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Abstract

Sporadic Creutzfeldt-Jakob disease (sCJD) is the most common form of prion diseases. The causes of sCJD are still
unknown and exogenous factors may play a role. Worldwide, the number of patients with sCJD has progressively increased
over time. This increase can be partly explained by increasing life expectancy and better case ascertainment, but a true
increase in the number of sCJD cases cannot be excluded. We estimated mortality rates from sCJD in France (1992-2016)
and studied variation in mortality rates by age, period, and time.

We included all cases aged 45-89 years old who died with a probable/definite sCJD diagnosis based on the French
national surveillance network. We used age-period-cohort (APC) Poisson regression models to study variation in mortality
rates by sex, age, period, and time.

A total of 2475 sCJD cases aged 45-89 years were included. Mortality rates increased with age, reached a peak between
75 and 79 years, and decreased thereafter. Mortality rates were higher in women than men at younger ages and lower at
older ages. The full APC model with a sexXage interaction provided the best fit to the data, thus in favour of sex, age,
period, and cohort effects on mortality rates. In particular, mortality rates increased progressively with successive birth
cohorts.

Based on 25 years of active surveillance in France, we show evidence for sex, age, period, and cohort effects on sCJD
mortality. The identification of cohort effects suggests that environmental exposures may play a role in sCJD etiology.
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Introduction

Transmissible spongiform encephalopathies (TSE) are
rare transmissible neurodegenerative disorders caused by
the brain accumulation of a misfolded, partially protease-
resistant isoform (PrP5) of the host-encoded cellular prion
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protein PrP° [1, 2]. In humans, prion diseases are observed
in different forms, the most common being sporadic
Creutzfeldt-Jakob disease (sCJD). Different sCJD sub-
types exist that are associated with different human prion
strains [3]. The etiology of the other forms is well known,
including: mutations in the gene encoding PrP for inher-
ited prion diseases; oral exposure to the agent responsible
for classical bovine spongiform encephalopathy (BSE) in
variant Creutzfeldt-Jakob disease form (vCID); use of con-
taminated instruments or materials from human origin such
as growth hormone extracted from cadaver-sourced pitu-
itary glands or dura mater graft in iatrogenic forms (iCJD).
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Alternatively, the origin of sCJD remains unclear and differ-
ent hypotheses have been proposed. Sporadic forms could
occur endogenously as the result of random somatic muta-
tions within the CNS or of a spontaneous conversion of PrP°
into PrPS¢ [2]. Another hypothesis is based on an exogenous
origin of sCJD. Several case-control studies attempted to
identify potential risk factors, including animal exposure,
diet, professional exposures, and medical or surgical history
[4-11], but failed to deliver consistent results, possibly due
to potential biases or study design issues, such as source of
controls, exposure assessment, or recall bias [12].

Worldwide, the number of patients with sCJD appears to
have progressively increased over time [13]. This increase
can be partly explained by increasing life expectancy as well
as by better case ascertainment due to improved diagnostic
tests and awareness of the disease among clinicians. Indeed,
a relationship between surveillance intensity and sCJD inci-
dence has been shown [14]. It cannot be excluded, however,
that an actual increase of sCJD cases has occurred, and this
hypothesis can be examined using age-period-cohort (APC)
models.

The APC model is a descriptive modeling tool that allows
describing rates as a product of age, period, and cohort
effects, and assessing variation by age and time trends in
the rates [15]. Age effects are considered to reflect biologic
processes related to aging. Period effects, which affect all
age groups at a given time, reflect a global trend related,
for example, to changes in diagnosis, case identification, or
treatment. Cohort effects, seen as a change in the rates for a
cohort of individuals born during the same period of time,
can be due to changing environmental exposures. The APC
approach requires large sample sizes that have been difficult
to achieve for such a rare disease and, to our knowledge, it
has been used only once based on 716 patients identified
in the United Kingdom (1970-1997) [16]. This study, how-
ever, considered period and cohort effects independently of
one another, and did not perform a full APC analysis.

In this paper, we estimated mortality rates from sCJD in
France over a 25-year period (1992-2016) based on data
from the French national surveillance network. We exam-
ined sex-differences and used an APC approach to study
variation in mortality rates by age, period, and time. Analy-
ses were first performed overall and then restricted to the
most frequent prion strain.

Materials and methods
National CJD surveillance network in France

All patients identified by the French CJD surveillance Net-
work who died over a 25-year period (01/1992-12/2016)
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with a probable or definite sCJD diagnosis were included in
the analyses. Possible sCJD cases were excluded. Additional
details on data collection and molecular classification of
subtypes/strains are provided in supplementary (eMethods).

