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Purpose: In France, myocardial infarction (MI) was the second leading cause of years of life lost in 2019. Estimating the burden of
MI in future years could help policymakers and other actors anticipate care and prevention needs and guide them in public health
decision-making.

Materials and Methods: Using data from the French hospital discharge database from 2007 to 2015 (n = 519,400), demographic
data, and an illness-death model, we projected incidence, prevalence, number of prevalent cases and mean age of incident MI cases in
France. The methodology took into account the age-cohort effect on MI incidence, mortality of healthy and diseased subjects, and the
time since disease onset.

Results: Projections highlighted an increase in MI prevalence in men between 2015 and 2035 from 2.52% (95% uncertainty interval
(UD): [2.48-2.56]) in 2015 to 4.02% ([3.92—4.12]) in 2035, and from 0.85% ([0.83—0.87]) to 1.44% ([1.38-1.50]) in women. This
corresponds to an increase of 365,000 cases between 2015 and 2035 (+81.1%) for men and 146,000 cases for women (+88.0%). The
difference in the mean age of incident cases between men and women decreased from 9.52 in 2015 to 5.49 years in 2035.
Conclusion: Our projections forecast an increase in MI prevalence between 2015 and 2035 in men and women, especially in
relatively younger women. Using statistical models such as ours can help assess the impact of prevention campaigns for the main
cardiovascular disease risk factors on the future MI prevalence.
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Introduction
Cardiovascular disease is the main cause of death worldwide and in Europe. According to the 2019 Global Burden of
Disease (GBD), global mortality from cardiovascular disease was estimated at 18.6 million deaths, or 32.8% of all deaths
worldwide." Ischaemic heart disease, including myocardial infarction (MI), has been identified as the second leading
cause of years of life lost (YLL) in France with approximately 840,000 YLL in 2019." The number of MI cases is
expected to increase as a result of several phenomena: first, the French population is ageing.? Second, MI hospitalization
incidence in adults under 65 has increased since the early 2000s, with a decrease in mean age at MI onset in women.’
This increase is expected to continue, given the high proportion of the main cardiovascular risk factors (tobacco,
cholesterol, hypertension, diabetes, obesity) in the French population.*® Finally, the decline in MI mortality over recent
decades is contributing to increased MI prevalence in the population.

The financial burden of MI on public health is growing, with significant costs linked to hospitalization and treatment
during the acute phase, as well as cardiac rehabilitation and secondary and tertiary prevention. There is also a social cost;

patients who have a MI have a poorer quality of life and an increased risk of functional limitation and dependence.” In
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this context, estimating the future burden of MI could help actors anticipate care and prevention needs, and adapt to
public health policies. Estimating future prevalences of chronic diseases requires a methodology which takes into account
the mortality trend for both diseased and healthy subjects, in particular for diseases which are more prevalent in the
elderly.'® Multi-state models and especially “illness-death” models are particularly suitable for prevalence projection and
represent a good alternative to classic survival models.!" Using “illness-death” methodology, we aimed to provide
a French nationwide estimation of MI prevalence in 2035 and other epidemiological indicators.

Materials and Methods

Identification of Incident M| Cases

The French National Health Data System (SNDS) contains individual and anonymized demographic data (age, sex) and
covers almost the entire French population.'? It includes a hospital discharge database (“Programme de médicalisation
des systémes d’information — Médecine, chirurgie, obstétrique”, PMSI-MCO) from which patients for the present study
were identified.* We defined MI incidence as being equal to MI hospitalization incidence because all-living MI cases are
systematically hospitalized in France. Between 2007 and 2015 in metropolitan France, 519,400 patients (67.4% for men,
32.6% for women) aged 35 to 95 years old were hospitalized for MI. Those hospitalized with a principal diagnosis of MI
(codes 121-123 in the 10th revision of International Classification of Diseases (ICD-10)) and no medical history of MI in
the two years preceding inclusion, who were in-patients (ie, at least one night in hospital) or who died on the day of
hospital admission, were included. The annual crude incidence rate of hospital admissions by age and sex was calculated
using annual estimates of the national average population from the National Institute of Statistics and Economic Studies
(INSEE).

