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Temporal trends of migraine and tension-type headache in adolescents

across China, Germany and the US
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ABSTRACT

Introduction: Adolescence (10-19 years) is a critical
neurodevelopmental window. This study aimed to
describe long-term temporal trends and disease burden
of migraine and tension-type headache (TTH) and
explore sociodemographic inequality among adolescents
in China, the US, and Germany from 1990 to 2021.

Methods: Incidence, prevalence, and years lived with
disability (YLDs) were extracted from the Global Burden of
Disease 2021 study stratified by country, age (10-14 and
15-19 years), and sex. Joinpoint regression calculated
average annual percent changes (AAPCs) for age-
standardised incidence, prevalence, and YLD rates (ASIR,
ASPR, ASYR, respectively). Frontier analysis, slope index
of inequality, and concentration index assessed socio-
demographic index (SDI) associations and inequalities.

Results: China had the largest absolute case numbers but
lowest age-standardised rates (migraine AAPC = 0.27%,
TTH = 0.31%).). Girls carried a substantially higher burden
than boys across all 3 countries. The US and Germany
showed higher ASRs with generally stable or declining
trends. Migraine was more common in 10-14-year-olds,
while TTH was more frequent in 15-19-year-olds. Migraine
burden became increasingly concentrated in higher-
SDI countries with widening absolute and relative
inequalities, whereas TTH-related inequalities slightly
attenuated over the study period.

Conclusion: China’s rapidly rising SDI and population
structure were associated with the increase in headache
burden. High-SDI countries maintained a relatively stable
burden, likely due to mature health services. Worsening
socio-economic inequalities were observed for migraine,
while TTH showed a mild mitigating trend. Potential
targeted strategies include school-based screening for
headache in China, expanded youth telehealth in the US,
and stress manage-ment programmes in Germany.
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INTRODUCTION

Adolescence is a pivotal period of neurodevelopment,
hormonal fluctuation, and psychosocial transition, all
of which converge to elevate vulnerability to migraine
and tension-type headache (TTH)."? Recurrent

CLINICAL IMPACT

What is New

e This study provides a 30-year cross-national
comparison of adolescent migraine and tension-type
headache (TTH) trends across China, the US, and
Germany, capturing distinct sociodemographic
index trajectories.

* Migraine was more common among younger
adolescents (10-14 years), while TTH predominated
among older adolescents (15-19 years).

® Socioeconomic inequalities widened for migraine but
slightly attenuated for TTH.

Clinical Implications

e China: Rising headache burden highlights the need
for school-based headache screening and earlier
access to preventive care.

e US: Stable or declining rates support strengthening
headache-care pathways and expanding youth
telehealth access.

e Germany: The higher TTH burden among
older adolescents supports age-specific stress-
management and early psychosocial interventions.

headache in this age group disrupts school attendance,
impairs peer relationships, and increases the risk
of comorbid mental health disorders.®>> Although
the global headache burden has been studied, few
analyses have focused specifically on the 10-19-year
subgroup with long-term trend decomposition, age-
sex stratification, cross-national comparison at different
socio-demographic index (SDI) stages, and formal
inequality metrics.

China, Germany, and the US were selected because
they represent distinct SDI trajectories and health
system models. China’s rapidly rising SDI may exacer-
bate urban-rural disparities in paediatric headache
care, while Germany and the US remain high-SDI
nations.® China faces unique challenges, including
intense academic competition among adolescents
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aged 15-19 years and uneven access to paediatric
headache care between urban and rural regions.”®
Germany, a high-income country with universal health-
care, offers structured adolescent health services but
grapples with rising mental health stressors among
adolescents aged 10-14 years.” The US, also a high-
income country, exhibits stark disparities in access to
paediatric headache care and high levels of adolescent
screen time, both of which have been linked to TTH
exacerbation.’®" Comparisons across these 3 nations
allow exploration of how context-specific factors,
including SDI-driven resource disparities and popula-
tion subgroup differences, may influence headache
trends among adolescents aged 10-19 years over 3
decades.

