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Introduction: Motor neuron diseases (MND) are progressively fatal diseases
causing loss of motor neurons throughout the body. Recent studies have
suggested an increase in prevalence and mortality of amyotrophic lateral
sclerosis (ALS), the most common adult-onset MND. It is unclear whether the
increase is because of earlier diagnosis or potentially new exposures. Age-
period-cohort (APC) analysis can help identify contributors to temporal disease
trends by differentiating impacts of biological aging, historical time period, and
birth cohort. The aim of this study is to evaluate APC effects on MND mortality
in the United States from 2001 to 2020.

Methods: We analyzed deaths by MND for the period 2001-2020 in subjects
aged 40-84 years. We used APC modeling to compute net drift, local drift,
longitudinal age curve, rate ratios (RR), and confidence intervals (Cl) for each
period and cohort. Analysis used the APC Web Tool provided by the United
States’ National Cancer Institute.

Results: Over the 20-year period, there were 119,890 MND deaths. Men
consistently had higher mortality compared to women. Analysis yielded
noteworthy birth cohort effects for men. For men, the cohort RR decreased
from 1919 to 1953 and peaked again between 1959 and 1963. Men born after
1973 had a reduced RR = 0.77 (95% Cl = 0.63-0.94). Women born after 1973
had a cohort RR = 1.00 (95% Cl = 0.75-1.34).

Conclusion: APC analysis revealed potentially impactful age, period, and cohort
effects in U.S. MND mortality between 2001 and 2020, with higher mortality
among men and evidence of sex-specific cohort patterns. Cohort effects
suggest potential generational differences in risk. Further investigation is needed
to disentangle ascertainment effects from true etiologic influences.

KEYWORDS

age-period-cohort, ALS, amyotrophic lateral sclerosis, APC, MND, mortality, motor
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Introduction

Motor neuron disease (MND) is the term for rapidly progressive neurodegenerative
disorders that affect upper and lower motor neurons in the body. Amyotrophic lateral sclerosis
(ALS) is the most common form of adult-onset MND, comprising approximately 79% of MND
deaths (1). While considered rare, the incidence rates of MND range from 0.4 to 5.6 per
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100,000 person-years worldwide per year (2-5). The incidence of
MND increases with age. It peaks between 65 and 75 years and then
decreases (2, 6). Recent studies indicate a notable increase in the
incidence and mortality rates for MND and ALS in the United States
(7-10). However, it is unclear whether these increases reflect a rise in
the cases or are due to improved case ascertainment or awareness by
clinicians. The increase in MND mortality rates has been seen globally
(11, 12).

Familial ALS, a hereditary form of MND, accounts for 5-10% of
cases. The remaining cases have no clearly defined etiology (13).
Several studies found MND and ALS to be more common in men
(14-16) and those with military service history (17). Motor neuron
degeneration in non-hereditary ALS is likely a multifactorial process,
consisting of both genetic and environmental factors (18, 19).
Research indicates that epigenetics plays a significant role in the
development of MND (20-22). Relatedly, the increase in the incidence
and mortality of MND could be due to various environmental or
occupational risk factors that evolved over time.

Due to the complexity of this disease, the federal Agency for Toxic
Substances and Disease Registry (ATSDR), working with the Centers
for Disease Control and Prevention (CDC), established the National
ALS Registry (Registry). The Registry evaluates the public health
burden of ALS in the United States (14, 23). Congress mandated the
Registry to determine the epidemiology of ALS (incidence, prevalence,
mortality), assess case demographics, and evaluate risk factors and
possible etiologies (24).

Age-period-cohort (APC) models are statistical tools used in
epidemiology to unravel the effects of age, time period, and birth
cohort on health outcomes, particularly mortality rates associated
with chronic diseases (25, 26). Age effects are variations in mortality
rates that occur due to biological and social processes associated with
aging. Period effects are changes in mortality rates that occur due to
external factors that affect all age groups at a specific calendar time
(e.g., year). Cohort effects arise from the unique experiences or
exposures of a specific birth cohort as they progress through life.
Understanding how these three factors interact and influence disease
incidence and mortality over time can help public health professionals
develop targeted public health interventions for different populations.
To our knowledge, APC models have not been used to study MND
mortality in the United States. This study evaluates APC effects on
MND mortality in the United States from 2001 to 2020.

