixed then, for large mean values,
the required sample size would depend largely errdtio of means and hardly at all on their indiat
magnitudes, which would be misleading when therapsion fails. In summary, values faishould be
chosen carefully because the resulting sample széld vary greatly depending on the assumptionemad
Ideally, baseline studies would estimate meankandhe vaccine study site, as well as the relabetween
these parameters across geographically defineégobs.

The current methods could be extended quite etasiyok at the proportion over a given non-zeraeal
e.g. the thresholds used by the World Health Orgdion to define moderate or heavy infection initgns
[40]. However, some other potential endpoints wouldiirecaltogether different approaches. In particular
we did not consider the median infection intendétsgely because the majority of trial participainteach
arm may well remain uninfected, in which case thedian infection intensities would be zero. Nat e
consider the Williams med#d1], which is calculated by adding one to the parasitmts or intensities,

then calculating the geometric mean, then subtrgatne. This measure, sometimes loosely called the
geometric meaft2], is dependent on the measurement géaleand, in the presence of a large proportion
of zeros, has the additional problem that the ddsiiormal (Gaussian) distributi¢f] will not be

obtained. Statistical convenience aside, the meaaaste intensity is more biologically relevantritbese
other intensity measures in that it is proportidoahe total number of parasites present in thgufation.

For example, in the case of hookworm, the mearciitie intensity is proportional to the total numioér
eggs being excreted, which in turn is likely todiesely related to transmission intensity.

It would be possible to obtain an algebraic expoas®r the differences i@ statistics between the
candidate effect measures, rather than calculd#tgm@ numerically and making assessments from graphs
However, although the equationsfippendix Aare not mathematically sophisticated, they afeerabng,
especially bearing in mind that each occurrenge@fi is a function of: andk, which are the starting
points of the analysis. Hence it seems unlikely paisuing the difference i statistics algebraically

would be more informative than the graphical apphoased here.

Basing the analysis on larger stool sample volufmemore replicate samples taken per person at each
examination round) will increase the mean (butkpaseeAppendix Q and so will increase the power, since
the denominator afegn is reducedAppendix A). The extent of this benefit will depend on thbest
parameters in the equation. Similarly, the stooia volumes used by alternative parasite counting
methods may influence the choice between themKatg-Katz or McMaster for fecal egg counts. For
some species, there may also be a choice of cquiffierent forms of the parasite, e.g. adult woons
eggs, and these will, in general, have differimgistical powers depending on their distributions.

The second objective of the current work was tgguthe extent to which population-level effectsriaf
activities — clearing baseline infections and ifating some people with a vaccine hoped to be affaus

— are likely to reduce the force of infection amshbe the statistical power of the trial. The resirthm our
model suggest that these effects are likely toriaportant for vaccines with low to middling effica

(say, up to 50%). The magnitude of the test statigtcreases as a greater proportion of peoplmeiteled
in the trial, but the reduction in power is largayofor high efficaciesKig. 5. One additional conclusion
from the model is a reminder that the dynamicsfe#fation may be rather slow, and, for some spetiess
may well be too short for a new equilibrium sitoatio be reachedrg. 4. The return will be quicker for
larger values of the basic reproduction numiRgy, (shorter-lived parasitg¢81], and trial designs in which a
smaller proportion of residents receive an effectigccine.

This model is a simple extension of an existing [@28. It was necessary to extend the model to represent
the various groups in a vaccine trial, but soméuies of the previous model were omitted. In pataig

we did not consider the fact that some speciediapzious and so may fail to reproduce due to &k

mate in their human host. This may become an immpoonstraint at low infection intensities. Nod die
allow for the time taken to develop to sexual mituin the human host. For hookworm, this period is
approximately 6-8 weeKg5] which is likely to be short compared to the tinemded to return to
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equilibrium, so this factor is likely to be relagly unimportant. We also assumed random mixing.that
an uninfected person is equally likely to acquifection from any of the infected people in the ydagion
— which is a simplification, possibly an over-siifiphtion in some cases.