The Global Burden of Disease (GBD) 2021 study
provides standardised, comparable estimates of
headache burden across countries. Secondary analysis
of GBD public data is a legitimate and widely accepted
approach in epidemiological research to generate
context-specific insights not reported in the original
GBD publications.'?Using GBD 2021, the authors aimed
to compare age-specific temporal trends of migraine
and TTH across 3 countries representing different SDI
levels, examine population-level changes in migraine
and TTH during the COVID-19 period as an ecological
observation, quantify the inequalities in relation to
context-specific factors, and provide tailored public
health recommendations.

METHODS

Data source

The anonymised data used in this study were extracted
from GBD 2021. GBD 2021 provides standardised
estimates of disease burden and attributable risk
factors across 371 diseases and injuries, alongside
87 risk factors, covering 204 countries and territories
and 811 subnational locations from 1990 to 2021.
The estimates were systematically synthesised from
global data sources, including peer-reviewed literature,
vital registration systems, population-based surveys,
national censuses, administrative health records,
disease registries, individual research studies, official
reports, and satellite imagery.™

China, Germany, and the US were selected based
on 3 key criteria: (1) they represent distinct SDI
trajectories—China’s SDI has risen rapidly into the
high-middle range, while Germany and the US have
remained within the high-SDI range, allowing compa-
rison across different stages of socioeconomic deve-
lopment; (2) the countries represent diverse healthcare
paradigms, including China’s expanding mixed public—
private system, Germany's universal healthcare with
structured adolescent services, and the US healthcare
system, with its private insurance-based structure
and disparities in insurance coverage; (3) they have
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distinct adolescent risk profiles—intense academic
pressure in China, rising mental health stress in
Germany, and high screen time plus care gaps in the
US—which facilitate the identification of context-
specific burden drivers.

For the current analysis, which focuses on migraine
and TTH in adolescents, 3 core measures of disease
burden were extracted: incidence, prevalence, and
YLDs. In the context of this study, YLDs, a key metric
for quantifying non-fatal disease burden, reflect the
healthy life years lost due to disability caused by
migraine or TTH. As migraine and TTH are predo-
minantly non-fatal disorders, their burden is primarily
reflected in the disability and reduced quality of life
they impose. Therefore, YLDs were selected as the
key burden metric to capture their impact on health.
All indicators were obtained as both absolute numbers
and age-standardised rates (ASRs) and were stratified
by: (1) geography at the global level and for the 3 focal
countries (China, Germany, the US); (2) time, with annual
data from 1990 to 2021; (3) age, including adolescents
aged 10-19 years, and 2 age subgroups (10-14 and
15-19 years); and (4) sex, including boys and girls.

Definition of diseases

For case definition, codes from the International
Classification of Diseases, 10th Revision (ICD-10),
corresponding to migraine and TTH were used.
These include G43-G43.919 for migraine and G44.2-
G44.229, G44.4-G44.41 for TTH." In standard clinical
classification, G44.4 denotes drug-induced headache
and is not classified as a primary TTH subtype. The
GBD study includes this range of codes in its TTH
definition because medication-overuse headache
cannot be reliably separated from primary TTH in
aggregated population-level datasets. This coding
convention has been widely adopted in peer-reviewed
GBD-based headache epidemiological research.'

Sociodemographic index

In GBD 2021, SDI was calculated for each country
and territory worldwide.’”? As a composite metric,
SDI quantifies key sociocultural and macroeconomic
determinants that shape population health outcomes
across different geographic settings. Specifically, the
index integrates 3 core indicators: total fertility rate
(capturing population reproductive patterns), mean
years of schooling among adults aged =15 years
(reflecting educational attainment), and lag-distributed
income per capita adjusted for purchasing power
parity (accounting for economic development). These
3 metrics are aggregated using a geometric mean to
generate the final SDI score.'

Frontier analysis

Frontier analysis was performed to further assess the
relationship between the burden of migraine and
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TTH and SDI development, among adolescents aged
10-19 years, using data for both sexes combined.
A nonlinear frontier was constructed to represent
the lowest observed burden of migraine and TTH
attainable at different SDI levels, thereby reflecting
the minimum burden associated with each stage of
sociodemographic development. Non-parametric data
envelopment analysis was used to construct this frontier.””

