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Data on retrospective compensation claims for injuries caused by pharmaceutical
drugs are prone to selection and reporting biases. Nevertheless, this case study of
the antidiabetic drug benfluorex shows that such data can be used to estimate the
cumulative incidence of drug-related injury, and to provide insights into its epi-
demiology. To this end, we develop a modelling framework for under-reporting
of retrospective claims for compensation arising from drug damage. The model
involves a longitudinal component related to attrition of cases over time, and a
cross-sectional component related to incomplete reporting. We apply this model to
cardiac valve surgery necessitated by exposure to benfluorex. Benfluorex was mar-
keted in France between 1976 and 2009, when it was withdrawn because it caused
valvular heart disease. A scandal erupted in 2010 over the scale of the damage caused
by the drug. Since then, no further estimates of cumulative incidence have been
published, though thousands of claims for compensation have been processed. The
analysis combines compensation claims data and sociological survey data on benflu-
orex users, together with data on benfluorex sales and duration of treatment. We find
a threshold of toxicity at about 6 months’ exposure, and that at least 1690 individuals
(95% CI 1290 to 2320) needed heart surgery to replace or repair valves damaged by
exposure to benfluorex in France: a cumulative incidence of 3.68 per 10,000 (95% CI
2.68 to 5.34) benfluorex users or 3.22 per 10,000 (95% CI 2.48 to 4.39) person-years
at risk above the exposure threshold. While these findings are tentative, they are
consistent with those obtained previously using very different methods.

K E Y W O R D S

benfluorex, compensation claim, cumulative incidence, pharmacoepidemiology, under-reporting,
valvular heart disease

1 INTRODUCTION

When a pharmaceutical drug is known to cause an adverse event, it is of interest to estimate the cumulative incidence
of serious adverse events in persons exposed to the drug. This may be done prospectively in controlled epidemiological
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drug-induced valvular heart disease; ONIAM, Office national d’indemnisation des accidents médicaux; VHD, valvular heart disease.
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2642 FARRINGTON and LELLINGER

studies, but is more difficult to achieve retrospectively when contemporaneous records are unavailable, particularly if
the drug has been withdrawn. Databases of claims and compensation payments for drug damage or medical errors may
provide a source of data upon which to base such estimates, but these data are likely to be prone to severe under-reporting
and selection bias.1

We develop a simple model to estimate the cumulative incidence of adverse events from retrospective compensation
claims data, taking into account the two major sources of bias: under-reporting to the database by prevalent cases, and
differential under-reporting within the database of claims relating to exposures that occurred in the more distant past.
The model is motivated by the Mediator affair in France, in which the assessment of cumulative incidence of drug damage
played a major part.

2 THE MEDIATOR AFFAIR

Benfluorex, a pharmaceutical drug structurally related to fenfluramine, was licensed for the treatment of hyperlipidaemia
and as an add-on treatment for type 2 diabetes in overweight patients, though it later came to be used off-label for weight
loss, predominantly by women. It was manufactured by Laboratoires Servier and marketed in France under the trade
name Mediator between 1 September 1976 and 30 November 2009, when it was withdrawn by the then French medicines
agency AFSSAPS, several epidemiological studies having confirmed an association with valvular heart disease (VHD).2-4

From 2010, a controversy which was to have many ramifications erupted in France.5 Central to it were reports of the
likely burden of VHD caused by benfluorex over the period it was commercialised: thousands of admissions to hospital
for treatment or surgery, and between 500 and 1300 deaths depending on duration of follow-up.6,7 These estimates were
contested by Laboratoires Servier and some cardiologists.8,9 The scandal took on a political dimension relating to con-
flicts of interest, leading to reform of the French medicines agency (which was reconstituted as ANSM), parliamentary
enquiries, and protracted litigation right up to the Court of Appeal in 2023.10,11

Prior to the Mediator affair, ONIAM (the French office for compensation of medical accidents) did not deal with
adverse events caused by pharmaceutical drugs other than compulsory vaccines. But in 2011, its remit was widened to
include claims for compensation from victims of benfluorex. The benefit for potential victims was that the procedure is
out-of-court, free of charge, and quicker than legal action. In subsequent years, further evidence that benfluorex caused
drug-induced VHD (DI-VHD) emerged.12,13 A better understanding was gained of its clinical features and of why the link
had not been uncovered earlier: it became apparent that DI-VHD related to benfluorex exposure had been incorrectly
classified as being of rheumatic origin.14,15 This led to a further change in the law in 2016 to allow ONIAM to reconsider
previously rejected claims for compensation. By 2022, over 10,000 claims had been submitted to ONIAM, of which over
4,000 were validated.16 Research was also undertaken to explore the epistemological aspects of the Mediator affair and its
socio-political implications.17,18 In contrast, despite the controversy surrounding the original reports, no new estimates
of the damage caused by the drug have been published to date.

The case study presented in this paper was undertaken in an attempt to evaluate the burden of severe VHD caused by
the drug, independently of earlier estimates. It is based on data from a survey of users of benfluorex undertaken between
2014 and 2017, which formed part of a wider sociological study of benfluorex in France including its use and its impacts,
and the largest existing case series of DI-VHD, assembled between 2012 and 2020 and published by experts advising
ONIAM.17,19 The precise context of this evaluation is set out in the declaration of interest at the end of the paper.