Methods
Data source

We used the most recent 20-year period of mortality rates for
MND derived from 2001 to 2020 death certificate data from the CDC
Wide-Ranging Online Data for Epidemiologic Research (CDC
Wonder). MND cases were defined using diagnostic death code G12.2
under the International Classification of Diseases, 10th edition (ICD-
10). To be included in the initial listing of MND deaths, G12.2 must
have appeared in the underlying or multiple causes of death fields.
Although an ICD-10 code exists for ALS (G12.21), it is a clinical code
and not used for cause of death. CDC Wonder are only available with
a maximum of four characters (e.g., G12.2), so this analysis was
limited to MND deaths and not ALS deaths specifically. To determine
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the ages to be included in the analysis, we referred to published
mortality rates of MND/ALS. U.S. ALS mortality rates are extremely
low before age 40 (1) and ALS mortality decreases sharply after age 84
(1). In CDC Wonder, there were few submitted deaths below 40 (1.2%
of deaths) and above 84 years of age (6.7% of deaths). Combining the
current CDC Wonder data with the previously published analysis of
ALS mortality rates, we restricted the analyses to 40-84 years. We
obtained sex-specific population mortality rate denominators in
5-year increments from the National Center for Health Statistics (27).

Statistical analysis

To analyze the temporal trends of MND, we used join-point
regression models, a robust statistical method employed to identify
significant changes in trends over time. Typical regression models do
not work for temporal analysis because age, period, and cohort are
perfectly correlated (period = age + cohort). This collinearity renders
standard regression models statistically invalid for isolating
independent age, period, or cohort effects (28). APC analysis is
particularly useful for analyzing health data, such as that obtained
from CDC Wonder. To apply the APC analysis using a join-point
regression model, the dataset was organized into four 5-year periods
(2001-2005, 2006-2010, 2011-2015, and 2016-2020) and nine 5-year
age groups from 40-44 to 80-84 years old. This resulted in 11 birth
cohorts from 1919-1923 to 1969-1973. For each age group and 5-year
period, we computed sex- and age-specific death rates. Sex-specific
analysis was chosen because MND incidence rates, and therefore
mortality rates, differ by sex: males had a slightly higher rate than
females. We assessed MND deaths using the free, publicly available
APC modeling tool developed by the U.S. National Cancer Institute
(29). This tool provides built-in functionality to fit models and
conduct hypothesis testing.

To assess trends in MND mortality, we estimated age-specific
longitudinal rates, period- and cohort-specific rate ratios (RR), local
drifts, and net drift. Local drifts indicate annual percentage changes
in MND mortality rate for each age group, essentially how the
mortality rate for a particular age group changes each year, after
adjusting for period and cohort effects. In contrast, net drifts
represent the overall annual percentage change in MND mortality
rate across all groups. Age-specific longitudinal rates reflect how
MND mortality rates change over time for specific age groups. The
period and cohort-specific RRs compare MND mortality rates across
different time periods and birth cohorts, providing insights into
temporal trends and generational differences. When exact numbers
could not be used, we used central age group, calendar year, and birth
cohort as reference points within each group. We used Wald
Chi-square tests to determine the statistical significance of the
change. The threshold for statistical significance was set at p < 0.05
for all two-sided tests. We interpret RRs 1.2 to 1.5 as showing a weak
association and greater than 1.5 as showing a moderate to strong
association.

Results

From 2001-2020, there were 119,890 deaths from MND
(65,693 men and 54,197 women) among people 40-84 years of age.
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The overall adjusted mortality rate was 3.8 MND deaths per
100,000 person-years. Age-specific male and female mortality rates
for 2001 to 2020 are shown in Figure 1. For both men and women,
mortality rates peaked between ages 75 and 79 years. Both
observed a decline in rates afterwards, although men to a lesser
degree. For all ages, mortality rates were higher in men than
women. During the study period overall, men had an age-adjusted
mortality rate of 4.2 (95% CI, 4.2-4.3) per 100,000 person-years
while women had an age-adjusted mortality rate of 2.9 (95% CI,
2.9-3.0).