The vaccine efficacy was expressed as a constetiotr fgr) applied to the rate of acquisition of infection,
in terms of numbers of adult worms. We did not lablother modes of action, e.g. a proportihdf the
vaccine arm being completely protected and the ir®areceiving no protectidd6]. The present work
could be modified to divide the vaccine arm int@tgvoups, although it seems unlikely that the mass
effects would be changed greatly. Another limitati®the assumption of lack of waning of vaccine
efficacy. Rapid waning would clearly have a majopact, especially in the vaccine arm, although
quantifying this would, given current knowledge,ra¢her speculative.

The model is simpler than the microsimulation appftoused in a related study’] which focussed on the
effects of differential vaccine efficacy in groupih different infection intensity. The earlier diu
estimated vaccine effects over time on both infecéind morbidity, while the current paper conceara
on how most efficiently to measure vaccine effectsnfection. We have assumed that the negative
binomial dispersion parameted) (varies with the mean, rather than staying const@re former
assumption is better supported by available dadasalikely to crucially affect statistical power.

We have only considered a very simple trial desigth participants individually randomized between
vaccine and control arms. Mass effects could beaed by using other designs, in particular cluster-
randomizatiorj48]. However, our results suggest that, if only atieddy small proportion of the study
population receive the vaccine, then such effegsia any case, likely to be relatively unimpottdhthe
study population is children then such effectsliaedy to be even less because, although age dates n
appear explicitly in the model presented heredofil will tend to have infections of lower integsit

We conclude that mean parasite intensity is ali®aendpoint for later phase vaccine trials. Initold
although the trial interventions will reduce theck of infection in the study area, the resultgslof
statistical power is unlikely to be important uslélsere is a combination of high vaccine efficaog a
high proportion of population enrolment. Finallgetmagnitude of some results depended greatly on
whether the negative binomiaparameter was assumed fixed or allowed to vaty thi¢ mean, and such
assumptions should be considered carefully whempig trials.

Appendix A. Algebraic relations between the candidate trial endpoints and effect
measures

The egg counts are assumed to follow a negativanbial distribution with parameters(the mean) ank.
This distribution applies to the number of parasgteen, before conversion to a standard amountasuch
eggs per gram. We denote the mean egg counts ahthof the trial follow-up, in the interventionda
control arms of the trial by; andug respectively. Similarly, the second parametehefriegative binomial
distribution is denoted bl andkg respectively in the two arms. In some cases wenaesis; = kg. Each
arm is assumed to have datamgparticipants.

To compare the mean parasite intensity betweemtée/ention and control arms, we consider the test
statisticZmean, Which is the difference in log-means divided by standard error of this differen@s]:

log(p1) — log(ky) log(p1) — log (k)

vvar(log(p;) —log(ng))  /(1/n)((1/py) + (1/po) + (1/k1) + (1/

Zmean -

The prevalence of infectiop)is related to the negative binomial parameteffeliavs [22]:

k k
Prevalence = Probability (positive) = p(u, k) =1 — (ﬂ)
I
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Hence from the means in the two armsdndu), andk, we can derive the prevalenceg éndp), and
so the odds of being positive, in the two arm$atend of the trial. From this we derive the téstigtic for
the odds ratio between the arfgsi, which is the ratio of the difference in log-odiigided by the
standard error of this differen¢€9]:

D1 Do D1 Do
10g(1—p1) —log(l_po) B log(l_—pl) —log(l_po)
Jolioe() () [ (o

pl(”m) p‘](lfpo)

Zor -

We can relate the time to first infection to theestendpoints via the raté) @t which trial participants
become positive. If the trial lasts tifigthen the proportion positive at the end of the {p) is related to
A, 1 andk as follows:

_log(1—p) _ log(k/(p+Fk))
T T

For many parasites, the time of infection is notked by specific symptoms and so will not generbéy
observed exactly. Rather, the infection will beedé¢d at the next follow-up examination. This rezfuthe
precision of the rate estimation. If we assume thete aram examinations evenly spaced throughout the
trial, then the sampling error can be quantified aecreasing function af, as can the Fisher information
I, of the incidence rate[30]. The Fisher information for the natural logaritbfithe raté|og;) is |,

divided by the square of the differential of thgddthmic function, séjog() =/12I,1. Hence we obtain the
statistic for the rate ratid {/1q):

log(A1) — log(Ag)
(T/m)\/(l/n)((((eAlT/m —1)(1 — e MT/m)) /(AT (1 — e NT))) + (((eMT/

ZRRr =

We assumd = 1 so that the incidence rates are per studytidareSincepg, p1.4g0andZ 1 can all be
expressed in terms pfandk, we can now directly compare the magnitudes ofdkestatistics of the three
effect measures: the ratio of means, the odds iatit the incidence rate ratio.