Statistical analysis

Analyses were performed using Stata/SE 16.1 (StataCorp,
College Station, TX). The apcfit package was used to imple-
ment the APC model [17]. We used a two-tailed significance
threshold of 0.05.

Mortality rates

Mortality rates (per 1,000,000 person-years) were computed
as the ratio of the observed number of deaths to the person-
years at risk from the French population, overall and by
sex and 5-years age groups; confidence intervals (CI) were
computed using Poisson regression. We modeled the non-
linear relation between mortality rates and age through a
Poisson regression model with continuous age (defined by
the midpoints of each age group) as linear, quadratic and
cubic terms.

To examine temporal trends in mortality, we computed
age- and sex- standardized mortality rates each year between
1992 and 2016 using the French population (1992-2016) as
the reference.

Male-to-female mortality ratios

To examine sex-differences, we computed age-standardized
mortality rates in men and women, overall and by year,
using direct standardization with the French population
(1992-2016) as the reference.

We estimated age-specific male-to-female (M/F) mor-
tality ratios by dividing mortality rates in men by rates in
women for each 5-years age group; 95% CI and p-values
were computed using Poisson regression. The age-by-sex
interaction was tested by including a multiplicative term
between age groups and sex. We then modeled the non-lin-
ear relation between M/F ratios and continuous age through
a Poisson regression model including sex, continuous age
as linear, quadratic and cubic terms, and their interaction
with sex.

Age-period-cohort model

In order to study time trends in sCJD mortality rates, we
used an APC model with three time variables categorized
in 5-years intervals: age at death (45-89 years), period of
death (1992-2016), cohort of birth (1907-1967).
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We first plotted sCJD mortality rates by age groups for
different periods, by period for different age groups, by age
groups for different cohorts of birth, and by cohort of birth
for different age groups [15]; given sex-differences in the
analyses described above, these plots were stratified by sex.

We then implemented the APC model using the approach
described by Carstensen [15]. This method aims at solving
the identifiability issue of APC models (due to the linear
relationship between the three variables: cohort=period—
age), by modelling the variables as spline functions.
We used the midpoint of age and period categories and
restricted cubic splines with 5 degrees of freedom for age
and cohort and 3 degrees of freedom for period. We consid-
ered the following models: age + period (AP), age + cohort
(AC), age + period + cohort (APC). Deviance divided by the
degrees of freedom and the Akaike’s information criterion
(AIC; lower values indicate better fit) were used to assess
models’ fit. We compared nested models using likelihood
ratio tests.

The full APC model can be parametrized in different
ways. Previous European studies reported increasing sCJD
mortality rates in the late 1990s’ in countries in which pro-
spective surveillance systems had been set up; increasing
rates were interpreted as reflecting better disease ascertain-
ment, thus in favour of period effects. Our primary interest
was therefore to determine whether cohort effects also exist;
accordingly, we used an APC parametrization according to
which age effects represent rates for the reference cohort,
cohort effects are expressed as relative risks (RR) relative to
the reference cohort (1937), and period effects are expressed
as RRs constrained to be 0 on average (on the log scale)
with 0 slope. The period function represents a residual rela-
tive risk from the rate predicted by age-cohort combination.

Based on our finding of sex-differences in mortality rates
of sCJD, we then included sex in the models and examined
interactions of sex with age, period, and cohort [17]. We
started by fitting a full model including all multiplicative
interactions between sex and splines for the three time vari-
ables, and simplified this model by sequentially excluding
non-significant interactions one at a time.

In sensitivity analyses, in order to describe period effects,
we used an alternative parametrization according to which
age effects represent rates for the reference period, period
effects are expressed as relative risks (RR) relative to the
reference period (2007), and cohort effects are expressed as
RRs constrained to be 0 on average (on the log scale) with 0
slope. The cohort function represents a residual relative risk
from the rate predicted by age-period-combination.

Classically, APC models were first implemented by fit-
ting age, period and cohort effects as factor variables; this
approach was used in the only other available study per-
formed in the United Kingdom, although it only considered

AP and AC models [16]. We used this method in sensitiv-
ity analyses, and we compared the results of the analyses
described above to this approach. One disadvantage of this
approach is that, in order to solve the identifiability prob-
lem, an arbitrary constraint on at least one parameter is
necessary [18]. We fixed the regression coefficients corre-
sponding to two periods of death (2002—2006, 2007-2011)
to be equal. This choice was based on the hypothesis that the
initial improvement of case identification over the first years
of the network stabilized after 2002, in agreement with
the results of our main analysis. We used a stepwise pro-
cedure by building models of increasing complexity: Age
(A), age +drift (AD, where drift represents a constant linear
effect that is not attributable to period or cohort effects), AP,
AC, APC. We used the same approach described above to
assess the models’ fit and to compare nested models.