Age by cohort effects

Figures 2A,B display MND mortality rate trends in the United
States, for men and women by age group and birth cohort (birth years
1919-1973). Both sexes saw a drop in mortality rates for the oldest
birth cohort. However, men born between 1954 and 1963 saw a
33-50% increase in MND mortality. Women in the same birth cohort
did not see any increase in MND mortality.

Age effects

Figure 3 shows the sex-specific net and local drifts. The net drift
the the
age-standardized MND mortality rate across all age groups. The local

represents overall annual percentage change in
drifts represent the age-specific annual percentage changes in the
MND mortality rates for each individual age group. Local drift values
were under 0 in all age groups after age 65 for both sexes. This means
that MND mortality rates increased more gradually or decreased
compared to ages <65 years. Males had significantly elevated local
drift for ages 50-60 years (i.e., experienced the highest percentage
increase per year in the MND mortality rate). Women saw elevations
slightly earlier, before age 50 years. Local drift values were lowest for

men aged 40-44 years.

10.3389/fneur.2025.1751690

Period effects

Figure 4 displays period effects, which represent the variations in
mortality rates over time associated with all age groups. We observed
similar period effects by sex. Women had a slightly lower period RR
in 2005 compared to men, but the RR was not statistically significant.

Cohort effects

The birth cohort effects associated with changes in mortality rates
are represented in Figure 5. The cohort effects showed downward
trends from 1920 to 1954 and then flatten out afterwards. From 1955
to 1965, the cohort effects show a slight increase, although the values
were not significant. The only statistically significant exception for the
cohort effects were males around 1960 (RR = 1.12, 95% CI: 1.04-1.20),
after which, there was a general downward trend.

Table 1 summarizes the effects of age, period, and cohort of MND
mortality between 2001 and 2020 in the United States. The table
highlights differences between men and women across various age
groups and time periods. Table 2 displays the Wald Chi Square Tests,
local drifts, and net drifts. The data indicate statistically significant
cohort and period effects for males. We saw similar results for MND
mortality for women regarding cohort, period, and drift.

Discussion

Analyzing temporal trends in MND mortality in the United States
revealed statistically significant age, period, and cohort effects, some
of which differed by sex. This study, covering data from 2001 to 2020,
highlights key findings related to MND mortality rates by age and
birth cohort. The observed increase in MND death rates, particularly
among men born between 1954 and 1963, suggests that specific birth
cohorts may be experiencing unique risk factors for MND. The risk
factors could be a combination of genetic, environmental, or lifestyle
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FIGURE 2
(A) Trends in motor neuron disease mortality rates for women by age groups according to year of birth (1919-1973) in the United States; (B) trends in
motor neuron disease mortality rates for men by age groups according to year of birth (1919-1973) in the United States.

influences that are prevalent in this cohort but not in others. This
analysis of MND mortality rates indicates that period effects—which
refer to factors that influence the entire population during a specific
time frame—may be less important in explaining the temporal trends
observed in MND mortality. We are unaware of any other studies of
MND that have used APC modeling to understand changes in
mortality rates in the United States. However, the approach has been
used to examine MND mortality and incidence in other countries
(30-32).

Our findings align with other reports on MND mortality trends
by sex and age. Men consistently had higher MND mortality rates
across all age groups compared to women (1, 6, 15, 33). The
age-adjusted mortality rate for men was 3.9 per 100,000 person years
compared to 2.7 per 100,000 person years for the study period for
persons 40-84 years of age. When examining MND mortality rates by
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age, for both sexes rates peaked between 75 and 79 years then declined
slightly (34, 35).