Demographic Data

Estimates of the French population size on 1st January and age-specific mortality rates (from 35 to 95 years old) by sex
for each year from 1955 to 2070 were obtained from INSEE. Data for the years before 2013 came from censuses, while
post-2013 data were based on INSEE projections. We used three INSEE-proposed projected scenarios for population size
and age-specific mortality rates from 2013 to 2070, based on different assumptions on life expectancy, fecundity and net
migration (Supplementary Table S1).

llIness-Death Model

The projection method used was based on a three-state Markov model, called “illness-death” (Figure 1), which describes
the possible transitions between three states: state 0 (alive, no MI), state 1 (alive, with MI), state 2 (dead). Subjects in
state 0 are designated as “healthy”. The model is said to be irreversible because an individual cannot recover from the
disease (ie, cannot return to state 0). The model is fully characterized by its transition intensities. Transition ag;represents
the incidence rate of MI, a(, the mortality rate among people without MI, and «a;, the mortality rate among people with
MI. Transition intensities are usually dependent on age or calendar time depending on the application.

Estimation of o,

The incidence rate of individuals hospitalized for MI denoted ag; (a,c) for an age a and a cohort ¢, was estimated
from the following age-cohort model:

0 : Alive, no @py 1: Alive, myocardial
N
myocardial infarction infarction

Qo2 / 2
2 : Dead r

Figure | lliness-death model.
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Y(a,c) ~Poisson(m(a,c) xXap (a,c))

log(aoi(a,¢)) = f(a) + g(c)

where Y (a, c) is the number of MI incident cases, m(a, ¢) the number of person-years, f (a) the age effect and g(c) the
cohort effect.'® This model was compared with other models from the age-period-cohort family, including the age-period
model. The parameters for this model were estimated using a generalized linear model (GLM) and the effects of age and
the cohort were modelled with natural splines. For /(@) 11 knots were placed between 35 and 95 (approximately one knot
every five years) for both sexes, and one knot every 11 and 10 years for men and women, respectively, for g(c). Details of
the knot placements and goodness-of-fit graphics are provided in the appendix (Supplementary Table S2). The choice of

the model was based on the Akaike information criterion (AIC), on the goodness of fit of the predicted data to the
observed data, and on the shape of the projections calculated by the model (Supplementary Figures S1-S6). A suitable

compromise between goodness of fit and projections is necessary to validate the model. Accordingly, we assessed
whether the projections were plausible from an epidemiological point of view (ie, no sudden increases or decreases in the
incidence rate). In addition, we assumed that ag; (a,c) was null before a given age ap (equal to 35 years old for this
application) because MI are rare in younger adults:

aoi(a,c) =0 for a < agp

Estimation of o,

We assumed that the mortality of healthy subjects was equivalent to the mortality in the general population, denoted
by a,. This assumption is plausible because both MI prevalence and mortality from MI are low (approximately 5% and
3%, respectively). Since age, calendar time (¢) and cohort are linked by the following relation: # = a + ¢, it is possible to
estimate the age-cohort-specific mortality rate of healthy individuals from the age-calendar time-specific mortality rate.

The age-specific mortality rate for healthy subjects in a cohort ¢ can therefore be written as:
ap(a,c) = az(a,c)

We then fitted a Gompertz-Makeham model to the INSEE mortality rates to obtain a continuous function of age for
each cohort and for the three projection scenarios.'®!’

Estimation of o,

Mortality in diseased individuals was considered proportional to that in healthy individuals with a relative risk
depending on time since disease onset, as the mortality risk after a MI is very high during the first year and then
decreases over time. Let us denote RR,, the relative risk associated with the first year following the MI occurrence and

RR,, the relative risk thereafter. Mortality in the first year after a MI was:
an(a,c) = ap(a,c) X RRy,
while mortality in subsequent years was:
ain(a,c) = ap(a,c) X RRy,

We estimated RR;, and RR,, using a Cox regression with age as the time scale and a time dependent covariate which
is the time after MI occurrence (d; and d,) in men and women. Estimations were made with a sample of the French
population from SNDS (n = 996,391) in which patients were followed from the 1st January 2008 to the 1st October 2021.
Patients were at least 35 years old in 2008 without medical history of MI in 2006 and 2007. A description of the sample
and values of the estimations are given in the Supplementary Material (Supplementary Table S3).