Analysis of cross-country inequalities

To quantify cross-country inequalities in migraine and
TTH burden among adolescents aged 10-19 years,
3 standardised metrics, the slope index of inequality
(SlI; for absolute inequality), and the concentration
index (CIX; for relative inequality), were used based on
crude incidence, prevalence, and YLD rates.” Analyses
drew on GBD 2021 data for all countries (to calculate
global inequality) but focused on contrasts between
the global average and 3 focal countries (China,
Germany, the US) for result presentation. Specifically,
SII was calculated by regressing national crude rates
among adolescents aged 10-19 years against coun-
tries’ relative positions in the SDI-ranked distribution,
defined as the midpoint of the cumulative population
share. The SII quantifies the absolute difference in
disease burden across the socioeconomic spectrum.
The CIX was calculated as twice the area between the
Lorenz concentration curve (cumulative proportion of
the global 10-19-year-old population versus disease
burden, sorted by SDI) and the equality line to quantify
relative burden distribution. The authors used 95%
confidence intervals (1000 bootstrap iterations) to
assess significance, with the sign of the SlI indicating
the direction of the burden gradient by SDI (positive
= higher burden in high-SDI countries) and the CIX
(range —1 to 1) reflecting the degree of inequality
(0 = even distribution, positive/negative = concen-
tration in high-low-SDI countries).

Statistical analysis

All statistical analyses were conducted using migraine
and TTH burden data extracted from GBD 2021,
covering 3 core metrics: incidence, prevalence, and
YLDs. For each metric, both absolute numbers (to
reflect the overall population-level disease burden)
and ASRs were calculated, including age-standardised
incidence rate (ASIR), age-standardised prevalence
rate (ASPR), and age-standardised YLD rate (ASYR),
to account for differences in population age structure.
ASRs were computed in accordance with the GBD
standard-population structure,’ with rates expressed
per 100,000 person-years.

The Joinpoint Regression Program version 4.9.0.0
(Surveillance Research Program, National Cancer
Institute, US) was used to quantify temporal trends in
ASIR, ASPR, and ASYR, and corresponding absolute
counts for migraine and TTH from 1990 to 2021. The
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core principle of this method is to partition the entire
time series into multiple continuous segments using
"joinpoints” (points where the trend slope changes
significantly) and fit a linear regression model to each
segment to estimate trend direction and magnitude.
The Monte Carlo permutation test (significance level
P<0.05) was used to identify the number and position
of joinpoints, ensuring that only statistically meaningful
trend changes were retained. For each segment,
the annual percent change (APC) was calculated to
describe the average annual rate of change in burden
within that period. For the overall 1990-2021 period,
the authors computed the average annual percent
change (AAPC), a geometric weighted average of
APCs across all segments, to summarise the long-term
trend, with 95% confidence intervals (Cls) reported
for both APC and AAPC to reflect statistical uncertainty.
The 95% Cls for APC and AAPC were derived by the
Joinpoint Regression Program using the standard
errors of the fitted regression model, and are distinct
from the 95% uncertainty intervals (Uls) reported for
GBD burden estimates; the latter integrate uncertainty
from sampling error, model specification, and data
quality rather than a single regression model. This
analysis was conducted separately for each combina-
tion of disease and geography to capture subgroup-
specific trend differences.?

The core statistical assumptions of the joinpoint
regression model include: (1) temporal trends of
ASRs follow a piecewise linear pattern within
each segment; (2) error terms are independently and
identically distributed; and (3) the optimal number of
joinpointsis determined by the Monte Carlo permutation
test with correction for multiple comparisons.

To assess the robustness of the main findings,
2 pre-specified sensitivity analyses were conducted:
(1) the authors excluded data from 2020 to 2021
(the COVID-19 pandemic period) and recalculated
AAPCs for 1990-2019 to verify long-term trend
stability; and (2) the maximum number of joinpoints
was restricted to 3 (from the default maximum of 5) to
evaluate the consistency of trend change points.
Full AAPC results from both sensitivity analyses are
provided in Table S1 for direct comparison with the
primary analysis. All sensitivity analyses yielded results
consistent with the primary analysis, supporting the
robustness of the estimated temporal trends.