Over the study period (2001-2020), age-adjusted MND mortality
rates remained relatively stable in the United States. However, we
found statistically significant differences between birth cohorts
independent of their age at death. Birth cohorts include all individuals
born at the same time. Several studies have shown differences between
men and women regarding MND mortality (1, 4, 8, 11, 35, 36).
However, to our knowledge, no study has investigated birth cohorts
stratified by sex. Similarly, MND mortality studies that used APC
outside the United States did not stratify sex in the birth cohort
analysis (4, 9, 36). In our study, there was a slight but statistically
significant increase in mortality for the male cohort born between
1954 and 1963. This cohort effect was observed graphically and
confirmed statistically through APC analyses (p < 0.05). There was no
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FIGURE 3

Local drift value of motor neuron disease (MND) mortality rates; age
group-specific annual percent change (%) in MND mortality and
corresponding 95% confidence intervals (gray area) by sex. Age — in
years.

increase for women in the same birth cohort. This male-specific
cohort effect suggests that specific generations may have been exposed
to environmental and behavioral factors or experiences that influenced
their MND mortality risk throughout their lives. Changes in
environmental exposure could explain cohort effects for MND
mortality. Several studies have shown associations between MND
mortality and environmental exposures like well water, heavy metals,
and cycad ingestion (34, 37, 38). Behavioral risk factors could also play
a role in MND mortality by birth cohort. For example, studies found
people who participate in vigorous physical activity or who have a
military history have an increased risk of ALS (39-42).

While cohort effects are tied to specific generational experiences,
period effects are explained by factors that impact all individuals
during a specific time frame, regardless of their age or birth cohort.
Our study found similar period effects by sex, with slightly lower
period RR for women around 2005. Both sexes peaked around 2015.
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Period effects on motor neuron disease (MND) mortality rates:
obtained from age-period-cohort analyses for MND mortality rates
and corresponding 95% confidence intervals (blue area) by sex.
Period RR — period rate ratio.

This suggests broad societal or environmental factors affecting the
entire population at a given time had a relatively uniform impact on
MND mortality across different age groups. One hypothesized period
effect is possible improved identification of MND between 2005 and
2015, particular among older adults and women, resulting in higher
observed MND mortality during this period (43). Advances in
diagnostic awareness, expanded access to specialty care, and
improvements in cause-of-death reporting likely contributed to more
accurate recognition and documentation of MND over time (44).
These trends reflect a broader shift in the medical landscape rather
than a true increase in underlying disease risk. The 2014 ALS Ice
Bucket Challenge significantly increased ALS and MND awareness
(45). In addition, from 2000 to 2020, the number of specialized centers
for MND treatment and research increased from 33 to 97 in the
United States (46). The increase in MND mortality in women from
2001 to 2015 could also be due to the growing recognition of MND in
female populations, which may have been historically underdiagnosed
or misdiagnosed. Our study years include the first year of the
COVID-19 pandemic. In 2020, we did see a slight uptick in MND
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FIGURE 5

Cohort effects on Motor Neuron Disease (MND) mortality rates:
obtained from age-period-cohort analyses for MND mortality rates
and corresponding 95% confidence intervals (green area) by sex.
*Cohort RR - the rate ratio comparing birth cohorts and MND death
rates.

mortality. One study found an increase in MND mortality during the
first two years of the COVID-19 pandemic. As more data is released,
the pandemic could have a period effect for MND mortality (47).
During the earlier years of the study period, the net drift for MND
mortality rates among males showed a slight increase with an annual
percentage change of approximately 0.3%. This means the overall trend
for male MND mortality is rising at a faster rate over time. Notably, the
net drift for males experienced a significant decline between 2014 and
2017: there was an annual percentage change of —5.7%. Potential key
drivers for this significant decline could be a reduction in misdiagnosis
due to El Escorial revisions (48) as well as improved multidisciplinary
care extending survival, indirectly lowering mortality rates (49).
Following this period, there was stabilization and a minor increase of
0.4% from 2017 to 2020. In contrast, the net drift for females exhibited
a more consistent decline over the same timeframe, 2017-2020. The
overall annual percentage change was notably lower than that of males,
indicating a more favorable trend in MND mortality rates. For females,
the declines were more pronounced in the later years, reflecting a
decrease in age-adjusted mortality rates from 2014 onwards. The local
drift showed negative values for ages over 65 years in both sexes, but
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TABLE 1 Age, period, and cohort effects on motor neuron disease (MND)
mortality in the United States, 2001-2020, by sex.