We ran 1000 iterations of Monte-Carlo method to compute 95% uncertainty intervals (Uls) for the number of
prevalent cases, the prevalence, and the mean age of incident cases.'” Details of the formula and distributions for each
parameter used to compute the epidemiological indicators and their uncertainty interval are presented in the appendix
(Supplementary Methods and Table S4).
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Table | Demographic Characteristics of Patients Hospitalized for a Myocardial Infarction Between 2007 and 2015
(PMSI Database)

Men Women Overall
Total 350,151 169,249 519,400
Sex ratio (M/F) 67.4 326 100
Age (years)
[35-54] 90,096 (25.7%) 18,188 (10.7%) 108,284 (20.8%)
[55-74] 160,209 (45.8%) 46,870 (27.7%) 207,079 (39.9%)
[75-95] 99,846 (28.5%) 104,191 (61.6%) 204,037 (39.3%)
Mean age (SD)? 65.0 (13.9) 75.5 (14.1) 68.4 (14.8)
Median age (IQR)b 64.0 (54-76) 79.0 (66-86) 69.0 (57-81)

Abbreviations: *SD, standard deviation; °IQR, inter-quartile range.

Results

Estimations and projections of the epidemiological indicators were computed separately for men and women. Between
2007 and 2015, 519,400 patients were hospitalized for an MI in France with a higher proportion of men than women.
Mean age was 65.0 years in men and 74.9 years in women (64.0 and 79.0, respectively, for median age) (Table 1).
Almost half of the men hospitalized for a MI (45.8%) belonged to the age group 55-74 years old. For women, MI was
more common in those over 75 years (61.6%).

Figure 2 represents the predicted incidence rate of MI hospitalizations used to estimate the epidemiological indicators
by age, according to gender and cohorts between 1935 and 1985 as obtained by the age-cohort model. For all cohorts of
both sexes, the incidence rate increased with age. Furthermore, in those aged 35 to 45 years old, incidence across cohorts
was effectively the same and remained constant at 90 years of age. For each age group, trends increased over successive
cohorts for both sexes except for cohorts 1935 and 1945 in women.
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Figure 2 Hospitalized incidence rate per 100,000 myocardial infarctions according to sex (men on the left, women on the right) for several cohorts. Solid lines represent
predicted data, while dashed lines represent forecasted data used for the estimation of epidemiology indicators.
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Figure 3 Distribution of the estimated incident cases of myocardial infarction by age in men (left) and women (right) in 2015 (solid line), in 2025 (dotted line) and in 2035
(dashed line) according to the central INSEE scenario.

Figure 3 displays the distributions of MI incident cases. According to the central INSEE projected scenario in men,
the number of incident cases increases by 10,929 (+32.5%) between 2015 and 2025 and specifically by 11,352 (+25.5%)
between 2025 and 2035 in persons over 50 years old. The number of incident cases among women increases by 4161
(+60.3%) between 2015 and 2025 for those aged 50 to 75, then decreases by 218 (+2.5%) for persons 75 to 90 years old,
and then remains almost constant up to the age of 95. Comparing 2025 and 2035, it increases by 9005 (+55.1%) between
those aged 60 and 90 years old. No difference in incident cases is observed between 2015 and 2035 for persons of either
sex aged under 50 years old.

In 2015, the difference between the mean age of male and female incident cases is approximatively 10 years
(Table 2). In the central INSEE scenario, this gap tends to decrease over the years, reaching +5.5 years in 2035.
Similar trends are observed for the other two INSEE scenarios (Supplementary Table S5).