These analyses were first performed for all sCJD cases.
We then restricted our analyses to sCJD cases with the M1
strain in order to examine whether the pattern detected over-
all was confirmed for the most frequent strain.

Data availability

All the results from the paper can be reproduced using the
figures provided in the tables.

Results
Mortality rates

Between 1992 and 2016, 2,510 cases died with a probable
or definite sCJD diagnosis. Analyses are restricted to 2,475
patients (1,097 men, 1,378 women) aged 45—89 years old at
the time of death, because there were few younger and older
patients (25 cases <45 years; 10 cases > 90 years).

The overall sCJD mortality rate was 4.58 per 1,000,000
person-years (95% CI=4.39-4.78) (Table S1). Overall and
in both sexes, mortality rates increased with age, reached
a peak between 75 and 79 years, and decreased thereaf-
ter. Figures 1A and 1B show a good fit between observed
mortality rates and those predicted by Poisson regression
including age, age?, and age® (regression coefficients shown
in Table S2).

Standardized mortality rates rapidly increased over the
first years of the surveillance network from 0.73 (95%
CI=0.727-0.728) in 1992 to 1.47 (95% CI1=1.467-1.469)
per 1,000,000 person-years in 1997 (Table S3 & Figure S1).
Standardized mortality rates continued to slowly increase
over subsequent years with yearly fluctuations.
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Fig. 1 Age-specific mortality rates of sCJD (France, 1992-2016).
Circles (point estimates) and vertical bars (95% confidence inter-
vals) correspond to age-specific observed mortality rates of sCJD (per
1,000,000 person-years), overall and by sex (corresponding numbers
are shown in Table S1). Figures B and D use a logarithmic scale for
the Y-axis. The dashed line corresponds to mortality rates predicted by
Poisson regression including age, age®, and age’® (shaded area, 95%
confidence intervals; Table S2 shows the regression coefficients from
the model)

Male-to-female mortality ratios

The overall crude mortality rate for patients aged 45-89
years was higher in women (4.15 per 1,000,000) than men
(3.83 per 1,000,000). Age-standardized mortality rates were
4.54 per 1,000,000 person-years (95% CI=4.29-4.79)
in women and 4.72 per 1,000,000 person-years (95%
CI=4.40-5.03) in men.

Age-specific M/F mortality ratios increased progres-
sively as age increased (interaction between age groups

Fig. 2 Non-linear relation
between male-to-female mortality
ratios of sCJD (France, 1992—
2016) and age. Circles (point
estimates) and vertical bars (95%
confidence intervals) correspond
to age-specific observed male-to-
female (M/F) mortality ratios of
sCJD. The black line corresponds
to M/F ratios predicted by Pois-
son regression including age,
age?, and age® (shaded area, 95%
confidence intervals; Table S2).
*P<0.05. **P<0.01
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and sex: P=0.002; Figure 2). Mortality rates were higher in
women than men between 45 and 49 (M/F=0.44, P=0.002)
and 50-54 years (M/F=0.68, P=0.002), while they were
higher in men than women between 80 and 84 (M/F=1.17,
P=0.067) and 85-89 years (M/F=1.54, P=0.027).

Figures 1C and 1D show that there was a good fit between
observed mortality rates and those predicted by Poisson
regression including an interaction between sex and age,
age?, and age® (regression coefficients shown in Table S2).
Figure 2 shows the cubic relation between M/F mortality
ratios and age according to this model.

Age-period-cohort model

Mortality rates tabulated by sex, age and period are shown
in Table S4. Plots of mortality rates of sCJD by age at death,
period of death, and cohort of birth are presented for men
and women separately showing similar patterns in both
sexes (Figure S2). Mortality rates increased with period
in all age groups, with the largest increase noted between
1992 and 1996 and smaller differences across subsequent
periods (Figures S2A and S2B). At all ages, mortality rates
increased with cohort of birth, with older cohorts showing
lower mortality rates (Figures S2C and S2D).