Men Women

Effect 95% Cl* Effect 95% CI
Mortality rate per 100 k p-y* by age
40-44 0.85 0.76-0.94 0.32 0.27-0.37
45-49 1.41 1.30-1.54 0.68 0.61-0.76
50-54 224 2.10-2.40 1.34 1.24-1.46
55-59 3.70 3.52-3.90 2.60 2.45-2.76
60-64 5.91 5.66-6.17 4.38 4.18-4.60
65-69 8.55 8.22-8.89 6.59 6.32-6.87
70-74 11.10 10.65-11.56 8.41 8.05-8.79
75-79 12.83 12.16-13.54 9.90 9.37-10.48
80-84 12.11 11.35-12.92 8.78 8.21-9.38
Period rate ratio
2001-2005 0.99 0.96-1.03 0.97 0.93-1.01
2006-2010 1.00 1.00
2011-2015 1.03 1.00-1.07 1.03 1.00-1.07
2016-2020 0.91 0.88-0.94 0.90 0.87-0.94
Cohort rate ratio
1919-1923 1.29 1.16-1.43 127 1.15-1.40
1924-1928 1.27 1.18-1.36 1.19 1.11-1.28
1929-1933 1.19 1.12-1.26 1.16 1.09-1.23
1934-1938 1.12 1.06-1.17 1.10 1.04-1.15
1939-1943 1.06 1.01-1.11 1.04 0.99-1.10
1944-1948 1.00 1.00
1949-1953 0.98 0.93-1.02 0.94 0.90-0.99
1954-1958 1.02 0.96-1.08 0.98 0.92-1.05
1959-1963 1.12 1.04-1.20 0.99 0.91-1.08
1964-1968 1.06 0.97-1.16 1.06 0.95-1.19
1969-1973 0.99 0.88-1.12 1.00 0.84-1.19
1974-1978 0.77 0.63-0.94 1.00 0.75-1.34

*CI - Confidence interval.

A100 k p-y - 100,000 person years.

TABLE 2 Age, period, and cohort effects on motor neuron disease (MND)
mortality in the United States, 2001-2020, by sex.

Men (Wald Test Women Test
Chisquare @ statistic (Wald Chi @ statistic
test for p-value square test p-value
estimable for
functions) estimable
functions)
Net drift 14.28 0.0002 6.23 0.0126
All period
rate ratio 41.28 <0.0001 59.34 <0.0001
All cohort
rate ratio 61.06 <0.0001 53.00 <0.0001
All local
drifts 61.05 <0.0001 21.98 0.009
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we saw elevated values for ages 50-60 in men. Women had a slightly
earlier elevation.

This study on MND mortality has several strengths. The large
sample size, long study period, and the statistical approach of APC
models provide a robust method for examining temporal trends and
generational differences. Next, the quality of the data is consistent
throughout the years. CDC Wonder data uses standardized
definitions, coding schemes, and processing protocols which are
derived from regimented, centralized national data systems across the
United States. The study also has limitations. While mortality studies
offer opportunities to examine diseases over long periods and in large
populations, the data may not capture all cases or may include
misclassified cases. The accuracy of death certificates in identifying
ALS as a cause of death varies across studies and countries. Studies
have shown MND mortality data to be consistent in small countries
like Italy (50). However, in the United States, the sensitivity of death
certificates for ALS was estimated to between 0.85 and 0.87 in 2010.
The estimate indicates moderate reliability but leaves room for
misclassification or incomplete reporting of contributing causes of
death (33, 51). Several studies have highlighted limitations of using
death certificate data for ALS research. For instance, while ALS is
often listed as the sole cause of death (46% of cases in one study) (51),
other immediate causes such as respiratory failure, cardiovascular
disease, and pneumonia are frequently underreported. This
incomplete reporting hampers efforts to identify preventable causes
of death and improve patient care (33, 51).

Conclusion

The study employed join-point regression and APC models to
analyze temporal trends in MND mortality in the United States from
2001 to 2020. This comprehensive analysis provides insights into
MND mortality patterns in the United States, across different age
groups, time periods, and birth cohorts stratified by sex. The study
supports the notion that there may be causes that could have
contributed to MND mortality, affecting successive birth cohorts,
particularly males born between 1954 and 1963, for whom we
observed cohort effects. The findings support the need for further
research into disentangling potential interactions on MND and for the
National ALS Registry to continue efforts to determine the public
health burden of this devastating disease.
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