Figure 4 displays the prevalence for both sexes from 2015 to 2035 according to the central scenario. Prevalences were
calculated using the annual size of the French population, aged between 35 and 95 years old from 2015 to 2035 as
a denominator. Prevalence increases from 2.52% (95% UI: [2.48-2.56]) in 2015 to 4.02% ([3.92—4.12]) in 2035 in men
and from 0.85% ([0.83-0.87]) to 1.44% (]1.38-1.50]) in women (Table 3). This corresponds to an increase of 365,000

Table 2 Estimated Mean Age of Incident Cases for Myocardial
Infarction (with 95% Uncertainty Intervals) in France by Gender
According to the Central INSEE Scenario

Year Men Women

2015 64.61 [64.52-64.70] 74.13 [74.00-74.26]
2018 64.87 [64.73-65.01] 73.55 [73.35-73.76]
2021 65.27 [65.08-65.46] 73.04 [72.74-73.33]
2024 65.79 [65.53-66.04] 72.71 [72.32-73.08]
2027 66.4] [66.07-66.73] 72.62 [72.14-73.10]
2030 67.11 [66.68-67.51] 72.85 [72.26-73.42]
2033 67.86 [67.33-68.34] 73.38 [72.72-74.03]
2035 68.36 [67.78-68.91] 73.85 [73.13-74.57]
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Figure 4 Estimated prevalence of myocardial infarction (with 95% uncertainty interval) from 2015 to 2035 in men (left) and in women (right) according to the central INSEE
scenario.

(+81.1%) and 146,000 cases (+88.0%), respectively (Table 4). The two other INSEE scenarios show a similar increase in
terms of prevalence and number of prevalent cases (Supplementary Tables S6 and S7). Comparing our projections with
another which uses an incidence that is homogeneous over time (ie, it depends on age only), the difference in the number
of prevalent cases of these two projections amounts to —23,000 cases in men and —12,000 cases in women in 2015, and
+154,000 cases, and +61,000 cases, respectively, in 2035 (Supplementary Figure S7). Finally, in order to extract the share
of the increase in prevalence linked to aging only (ie, demographical effect), we computed a projection of the number of
prevalent cases in 2035 by applying the estimated prevalences in 2015 to the population structure of 2035. The difference
between our projections and the latter one, which may be approximately attributed to an epidemiological effect,
amounted to +206,000 cases for men and +90,000 cases for women (Supplementary Figure S8).

Discussion

Our MI prevalence projections indicated an increase in the coming years irrespective of the INSEE demographic scenario
used. The central scenario showed an increase for men from 2.52% to 4.02%, representing an 81.1% rise in the number
of prevalent cases, while for women the increase was from 0.85% to 1.44%, representing an 88.0% rise. The projections
showed a decrease of approximately four years in the difference in the mean age of incident cases between men and
women between 2015 and 2035, with an increase in MI cases among younger women (ie, younger than the mean age in
women for a MI).

Table 3 Estimated Prevalence (in Percentage) of Myocardial Infarction (with 95% Uncertainty Interval) in France
for 2015, 2025 and 2035 Based on the Central INSEE Scenario

Year Men Women
Prevalence (%) 95% Ul Prevalence (%) 95% Ul
2015 2.52 [2.48-2.56] 0.85 [0.83-0.87]
2025 3.19 [3.15-3.23] 1.04 [1.02—-1.05]
2035 4.02 [3.924.12] 1.44 [1.38-1.50]
Evolution (2015-2035) +1.50 +0.59
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Table 4 Estimated Number of Prevalent Cases (N) for Myocardial Infarction (with 95% Uncertainty Interval) in France for
2015 and 2035 Based on the Central INSEE Scenario

Year Men Women

N 95% Ul N 95% Ul
2015 450,000 [442,000—457,000] 166,000 [163,000-170,000]
2035 815,000 [795,000-835,000] 312,000 [300,000-327,000]
Evolution (2015-2035) +365,000 (+81.1%) +146,000 (+88.0%)