Appendix B. Mathematical model of the impact of trial interventions on the force of
infection

We use a model of Anderson and Mag] for the mean infection intensity which now refers to the
number of adult worms per person (rather than eggated per sample):

B ot ) (Ro () — D .t

In this equationRy is the basic reproduction numberandw, are the death rates of humans and adult
worms, respectively, and the following term
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f(u) = 1+@

represents density dependence via a paramdeldore specificallyd is the ratio by which per capita egg
output decreases per extra adult. We impose daffeitgndenced(# 1) because otherwise the model has
no stable non-zero equilibrium.

We divide the population of the trial study are@ithree groups. A proportiopare in the trial, half each
in the active vaccine and control arms. Peopleth arms are assumed to have their infectionsedear
the start of the trial. The third group, comprisingroportion 1 -, are not in the trial and receive no
intervention. The rates at which the three grougige infection from each other are assumed to be
proportional to the fraction of the population whitiey comprise. Finally, the vaccine is assumed to
reduce acquisition of infection, in terms of nunsef adult worms, by a factgr. So we can write the
following equation for the mean in vaccine arm:

% = (W+w) (RW(% Flua)my + % Fro)mo + (1 = ¢)f(ﬂ2)“2> - Ml)

Here,ug anduy are the means in the control arm and the nongr@alps respectively. The equation for the
placebo has a similar form but withaut The non-trial group has the same equation apl#oebo arm, but
differs in that its initial value is the equilibriuvaluey* rather than 0.

Appendix C. Effect of sample volume on negative binomial parameters

This paper generally assumes that over time, avdest arms of the trial, higher values of mean egomt
are associated with higher values of the negaiivential dispersion parametkr Such an association does
not apply, however, when the increased mean resnifdy from counting a larger sample volume per
person.

It is well known that the sum ofindependent negative binomial random variablesh @ath parameters
1o andky, itself follows a negative binomial distributiornitivparameters x ug andn x kg [50]. Hence one
might think that, for example, doubling the sampiume read per sample — e.g. by doubling the numbe
fecal slides — would double bothandk. This is not the case, however, because the additsample is not
independent of the original one, contrary to thenpse of the calculation.

The negative binomial distribution can be derivechagamma mixture of Poissdb4]: within each person
the stool (or blood, etc.) is sampled uniformlyP@isson process with fixed mean), but the betwezsem
variation is modelled by a gamma distribution. Eglently, each person's Poisson variate has a ezl
to the population mean, multiplied a ‘random effegth distribution gamma{)/k, and hence mean 1 and
variance 1K [52]. Increasing the sample volume increases the matamab the person's random effect: it's
not possible to reduce between-person heterogemeipyocessing larger samples.

This can be verified empirically by simulating &egh number of negative binomially distributed péaeas
counts, then halving each sample by allocating gachsite at random to one of two subsamples. The
estimatedk parameter for each of the subsamples is the saitien(sampling error) as that for the larger
sample. As Morton and Baird express this, the d&pe parameter is ‘invariant under random thinhing

[53].
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Fig. 1
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Fig. 2
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Surface and contour plots Afstatistics from four candidate effect measures.hinezontal axes in the surface plots, and
both axes in the contour plots, show possible watfenean infection intensity (number of parasssn per person) in the
two arms (‘0’ and ‘1’) of a trial with 100 peoplemparm and a fixed value of 0.5 for negative bindwiispersion parameter
(k). The vertical axis in the surface plot, and thetaar values in the contour plot, sh@dwstatistics: the expected value of
the test statistic divided by its standard erraZ #atistic of 2 (or —2) corresponds to a two-sige@lue of 0.05, and = 4
corresponds tp = 0.00006. Comparing the effect measures, a higlatue for the same means indicates greater stafisti
power. For any combination of mean infection intgnghe ratio of means has the highest absoluteevaiZ, and so is the
most powerful effect measure, followed by the rater The ratio of means achiev&salues more than 20, while the
others do not reach= 10. Whether the rate estimation is based on gxamination rounds, or continuous surveillance,
makes little difference, as indicated by compath@&ir Z values for any given combination of mean infecfittensities in
the two arms. Finally, the odds ratio is slightlgs powerful than the rate ratio. This can be $eeexample, by noting that