3 METHOD

Consider a pharmaceutical drug introduced at time t = 0 and withdrawn at some later time t = T. The adverse event of
interest may occur at any moment after an individual was first exposed at time t, 0 ≤ t < T, right up to the present time
U. Compensation claims for adverse events caused by the drug may only be lodged after T up until U; it is assumed that
sufficient time has elapsed between T and U for all adverse events to have occurred and claims to have been made.

There are two distinct sources of under-reporting to take into account. First, exposed patients who have experienced
the event (whom we shall refer to as cases) must be present after T to be able to make a claim, whether or not they do so. (In
rare instances, claims may also be made on behalf of patients who have died.) Second, only a proportion of cases present
after T will make a claim. We shall refer to these two sources of under-reporting, respectively, as longitudinal (relating
to attrition of cases over time) and cross-sectional (relating to under-reporting of cases present after T). The longitudinal
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FARRINGTON and LELLINGER 2643

component may result, for example, from patients dying; the cross-sectional component reflects the propensity of cases
to lodge a claim, some perhaps choosing not to do so because of the complexity of the procedure.

Let m(t) be the mean duration of exposures for patients first exposed at time t, P(t) the frequency density of first
exposures at t (integrating to the total number of persons exposed over [0,T)), and 𝜆 the event rate per unit person-time
at risk. The rate is assumed to be low, and only one event occurs per case. Let m ≥ 0 be the threshold exposure, below
which the risk is zero, so that m′(t) = max{m(t) −m, 0} is the mean time at risk for exposures starting at t. The expected
number of cases with first exposure in [t, t + dt) is 𝜈(t)dt = 𝜆P(t)m′(t)dt. We want to estimate N = ∫ T

0 𝜈(t)dt.
As described above, cases need to be present after T in order to be reported to the claims database. Define the following

probabilities for 0 ≤ t < T:

𝜋(t) = P(case present after T| case first exposed at time t),
𝜃(t) = P(case reported | case present after T, case first exposed at time t).

The function 𝜋(t), or more precisely its complement 1 − 𝜋(t), measures the attrition between t and T of cases first exposed
at t. Accordingly we would expect 𝜋(t) to decrease (or at least to be non-increasing) as T − t increases, and to tend to 1 as t
tends to T. Similarly, if 𝜃(t) depends on t, we might expect it to be greatest at t = T and decrease as T − t increases, events
relating to exposures in the more distant past being less likely to be reported. Combining these probabilities, we obtain

𝜃(t)𝜋(t) = P(case reported | case first exposed at time t),

since to be reported, the case needs to be present after T.
The estimable quantities include the proportions reported 𝜃(t) and the reported event rate 𝜇(t) = 𝜆𝜃(t)𝜋(t). Further-

more, 𝜋(t) ≤ 1 and 𝜋(T) = 1. We may express 𝜋(t) in terms of these quantities as follows:

𝜋(t) =
𝜇(t)∕𝜃(t)
𝜇(t0)∕𝜃(t0)

,

where t0 is the value of t ∈ [0,T] that maximises 𝜇(t)∕𝜃(t), so that 𝜋(t0) = 1. While we expect t0 = T, we do not require
it to be so a priori, to allow for random fluctuation in the location of the maximum. Suppose that C(t)dt cases with first
exposure starting in [t, t + dt) are reported (and are thus also present after T). Then C(t) has expectation c(t) = 𝜈(t)𝜃(t)𝜋(t).
Setting 𝜋′(t) = 𝜇(t)∕𝜇(t0), we obtain

N = 1
𝜃(t0)∫

T

0

c(t)
𝜋′(t)

dt

= 𝜇(t0)
𝜃(t0)

× Δ,

where Δ = ∫ T
0 P(t)m′(t)dt is the total person-time at risk. The latter displayed expression helps to bring into focus the key

quantities involved: 𝜇(t0), 𝜃(t0), and Δ.
Simplifications arise when 𝜃(t) does not depend on time of first exposure t, but takes the constant value 𝜃. As we shall

see, this applies to the present case study. In this setting,

𝜃 = P(case reported | case present after T),

𝜋(t) = 𝜋′(t) = 𝜇(t)
𝜇(t0)

,

where t0 is now the value of t ∈ [0,T] that maximises 𝜇(t), and

N = 1
𝜃∫

T

0

c(t)
𝜋(t)

dt. (1)

N is estimated by substituting estimators for c(t), 𝜃 and 𝜋(t) in Equation (1). This development takes no account of any
attrition of cases after T, and in particular between T, the time the drug was withdrawn, and T′ ≥ T, the time at which
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2644 FARRINGTON and LELLINGER

T A B L E 1 Quarter after benfluorex initiation in which treatment ended: Data from 1075 persons starting treatment in 2005–2007, and
fitted values from the modified geometric model.