Table 1 shows the results of APC models. The full APC
model had the smallest AIC and provided a significantly bet-
ter fit to the data than the AP (P=0.002) and AC (P <0.001)
models. We then added sex and its interaction with the three
time variables. The sexXxperiod (P=0.898) and sexXcohort
(P=0.814) interactions were not statistically significant and
were deleted. We retained the sexXxage interaction that was
statistically significant (P=0.007); the model including this
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Table 1 Age-period-cohort analysis: assessment of the goodness-of-fit of the models

Terms DF Deviance Deviance/DF AIC Comparison of models P
A+P 80 103.3 1.29 548 A+Pvs.A+P+C 0.002
A+C 78 106.7 1.37 555 A+Cvs.A+P+C <0.001
A+P+C 76 86.5 1.14 539 . .
A+P+C+S+AXS 70 70.0 1.00 534 A+P+C+S+AxSvs.A+P+C 0.012

DF, degrees of freedom; AIC, Akaike’s information criterion; A, Age; P, Period; C, Cohort; S, sex; AXS, interaction between age and sex

Mortality rate (95% CI)
Rate Ratio (95% CI

— T
S 4 0 F & & & 8 & 8 00 T
R G A D A

Age of death (year) Year

Fig. 3 Age, period, and cohort effects for sCJD mortality rates. The
left part of the graph shows sCJD age-specific mortality rates (per
1,000,000 person-years; shaded area, 95% confidence intervals) in
men (blue) and women (red). The right part of the graph shows relative
risks (green; shaded area, 95% confidence intervals) for cohorts (refer-
ence cohort, 1937), and average period effects (orange) constrained to
be zero on average

interaction had a lower AIC and provided a better fit than
the model without this interaction (P =0.012). Predictions of
mortality rates by age, period, and cohort according to this
model are shown in Figure 3. Mortality rates were higher
in women than men at younger ages, but became higher in
men than women at older ages. Mortality rates increased
progressively with successive birth cohorts. For instance,
compared to the reference cohort (1937), persons born in
1962 had a 1.65-fold (95% CI=1.19-2.27) increased risk
of dying of sCJD, while those born in 1922 had a 0.60-fold
(95% CI=0.51-0.69) reduced risk. Alternatively, when the
cohort effect was constrained to be 0 on average with 0
slope, mortality rates increased from periods 1992 to 2007
and remained stable thereafter (Figure S3).

Results of sensitivity analyses based on alternative
parametrizations of the APC model and restricted to the M1
sCJD subgroup are presented in supplementary (Supple-
mentary Results).

Discussion

The present study analyzed a large dataset collected over
25-years of active national surveillance in France and aimed
at exploring trends in sCJD mortality rates over time and
the effect of sex, age at death, period of death and cohort of
birth on sCJD mortality. Our analyses are in favour of sex,
age, period, and cohort effects on sCJD mortality.

As previously reported, mortality rates reached a peak
between 75 and 79 years and decreased thereafter in both
sexes [19-22]. This observation is in contrast with other
dementias, particularly Alzheimer disease (AD), for which
incidence increases progressively with age [23]. The rea-
sons for decreasing sCJD mortality rates in the eldest are
unknown. It has been hypothesized that it can be related to
under-ascertainment of sCJD in the elderly due to higher
frequency of atypical phenotypes [24] that may preclude
an accurate diagnosis [25]. However, under-ascertainment
would need to be quite large to explain this pattern, whereas
neuropathological studies in brain banks of patients with
a diagnosis of dementia identified a proportion of undiag-
nosed CJD cases comprised between 0 and 1.3% [26-29].
Another hypothesis comes from amyotrophic lateral sclero-
sis (ALS), another proteinopathy, with a similar pattern of
declining mortality rates after 80 years. Gompertzian analy-
ses suggested that decline in mortality rates from ALS in the
elderly may be explained by the existence of a susceptible
population to which ALS deaths are limited and whose fre-
quency has decreased over time [30, 31]. This model pre-
dicts that mortality rates decrease over time in younger age
groups while they increase at older ages; however, in our
data, mortality increased with time independently of age.