These projections allowed us to quantify the increase in MI prevalence in order to anticipate the patient management
and needs, as MI systematically leads to hospitalization and often cardiac rehabilitation. Patients’ quality of life may
deteriorate, leading to a state of dependency in the most severe cases. Our projections highlight different dynamics in the
distribution of incident cases between 2015 and 2035 for men and women. In men, the increase in incident cases is
particularly pronounced in those over 65 years of age. In women, incident cases were higher in those aged between 60
and 75 years old. These two dynamics explain the decline in the mean age for MI in men, and the relative stability in
women. The projected increase in the number of prevalent MI cases over time would therefore increase the financial
burden of associated patient management. In addition, our projections forecast an increase in the number of relatively
younger women who survive MI (particularly those aged 60 to 75 years of age), leading to an increased financial burden
due to a longer period of patient management. Several studies projecting the financial and social burdens of coronary
heart disease (CHD) — which includes MI — in different countries (China, Germany, Sweden, Australia, U.S.) also
forecast an increase in both incidence and the number of events until at least 2030, and consequent greater financial
burden.'® %> Our Ml-specific forecasts are consistent with CHD forecasts by the US and German studies. In the US,
projections highlighted an increase in prevalence from 8.6% in 2021 to 9.3% in 2030, while in Germany the increase was
from 5.9% in 2018 to 9.5% in 2060.

The illness-death model is a multi-state model widely used in the medical literature, especially for chronic
diseases.”® 2 To estimate MI incidence, we used a model from the age-period-cohort models as we had little information
on the temporal dynamics of the incidence (effect of calendar time, cohort or both). In the literature, age-period-cohort
models are frequently used to model incidence and mortality rates,'>° but we restricted ourselves to simple models such
as the age-cohort model as it allowed an appropriate compromise between the goodness of fit of the predicted data to the
observed data and the pertinence of the incidence projection from an epidemiological point of view. We also tested more
complex models, but the gain in goodness of fit was not noticeable, and the projections were not epidemiologically
plausible. Initially, our projected incidence depended only on age; however, as we wanted to have more accurate
projections, we modelled incidence as a function of both age and cohort. The projected incidence for these two models
was much closer for 2015 than those for 2035, as the data used were close to 2015 (2007 to 2015) (Supplementary Figure

S7). It should also be noted that our incidence estimates were computed using hospitalization data. However, this may

have led to an underestimation of the burden of MI because some cases may have died before hospitalization. We also
estimated mortality in healthy subjects with INSEE to test the impact of demography on our projections. Results showed
very little impact on the projections. Furthermore, trends were similar for all three INSEE scenarios tested
(Supplementary Tables S6 and S7). For mortality in persons having an MI, we took into account the time since disease

onset, making the hypothesis that the excess risk was higher in the year following the MI than in subsequent years.
The projected increase in MI prevalence, which we observed, was related to demographical and epidemiological
conditions during the study period (2015-2035). However, the fact that our model took into account the mortality of adults
without MI made it difficult to provide an accurate estimate of the respective impact of each dimension on the observed
increase in prevalence. Nevertheless, we tried to extract the role played by risk factors from our projections by subtracting
our projection of the number of prevalent cases in 2035 from a projection calculated by applying the estimated prevalence in
2015 to the INSEE-projected population for 2035, assuming that living and healthcare conditions in 2015 are identical to
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those in 2035, which is equivalent to erasing the effect of ageing (Supplementary Figure S8). The observed difference,

attributable to the epidemiological impact, corresponded to approximately 45-55% of the observed increase. Note that this
estimated observed difference is probably overestimated because general mortality and MI share the same risk factors.

Conclusion

We computed projections of MI prevalence until 2035 for both sexes by modelling incidence as a function of age and
cohort, according to three different INSEE-proposed demographic scenarios. Our estimates projected that prevalence will
increase between 2015 and 2035 with an almost doubling of cases, and that cases will increase in relatively younger
women (ie, younger than the mean age of women with MI) between 2015 and 2035. Prevention measures for the main
vascular risk factors could help contain this projected increase. The use of these statistical models could allow us to
calculate the impact of prevention campaigns on the future prevalence of MI.
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