Quarter Proportion Count Fitted

1 0.41 445 445.00

2 0.10 109 109.00

3 0.05 54 47.10

4 0.04 43 42.84

5 0.03 33 38.97

6 0.03 33 35.45

> 6 0.33 358 356.64

reports to the claims database began. In the present case study, T′ > T and cases need to be present after T′, rather than
after T, to be reported. If there is such attrition, then 𝜋(t)may be strictly less than 1 on [0,T], and setting its maximum to
1 as we have done would then underestimate the total number of cases N.

In the present case study, we will estimate the number of individuals undergoing cardiac surgery for DI-VHD neces-
sitated by exposure to benfluorex. Time t = 0 corresponds to 1 September 1976, and time t = T to 30 November 2009.
The decree setting up the compensation scheme was issued on 29 July 2011, which corresponds to T′, and the analysis
includes data up to June 2020, which corresponds to U. The following stages are involved in the analysis.

We begin with data on treatment duration and sales figures, to derive by back-calculation the number of new users of
benfluorex in each year from 1976 to 2009. We also calculate the mean person-time of exposure in each annual cohort, to
provide denominators for the reporting rates. Next, we estimate 𝜃(t), using a separate survey. Then, we develop a model for
the numbers of users who underwent cardiac valve surgery owing to valvular disorders caused by benfluorex, as assessed
by ONIAM. This model is used to estimate the function 𝜋(t). The two sources of under-reporting are then combined to
estimate the total number N of operated cases of DI-VHD caused by benfluorex exposure. Finally, confidence intervals are
obtained by bootstrapping the entire procedure as will be explained in Section 10, where the key assumptions underlying
the method are also assessed critically.

4 DURATION OF TREATMENT WITH BENFLUOREX

We begin by estimating the distribution of durations of treatment with benfluorex, based on a sample of 1075 women
who started on benfluorex in 2005–2007.7 The data, in the form of proportions by quarter in which treatment ended, are
in Table 1; the counts were deduced from these proportions.

These data are well fitted by a three-parameter modified geometric distribution on {n ∶ n = 1, 2, … }, n being
the quarter in which treatment ended, with probability mass function p(1) = p1, p(2) = (1 − p1)p2, and p(n) = (1 − p1)
(1 − p2)(1 − p3)(n−3)p3 for n ≥ 3. The mean of this distribution is:

𝛿 = (2 − p1) + (1 − p1)(1 − p2)∕p3.

Note that this mean is likely to be larger than the mean of the actual treatment durations, because it is not restricted by
the withdrawal of the drug.

The maximum likelihood estimates are p̂1 = 0.414, p̂2 = 0.173, p̂3 = 0.0904. The estimated (unrestricted) mean is
𝛿 = 6.95 quarters, 95% CI (6.16, 7.92). The fitted values are shown in Table 1. The Pearson chi-squared goodness of fit
statistic is 2.10 on 3 degrees of freedom, p = 0.552.

5 PERSON-YEARS OF EXPOSURE TO BENFLUOREX BY ANNUAL COHORT

The number of boxes of Mediator sold each year in France are shown in the left panel of Figure 1. The sales figure for
2009 pertains to the first three quarters of 2009, so was extrapolated (by multiplying by 334/273) to the period up until
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F I G U R E 1 Left: Annual sales of boxes of Mediator in France. Right: Estimated new users by year, and estimated mean duration of
benfluorex exposure (full lines), with pointwise 95% confidence bands (dashed lines).

the drug’s withdrawal on 30 November that year. We also know that, per person, five boxes of Mediator correspond to 3
months’ treatment.7 Using the treatment duration distribution derived in the previous section, we may derive the numbers
starting treatment by back-calculation, based on the relation:

Nj = 5 ×
j∑

i=1
BiSj−i (2)

for j = 1, … , 133. The subscript j represents quarters; quarter j = 1 is the last quarter of 1976 (when sales of Mediator
began) and quarter j = 133 is the last quarter of 2009 (when it was withdrawn). In Equation (2), Nj is the numbers of boxes
sold in quarter j, Bj is the number of users starting in quarter j, and Sj is the probability that treatment does not end in
quarters 1, … , j, with S0 = 1.

We work in discrete time with quarters as units. If treatment starts in quarter j, we assume it starts at the beginning
of the quarter; if it ends in quarter j, it ends just before the end of that quarter.

Since the sales data are annual, we define T1 = N1, Tk = N4k−6 + N4k−5 + N4k−4 + N4k−3 to represent the annual
sales with k = 1 corresponding to 1976 and k = 34 to 2009. Similarly, to reduce dimensionality, we set D1 = B1,
Dk = B4k−6 = B4k−5 = B4k−4 = B4k−3 for 2 ≤ k ≤ 34. The numbers of new starters on benfluorex in year k are P1 = D1,
Pk = 4Dk for k = 2, … , 34. Equation (2) then leads to the following recurrence relation for the Pk:

P1 =
1
5

T1,

P2 =
{4

5
T2 − 4P1(S1 + S2 + S3 + S4)

}

× (4 + 3S1 + 2S2 + S3)−1
,

Pk = {
4
5

Tk − 4P1(S4(k−1)−3 + S4(k−1)−2 + S4(k−1)−1 + S4(k−1))

−
k−1∑

i=2
Pi(S4(k−i)−3 + 2S4(k−i)−2 + 3S4(k−i)−1 + 4S4(k−i) + 3S4(k−i)+1 + 2S4(k−i)+2 + S4(k−i)+3)}

× (4 + 3S1 + 2S2 + S3)−1 for k = 3, … , 34.