the latter reaches valuesOE +6 for slightly smaller differences in meansgh contours are further in from the upper left
and bottom right corners.
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Fig. 3
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For small values df, the ratio of means is not always the most poweffidacy measure. In this examgkds proportional

to the square root of the mean infection intenaity equal to 0.5 when the mean is 100 (the higlaéist in the range
considered). Other parameters are d&8dn2. In the current figure, the rate ratio is the mmmwerful efficacy measure. To
see this, note that, for example, the rate rafiosgly measures rea2hvalues of 10 for some combinations of means, while
the other efficacy measures do not.
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Fig. 4
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Examples of model predictions of the change in npaaasite intensity over time. People in the trialethler in the vaccine
or placebo arm, are assumed to have any initiatiitns cleared at baseline.

21/7/2014 14:3



Selection and quantification of infection endpoifatstrials of vaccines http://www.ncbi.nlm.nih.gov/pmc/articles/PMC309362¢eport=printabl

Fig. 5
2 o -
W
E
e el
E ™ = —
g g 10%
L] {\Ij |
- :
L N
£ 3 30%
5 ® o
& %
o - w
E s -
£ o e
5 E T - 50%
= 4 —
g = vaccine efficacy : 70% 3
=1 =
g € w4 ’
5
i N -7 T0%
@ - T
o - e
I | | — T T | T | T |
00 02 04 D& 0B 1.0 00 02 04 06 0B 10
proportion in trial proportion in trial

The effect of vaccine efficacy and proportion opptation in the trial on (a) the post-trial equilion mean in the control
arm (left panel) and (1 statistic for the ratio of mean parasite intensityaccine/control arms (right panel).

18 de 19 21/7/2014 14:3



Selection and quantification of infection endpoifatstrials of vaccines http://www.ncbi.nlm.nih.gov/pmc/articles/PMC309362¢eport=printabl

19 de 19

Table 1

Default parameter values for the model of mas<esffim vaccine trials.

Parameter Parasite  Value Sources

Ro Basic reproduction Hookworm 4 Ye et al[54]. Other reported values are lower, e.g. 2-3 by
number Anderson and May in their Table 1622], and

approximately 2 by Bradley et 4B3], but this higher value
gives better agreement with our unpublished data
S mansoni 2.5 Woolhouség55

w Death rate in humans 0.025/year

o1 Death rate of adult Hookworm 0.2/year Loukas and Pro¢h6
worms

S mansoni  0.125/year To illustrate possible differences with hookworm we have
chosen a value which corresponds to a lifespan of 8 years,
towards the upper end of the following published estimates:
6-10.5 years by Fulforib7], 4-9,>8 and>16 estimated by
Vermund et al. in different cohors8], and 3-5 years by
Goddard and JorddB9] and Anderson and Mdg2, p.

438
Grams of faeces per 150 Towards the lower end of developed country estimates
person per day 60,61
Eggs per female worm Hookworm 10,000 Bethony et dlL]
per day

S mansoni 300 Lo\erde et all62], Anderson and Maj22]

,u* Equilibrium mean Hookworm 30 Calculated from mean of about 1000 eggs per gram (epg) of
number of adult worms faeces in Americaninhas (BraziB9], times 2 to include
per person male worms, times grams of human faeces per day (above),

divided by eggs per female worm per day (above)

S mansoni 150 As above but using 150 ef29]

k Dispersion parameter forHookworm 0.35 From Bradley et 4B3]. In Americaninhas (Brazil) some of
negative binomial the present authors foukd: 0.1 for egg count29] but the
distribution of adult distribution of adult worms was not estimated, As the mean
worms per person, at the varies k is assumed to be proportional to its square root
equilibrium mean;(*)

S mansoni  0.35 As previous row. Thefor S, mansoni egg counts in the
study area was approximately (28]

d Strength of density Hookworm 0.9791 Chosen to obtain stated value*oﬁ =1- 4(/;4*)
dependence (Roll(k+1) -1)

S mansoni  0.9977 As above

v Factor by which vaccine 0.7 (30%
reduces rate of efficacy)

acquisition of adult
worms
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