We report for the first time an interaction between sex
and age, with a shift in M/F mortality ratios before and after
the peak in mortality rates at 75—79 years. Mortality rates
were higher in women than in men before this age, while
the opposite was observed at older ages. This interaction
was not statistically significant in analyses restricted to the
M1 strain. However, the relative small size of M1 sCJD
group potentially resulted in a lack of statistical power. A
gender effect has been reported in iatrogenic CJD after treat-
ment with human cadaver-sourced growth hormone (hGH-
iCJD) and in vCJD cases [32—34], raising the question of
the influence of sex on prion propagation and incubation, in
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particular after peripheral exposure as suggested by experi-
mental transmission models. Indeed, a sex-difference in
the incubation period was reported in animal models, sug-
gesting an influence of sexual hormones [33, 35, 36]. The
age-dependent sex effect seen in our sCJD population could
be explained by similar processes. Since a sex effect has
already been observed in peripherally transmitted forms
(vCJID, hGH-iCJD, experimental infection models), our
results are compatible with an exogenous origin for at least
some sCJD cases with a longer incubation period in men.
Another explanation could be a joint effect of sex and age
on stochastic PrP conversion through unknown mechanisms
that could be experimentally investigated [37].

Our APC analyses showed that the model that best fit-
ted the data was the full model including age, period,
and cohort effects; this pattern was confirmed in analyses
restricted to the M1 strain. The strongest period effect was
seen at the beginning of the study and mortality stabilized
after this initial period; this is likely due to the implementa-
tion of the surveillance network and improvement of case
identification over the first years of surveillance [13, 14,
38]. The identification of a cohort effect is in favour of an
environmental factor that could influence sCJD suscepti-
bility across birth cohorts. Variations in the frequency and
intensity of exposure to potential environmental risk fac-
tors across birth cohorts may account for the observed dif-
ferences in mortality in our study. This cohort effect was
observed graphically and confirmed statistically through
APC analyses. It appeared to be rather continuous across
successive birth cohorts. In addition, the lack of significant
interaction between sex and the cohort effect suggest that
cohort effects are similar for men and women.

Only one previous study used an APC analysis based on
716 patients identified in the United Kingdom (1970-1997)
[16]. This study considered AP and AC models, but not a
full APC model, and showed that both models had a good
fit; however, the AIC value was lower for the AC (23.93)
than for the AP (29.05) model, thus suggesting a better
fit for the AC model. We used a more sophisticated APC
modelling approach, including a full APC parametrization,
based on considerably larger sample size.

Besides risk factors explored in case-control studies, the
possibility of zoonotic risk factors remains a possibility that
could account for an exogenous origin in some sCJD cases.
Research on atypical forms of BSE (L-BSE, H-BSE) has
revealed molecular similarities between the L-BSE strain
and molecular subtypes of human sCJD, in particular the
MV2 subtype [39]. Furthermore, L-BSE has been experi-
mentally transmitted to non-human primates as efficiently
as classical BSE responsible for vCJD in humans, and could
be even more virulent [40—42]. The zoonotic risk associated
with natural sheep scrapie has also been recently updated
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with the demonstration of an intracerebral transmission of
scrapie to mice expressing the human prion protein dur-
ing serial passages, as well as transmission of scrapie to
primates. These observations highlight the possibility of a
causal link between exposure to sheep scrapie and sCJD in
some cases [43, 44]. A large increase in animal product con-
sumption and the generalization of mechanically separated
meat in developed countries over the last century may have
contribute to increase the zoonotic prion pressure [45]. It
would be of interest to observe the effect of safety measures
implemented since the “mad cow crisis” to avoid population
prion exposure on sCJD mortality in the next decades.

Other environmental factors may be involved in sCJD
occurrence by influencing spontaneous protein misfold-
ing or abnormal prion protein propagation. For instance,
important changes in agricultural and medical practices
have occurred during the twentieth century, including wide-
spread use of pesticides and antibiotics; both categories of
products have been proposed as risk factors for other brain
proteinopathies, including AD [46] and Parkinson’s disease
(PD) [47-52].

The main strength of our study is the long period of CJD
data collection based on an active surveillance system that
provided a large sample size to study a rare disease and
allowed to implement an APC model. Our study has also
limitations. Exclusion of patients under 45 years of age due
to the low number of cases could limit the observation of
atypical sCJD cases due to environmental exposures. For
instance, vCJD due to a contamination by the agent of clas-
sical BSE occurred mostly in young people (median age of
onset of 27 years in the UK and 35 in France) [53, 54]. In
addition, we were not able to perform separate analyses for
strains other than M1 due to the small number of cases.

Based on 25 years of active surveillance in France, we
show evidence for sex, age, period, and cohort effects on
sCJD mortality. The identification of cohort effects suggests
that environmental exposures may play a role in sCJD etiol-
ogy. Our findings warrant replication in other countries, as
well as further studies focusing on the identification of envi-
ronmental factors associated with sCJD mortality.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10654-
023-01004-5.
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