The estimated annual numbers of patients Pk starting on benfluorex in years k = 1 (1976) to k = 34 (2009) are shown in
the right panel of Figure 1. The total number of users over this period is estimated to be 4.58 million, 95% CI (4.08, 5.10).
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2646 FARRINGTON and LELLINGER

We also need the total consumption of benfluorex by each annual cohort of new users. The average duration (in
quarters) of benfluorex exposure for a person starting treatment in quarter j is:

𝜂j =
133−j+1∑

i=1
ip(i) + (133 − j + 1)S133−j+1 for j = 1, … , 133,

where p(i) is the probability mass function estimated in Section 4. Thus the average duration of exposure, in years, for
persons starting benfluorex in year k is:

m1 =
1
4
𝜂1,

mk =
1

16
(𝜂4k−6 + 𝜂4k−5 + 𝜂4k−4 + 𝜂4k−3) for k = 2, … , 34.

The mk change little up to the year 2000, then decline rapidly as a result of the censoring induced by withdrawal of the drug
(Figure 1, right panel). The total person-years of exposure in each annual cohort are Pkmk, k = 1, … , 34. The weighted
mean duration of treatment with benfluorex over the lifetime of the drug,

∑
k Pkmk∕

∑
k Pk, is estimated to be 1.59 years,

95% CI (1.43, 1.78).

6 ESTIMATION OF CROSS-SECTIONAL UNDER-REPORTING

The cross-sectional under-reporting function 𝜃(t) introduced in Section 3 was estimated from an independent sur-
vey of users of benfluorex.17 This survey was added on to a case-control study of benfluorex users, in which
the cases were users who had developed VHD attributable to benfluorex and the controls were users who had
not developed VHD. The purpose of the survey was to investigate, from a sociological perspective, the factors
influencing patients’ attitudes, and their awareness of and involvement with mechanisms for obtaining redress,
including ONIAM.

Recruitment for the survey began in June 2014 and ended in November 2015, and included the 109 cases within the
case-control study who had been contacted by that time. Cases were recruited within participating centres or with the
help of associations of victims of benfluorex. For context, by the end of May 2015 ONIAM had received 8787 compen-
sation claims relating to benfluorex, 92% of the 9584 claims on which the surgery data (to be described in Section 7)
are based.19,20

We focus on the 81 cases who agreed to participate in this survey, out of the 109 cases contacted, a response rate of
74%. Of these 81, 40 had lodged a claim with ONIAM. The main motivations for lodging a claim were that the procedure
was free of charge, the hope of obtaining a quick result, and having been advised to do so by an association of victims
of benfluorex. A commonly expressed reason for not pursuing a claim was discouragement when confronted with a
complex procedure.17

These data may be used to estimate cross-sectional under-reporting. However, in line with the model described in
Section 3, we need to check whether the proportion of persons making a claim varies with the year they started on
benfluorex.

Of the 81 cases, 70 had information on year of first exposure to benfluorex; within this subgroup, 35 made a claim to
ONIAM and 35 did not. For 21 of the 34 years there was at least one person starting on benfluorex in that year (including
1976 and 2009). We fitted logistic regression models with binomial error to the proportions making a claim for each year
of first exposure. The model with just the grand mean gave a deviance of 24.368 on 20 degrees of freedom; the model with
time trend had deviance 24.345 on 19 degrees of freedom. The deviance difference of 0.0225 on 1 degree of freedom does
not indicate the presence of a trend (p = 0.881). The Pearson goodness of fit statistic for the model without trend was 19.1
on 20 degrees of freedom, p = 0.515. This suggests a good fit, with no overdispersion. The two fitted models (with and
without time trend) are shown in Figure 2.

Neither the formal test nor the estimated trend line in the right panel of Figure 2 suggest that 𝜃(t) varies with t.
We therefore estimate its constant value 𝜃 from the full data set as 𝜃̂ = 40∕81, and derive its confidence interval by
bootstrapping as part of the overall estimation method. We obtain 𝜃̂ = 0.494, 95% CI (0.383, 0.605).
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F I G U R E 2 Proportion reporting a claim to ONIAM by year of first exposure to benfluorex. The circles are the data points; circle areas
are proportional to the denominators. Left panel: Grand mean model (full line) with 95% confidence interval (dashed lines). Right panel:
Model with trend (full line), with pointwise 95% confidence band (dashed lines).

7 LONGITUDINAL ATTRITION AND DOSE RESPONSE

In this section we describe the data underpinning the estimation of the longitudinal attrition function 𝜋(t) defined in
Section 3. These data also provide information on dose response. We use data on 564 validated compensation claims
for benfluorex-related DI-VHD requiring surgical valve replacement or repair.19 Validation was undertaken by a panel
of experts from ONIAM in an adversarial procedure with lawyers and experts from Laboratoires Servier. The diagnostic
procedure for DI-VHD included pathology analysis of the valves, which was available for 276 patients; echocardiography
examination; and evaluation of evidence of VHD causes other than benfluorex exposure. Of the 564, 530 (94%) had at least
one valve replaced; 34 had valve repairs only (not including redo surgery). The patients were identified from a review of
the 9584 benfluorex-related claims to ONIAM up to June 2020, of whom 1031 underwent cardiac surgery. 467 patients
with surgery were excluded, 453 because benfluorex exposure was deemed not to be the cause and 14 owing to lack of
data or consent. Figure 3 shows the distribution of year of first exposure to benfluorex for the 564 validated cases, and the
year surgery was undertaken.

Among the 564 reported (and validated) cases, let Ck, k = 1, … , 34 denote the number of individuals starting ben-
fluorex in year k who went on to have a surgical intervention that resulted in a valid claim. The left-hand panel
of Figure 4 shows the observed risk 𝜌k = Ck∕Pk per 100,000 persons first exposed in year k. The risk increases to
a maximum in 2000, then declines. We interpret the increase in 𝜌k as being the result of more complete report-
ing in the more recent past, and the decline as being the result of reduced cumulative exposure to benfluorex
in the post-2000 cohorts, owing to its withdrawal in 2009. The right-hand panel of Figure 4, on the other hand,
shows the observed rate 𝜎k = Ck∕(Pkmk) per 100,000 person-years of exposure: the upward trend now continues
to 2008. We interpret the increase in the rate 𝜎k up to 2008 as the result of more complete reporting in more
recent cohorts.

The rate for 2009 is zero: there were no surgeries in this cohort, and this year appears as a clear outlier in the right-hand
panel of Figure 4. There are two possible interpretations of this observation. One is that the zero count for 2009 is a random
zero, resulting from the comparatively low duration of exposure for that cohort: 0.448 year on average, 95% CI (0.437,
0.459). The alternative is that the zero count is structural, owing to a threshold of exposure below which DI-VHD either
does not develop, or does not progress to the point where surgery is required. These interpretations, and the estimation
of 𝜋(t), will be explored further in the next section.
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F I G U R E 3 Details of 564 DI-VHD surgery cases from ONIAM. Full line: Distribution by year of first exposure to benfluorex. Dashed
line: Distribution by year of surgery. The vertical dotted lines indicate the year benfluorex was withdrawn (2009), and the year ONIAM began
accepting compensation claims relating to benfluorex exposure (2011).
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F I G U R E 4 Surgery for DI-VHD by year of first exposure to benfluorex. Left panel: Risk per 100K persons exposed. Right panel: Rate
per 100K person-years of exposure.

8 QUASI-POISSON MODELS

The risks and rates of Section 7 may be represented by quasi-Poisson models. The risks 𝜌k were modelled using a
quasi-Poisson log-linear model with offset log(Pk) and two linear trends, one for the cohorts up to 2000, the other for the
post-2000 cohorts; this was implemented as a linear× period term in the linear predictor. We also fitted the reduced model
with just a single trend. The deviance for the full model (linear × period) was 60.473 on 30 degrees of freedom; and for the
reduced model (single trend) it was 100.52 on 32 degrees of freedom. The F2,30 test statistic was 9.93, p = 0.000489. We
concluded that the decline in risk for the post-2000 cohorts is a genuine effect, most likely reflecting reduced cumulative
exposure in these cohorts.
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FARRINGTON and LELLINGER 2649

We modelled the person-time rates 𝜎k also using a quasi-Poisson log-linear model, but with person-time offset
log(Pkmk), a linear term (for the under-reporting) and an indicator variable (for 2009), then tested the reduced model
without the indicator variable. The deviance for the full model (trend + indicator) was 48.232 on 31 degrees of freedom;
and for the reduced model (trend only) it was 59.720 on 32 degrees of freedom. The F1,31 statistic was 7.38, p = 0.0107. We
also fitted a quadratic model, with and without the indicator for 2009. The deviances were 43.059 on 30 degrees of free-
dom for the full model and 51.963 on 31 degrees of freedom for the reduced model. The F1,30 statistic was 6.20, p = 0.0185.
We concluded that the data do not support the null hypothesis of a random zero, and that the 2009 zero count is more
likely due to a threshold effect at around 6 months’ exposure.

The post-2000 decline in risk suggests that above the threshold, the risk increases with average duration of exposure,
at least up to the plateau at about 1.74 years (21 months) shown in Figure 1 (right panel); beyond that there is insufficient
information owing to lack of variation in mean duration of exposure.

Since there is a threshold effect at m = m34 = 0.448 year, the average time at risk for individuals starting benfluorex
in year k is m′

k = mk −m, k = 1, … , 33. The corresponding rates are 𝜏k = Ck∕(Pkm′
k); these will be used to estimate the

function 𝜋(t), in line with Section 3.
To this end, we fitted two further quasi-Poisson log-linear models with person-time at risk offset log(Pkm′

k) for k =
1, … , 33: the first with a linear trend, the second with an additional quadratic term. The quadratic model was fitted to
check for evidence of curvature in 𝜋(t), and to assess sensitivity to modelling assumptions.

The deviances were 44.752 on 31 degrees of freedom for the linear model, and 42.682 on 30 degrees of freedom for the
quadratic model. The F1,30 statistic was 1.46, p = 0.237. Thus, including a quadratic term did not significantly improve
model fit. The dispersion parameters were similar: 𝜙 = 1.50 for the linear model and 𝜙 = 1.51 for the quadratic model.
Figure 5 shows the fitted trends ĉk∕Pkm′

k with 95% pointwise confidence bands under each of the two models; ĉk is the
estimated expected value of the count Ck. Both trend lines are monotone increasing.

From these models, parameterised in terms of the time interval T − t where T corresponds to 30 Novem-
ber 2009, we derive the following estimates of 𝜋(t). For the linear model, 𝜋̂(t) = exp(𝛽(T − t)) with 𝛽 = −0.0362,
95% CI (−0.0495,−0.0238). For the quadratic model, 𝜋̂(t) = exp(𝛽(T − t) + 𝛾̂(T − t)2) with 𝛽 = −0.00583, 95% CI
(−0.0522, 0.0437), and 𝛾̂ = −0.00102, 95% CI (−0.00266, 0.000389). The correlation between the two parameter estimates
was −0.959.

While there is little difference between the linear and quadratic trends shown in Figure 5, their maximal values on
[0,T] (both attained at t = T) are different. This will affect the estimation of the cumulative incidences, to be discussed
in Section 9.
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F I G U R E 5 Rate of surgery for DI-VHD per 100K person-years at risk (exposure over the 0.448 year threshold), by year of first exposure
to benfluorex: Data, fitted models (full lines) and pointwise 95% confidence bands (dashed lines). Left panel: Linear model; Right panel:
Quadratic model.
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2650 FARRINGTON and LELLINGER

T A B L E 2 Estimates of cumulative incidence of surgery, cumulative incidence risk (per 10,000 benfluorex users), and cumulative
incidence rate (per 10,000 person-years of benfluorex exposure beyond 0.448 year): Linear and quadratic models, and model averages, with
95% confidence intervals.

Quantity Linear model Quadratic model Model average

AICc 191.29 192.27 —

Weight 0.620 0.380 —

Cumulative incidence 1790 1520 1690

95% CI (1400, 2390) (1190, 2190) (1290, 2320)

Cumulative risk 3.91 3.31 3.68

95% CI (2.92, 5.50) (2.48, 5.06) (2.68, 5.34)

Cumulative rate 3.42 2.90 3.22

95% CI (2.70, 4.53) (2.29, 4.15) (2.48, 4.39)

9 ESTIMATED CUMULATIVE INCIDENCE OF SURGERY

Putting these various estimates together we obtain the total number of cases, from Equation (1) suitably modified for
grouped data:

N̂ = 1
𝜃̂

34∑

k=1

ĉk

𝜋̂(k)
,

where k denotes the year of first exposure. We obtained two sets of estimates, according to whether the linear or the
quadratic model was used to obtain 𝜋̂(t). These estimates, along with 95% confidence intervals, are displayed in Table 2.
The linear model for 𝜋(t) yields N̂ = 1790, and the quadratic model yields N̂ = 1520, even though there is little difference
between the model fits reported in Section 8. The reason for the difference in the estimates of N, as noted in Section 8 and
demonstrated in Section 3, is that while the trend lines are similar, the endpoints at t = T are different.

The standard model choice approach would lead us to select the linear model over the quadratic model, as the former
is more parsimonious. Instead, we chose to acknowledge the model uncertainty and adopted a model averaging approach
using AIC weights. The Poisson AIC, corrected for overdispersion, is:

AICc = −2 log(L) + 2p𝜙,

where L is the maximised Poisson likelihood, p is the number of estimated parameters in the linear predictor, and𝜙 ≥ 1 is
the dispersion.21 The AIC weights are proportional to exp(−AICc∕2) and sum to 1. These are shown in Table 2, along with
the resulting model averages for the cumulative incidence. Using the person denominators

∑
k Pk and the person-time at

risk denominators
∑

k Pkm′
k, we obtained the cumulative incidence risk and rate, also shown in Table 2. The model average

estimates are as follows. The cumulative incidence of surgery is 1690 cases, with 95% CI (1290, 2320); the cumulative
incidence risk of surgery is 3.68 per 10,000 benfluorex users, 95% CI (2.68, 5.34); the cumulative incidence rate is 3.22 per
10,000 person-years at risk (ie, beyond 0.448 year’s exposure to benfluorex), 95% CI (2.48, 4.39). These quantities represent
the excess number of cases, along with the corresponding risk and rate, caused by exposure to benfluorex over the years
during which it was marketed in France.

10 UNCERTAINTY AND KEY ASSUMPTIONS

With the exception of the logistic regression of Section 6, statistical uncertainty of the parameter estimates and derived
quantities was assessed by bootstrapping. Confidence intervals were obtained as percentile intervals from samples drawn
with replacement from (a) the 1075 benfluorex treatment durations in Table 1, (b) the survey sample of size 81 from
Section 6, and (c) the 564 validated surgeries with exposures starting in the years 1976–2009 from Section 7. The complete
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FARRINGTON and LELLINGER 2651

estimation process was rerun with these three bootstrap samples, and this procedure was repeated 20,000 times to obtain
percentile confidence intervals. This bootstrapping procedure was also applied to the model averages; in 79.4% of bootstrap
samples, the linear model scored a lower AICc, and hence a higher weight, than the quadratic model.

The method we have described depends on several key assumptions. We discuss the impact of these assumptions in
the context of parameter uncertainty, with sensitivity analyses to illustrate the direction and magnitude of potential biases
where these are not evident.

The first assumption is that the distribution of benfluorex treatment duration, based on a sample of women starting
benfluorex in 2005–2007, applies to the whole population of benfluorex users. It is striking that over half of the women
sampled stopped benfluorex within 6 months. It is possible that this treatment pattern was specifically associated with
use of the drug for weight loss, and that treatment duration was longer for those who used it to treat diabetes. This would
affect the estimated cumulative incidence. For example, reducing the parameters p1 and p2 in Section 4 to 75% of their
estimated values, thus reducing the proportion stopping benfluorex within 6 months to 40%, leads to a moderate rise in
the cumulative incidence from N̂ = 1690 to N̂ = 1750. The proportion stopping benfluorex within 6 months is estimated
to be 0.515, 95% CI (0.485, 0.545). This confidence interval is too narrow to accommodate the potential selection bias
noted above. If such a bias occurred, our results would underestimate the true incidence.

The second key assumption is that the independent survey which underpins the estimation of 𝜃 correctly estimates the
cross-sectional under-reporting. The sample included some patients with DI-VHD who did not require surgery. It could
be that those who had not undergone surgery were less likely to lodge a claim with ONIAM than those who had. However,
this did not transpire from the questionnaire: the main reasons given for not engaging with ONIAM were procedural.17

On the other hand, the case-control population from which the survey was sampled was partly recruited with the help
of associations of victims of benfluorex, which also advised victims to seek redress, whether through ONIAM or by legal
action, thus possibly introducing a selection bias in the other direction.17 The 95% confidence interval for 𝜃 is (0.383,
0.605), which accommodates substantial uncertainty in its estimation in line with these considerations.

The third key assumption is that the indication for surgery did not vary substantially over the period, so that the
trend apparent in Figure 5 is due primarily to longitudinal attrition rather than to changes in surgical practice. This
assumption primarily affects the estimation of 𝜋(t) rather than the number of surgeries. Surgical practice undoubtedly
evolved over the period, resulting in an increase in numbers of operations in persons over 70 years of age.22-24 However,
the 564 documented surgeries were for the most part undertaken in younger patients (median age 58 years, IQR 50–65),
and so are unlikely to be affected by this trend.19 Furthermore, data from France for 2006–2016 shows that most of the
increase in hospitalisations for VHD (all ages combined) were for valvular stenosis rather than for valvular regurgitation.25

Since most operations validated by ONIAM were for valvular regurgitation (718 valves out of 869 operated on, 82.6%),
this does not suggest there was a major change in surgical practice for benfluorex-related surgeries.19 Nevertheless, the
function 𝜋(t) is estimated with substantial uncertainty. For example, the model average value of 𝜋(t) for the 1976 cohort
is estimated to be 0.302, with 95% CI (0.173, 0.438).

The fourth key assumption is that the validated claims data on which these calculations are based are complete. This
is manifestly not the case: the 564 validated surgery cases were from 9584 claims up to June 2020, whereas ONIAM
reports that as of end 2022, 10,138 claims had been received.16 In addition, some surgery cases could not be processed
owing to missing data or lack of consent. Furthermore, some persons having already made a claim may require surgery in
future: as shown by the upper tail in Figure 3, the induction time to surgery can be long. These factors are not accounted
for by parameter uncertainty. Thus, the calculations most likely underestimate the true cumulative incidence of surgery
associated with benfluorex.

The fifth assumption is that there is no attrition of cases after T. This might not be the case. As described in Section 3,
surgery cases who died between T, when the drug was withdrawn in 2009, and T′, when ONIAM began accepting claims
for compensation in 2011, will most likely not be counted, resulting in underestimation of the cumulative incidence. The
likely size of this effect may be assessed by extrapolating the linear and quadratic models of Section 8 to T′ (29 July 2011).
This yields the model average estimate N̂ = 1760 cases of surgery, a moderate increase over the estimated N̂ = 1690
from Table 2.

The final assumption concerns the choice of the threshold exposure m below which the risk of surgery is zero. The
choice of m is not helped by the granularity of the data: data to a finer temporal resolution would have been preferable.
In keeping with the annual grouping of the sales and surgery data, we used m = m34 = 0.448 year, which corresponds
to the average exposure for patients first exposed in 2009. An alternative choice is m = 𝜂130∕4 = 0.628 year, correspond-
ing to the average exposure for patients first exposed in the first quarter of 2009. This value yields the model average
N̂ = 1840, 95% CI (1380, 2480), which is appreciably higher than N̂ = 1690 obtained with m = m34. The difference
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2652 FARRINGTON and LELLINGER

cannot be accommodated through parameter uncertainty, since the 95% confidence interval for m34 is a narrow one:
(0.437, 0.459).

In conclusion, the model average estimates quoted in Table 2 are generally based on conservative modelling choices,
and are thus best regarded as lower bounds for the cumulative incidence, as well as for the cumulative incidence
risk and rate.

11 DISCUSSION

We have presented a new model to adjust for under-reporting of adverse events based on retrospective data from val-
idated claims for compensation, motivated and exemplified by a detailed case study on cardiac valve surgery resulting
from DI-VHD caused by exposure to benfluorex. The estimation method is simple, but relies on a long deductive chain
using data which inevitably are incomplete and may be subject to bias, as set out in Section 10. As a consequence, the
estimates are tentative, and come with wide confidence intervals. A drawback of the model from a statistical point of view
is its dependence on 𝜇(t0), as shown in Section 3. In our case, this corresponds to the upper endpoint 𝜇(T). As shown in
Figure 5, this is model-dependent, so we used contrasting parametric models and obtained a compromise estimate using
frequentist model averaging. For convenience, we used bootstrap confidence intervals for these estimates, which admit-
tedly are ad-hoc.21 For the reasons set out in Section 10, the estimates are best regarded as lower bounds for the cumulative
incidence. Nevertheless, these analyses confirm some earlier findings and throw new light on other issues.

Using back-calculation, we derived annual estimates of first users of benfluorex. We estimate that there were 4.58
million users of benfluorex, 95% CI (4.08, 5.10). This is consistent with the round figure of 5 million quoted in the liter-
ature.6,26 The mean duration of treatment with benfluorex was estimated to be 1.59 years, 95% (1.43, 1.78), which is in
line with the “approximately 18 months” reported in the literature.7 Our analyses suggest that there was a threshold of
about 6 months’ exposure to benfluorex below which patients did not develop DI-VHD requiring surgery, and that sub-
sequently the risk increased with average duration of exposure, at least to about 21 months’ exposure. This is consistent
with the dose-response relationships previously found in other studies.3,12

It is instructive to compare the present estimate of the total cumulative incidence of surgery of at least 1690 cases,
95% CI (1290, 2320), to the others available. Two estimates were published in 2011–2012, using methods that are very
different from those used in the present paper.6,7 These estimates, which we shall take at face value, were based on two
studies by CNAM, the French national health insurance scheme: a controlled cohort study in persons with diabetes of the
association between benfluorex and hospitalisation for VHD and valve replacement surgery, and an uncontrolled study
of hospitalisation, valve replacement surgery, and mortality in a cohort of benfluorex users.3,6,7

The first calculation, which assumed no threshold effect, estimated that 2,450 patients needed surgery.6 The method
used no data in common with the present paper other than the total number of Mediator boxes sold. This value lies above
the upper 95% confidence limit for our own minimum estimate (namely 2320), but is of the same order of magnitude. The
second calculation assumed that there was a threshold at 18 months’ exposure.7 An estimate for the number of surgeries
was not quoted (only hospital admissions and deaths were projected), but this is easily derived using the authors’ method
for hospitalisations, by substituting into their formula the sample of 298 surgical valve replacements and a relative risk
of cardiac valve replacement surgery of 3.9.3,6 This gives:

cardiac valve surgeries = 298
10317567

× 78300000 × 3.9 − 1
3.9

≃ 1680.

This estimate of 1680 surgeries is very similar to ours (namely 1690). The only data in common with the present paper
are those on duration of treatment in Section 4, and the total number of Mediator boxes sold.

Much of the controversy around the damage caused by benfluorex was focused on mortality. Comprehensive data on
deaths caused by benfluorex are unavailable, and in any case the method we have described may not be applicable to
deaths: the selection biases and under-reporting involved are likely to be overwhelming, especially as far as early deaths
in the longer term are concerned. However, the estimates obtained in the present paper, while confined to severe DI-VHD
cases requiring surgery, confirm the orders of magnitude obtained using different methods in 2011–2012.

Indeed, the present findings further underline the potential severity of benfluorex-associated DI-VHD and, albeit
indirectly, its adverse impact on survival. Studies from several European countries of heart valve replacement surgery
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FARRINGTON and LELLINGER 2653

relating to the period of interest (1976–2020) show that it did not fully restore life expectancy, especially in patients under
70 years.27-31 One Swedish study found that patients aged 50–59 years undergoing aortic valve replacement surgery in
1995–2013 lived on average 3.8 years less than expected of the reference population.32 In addition, recent evidence on
mitral valve surgery from France suggests that operative and short-term mortality are appreciable.33 A precise quantitative
assessment of likely excess mortality in operated benfluorex patients is beyond the scope of this paper, and would require
adjustment for age, comorbidities, and time trends in operative and post-operative mortality. Nevertheless, the number of
cardiac surgeries along with their cumulative incidence risk or rate give a broad indication of the surgery-related health
burden and mortality attributable to benfluorex. This is likely to include many years of life lost and many years lived with
disability, even though the full human scale of this avoidable disaster remains hidden to this day.
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