RESULTS

Global and country-specific burden (China, the US,
Germany) of migraine and TTH among adolescents
(10-19 years) in 2021

In 2021, among adolescents aged 10-19 years
globally, the burden of migraine and TTH differed
in scale. For migraine, the global incidence was
25,713,886 cases (ASIR: 1992.37), prevalence was
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188,274,040 cases (ASPR: 14,587.92 per 100,000),
and YLDs were 6,930,930 (ASYR: 537.03) (Table 1).
For TTH, the global incidence reached 135,457,152
(ASIR:  10,495.54), prevalence 346,026,054 (ASPR:
26,810.93), and YLDs 531,662 (ASYR: 41.19) (Table 2).

Among the 3 focal countries, China had the
largest migraine incidence (2,557,730 cases),
prevalence (16,542,731 cases), and YLDs (613,794).
This was followed by the US (incidence:
1,124,890; prevalence: 7,057,157; YLDs: 253,318)
and Germany (incidence: 218,232; prevalence:
1,579,898; YLDs: 56,651). For ASRs, Germany
had the highest migraine values for ASIR, ASPR,
and ASYR (2774.98, 20,089.51, 720.36, respectively),
followed by the US (2618.87, 16,429.83, 589.75,
respectively), while China had the lowest (1589.98,
10,283.6, 381.56, respectively). From 1990 to 2021,
temporal trends (AAPC) showed that China’s burden
increased across incidence (AAPC = 0.27%), prevalence
(AAPC = 0.08%), and YLDs (AAPC = 0.07%). In contrast,
the UShad a decreasing trend in YLDs (AAPC = —=0.12%),
while Germany’s migraine incidence remained nearly
stable (AAPC = 0.003%) and its prevalence showed a
slight increase (AAPC = 0.03%) (Table 1).

In terms of TTH case counts, China had the largest
incidence (12,957,217), prevalence (33,211,545), and
YLDs (51,627) among the 3 countries, followed by the
US (incidence: 6,312,654; prevalence: 15,768,559;
YLDs: 23,235) and Germany (incidence: 1,029,171;
prevalence: 2,640,669; YLDs: 3965). For ASRs,
the US had the highest ASIR (14,696.55), ASPR
(36,710.93), and ASYR (54.09), followed by Germany
(ASIR: 13,086.63; ASPR: 33,577.95; ASYR: 50.42),
while China had the lowest (ASIR: 8054.71; ASPR:
20,645.59; ASYR: 32.09). From 1990 to 2021,
temporal trends showed that China’s incidence
(AAPC = 0.31%) and prevalence (AAPC = 0.21%) had
increased. The US, however, had decreasing trends
across incidence (AAPC = -0.04%), prevalence (AAPC
= —0.05%), and YLDs (AAPC = -0.03%). Germany'’s
TTH incidence showed a slight increase (AAPC =
0.02%), but its prevalence was nearly stable (AAPC
= —-0.002%) and YLDs decreased slightly (AAPC =
—0.01%) (Table 2).

As shown in Fig. 1, China had the highest numbers of
incident cases, prevalent cases and YLDs for migraine
and TTH in both age groups (10-14 and 15-19 years) in
2021, followed by the US and Germany. For migraine,
incident cases and ASIR were higher in the 10-14
years group, whereas prevalent cases, YLDs, and the
corresponding ASRs were higher in the 15-19 years
group. ASRs for migraine were highest in Germany,
followed by the US and China (Fig. 1A, C, E). For
TTH, only incidence and ASIR in China’s 10-14 years

group exceeded those in the US and Germany. ASRs
for TTH were highest in the US, followed by Germany
and China (Fig. 1B, D, F).

Temporal trends in migraine among adolescents
(aged 10-19 years) globally and in China, the US, and
Germany from 1990 to 2021

For migraine cases, China exhibited multi-stage
fluctuations. Incidence declined in 1990-1994 (APC
= —2.4%), rose in 1994-2002 (1.64%), declined non-
significantly in 2002-2005 (-0.86%), dropped sharply
in 2005-2012 (-4.73%), declined again in 2012-2015
(=2.18%), and rose in 2015-2021 (2.36%). Prevalence
showed a decline in 1990-1995 (-2.9%), a sharp
rise in 1995-2004 (2%), a decline from 2004 to 2016
(2004-2007: -2.48%, 2007-2013: -5.1%, 2013-
2016: —=1.61%) and a rise from 2016 to 2021 (1.82%);
YLDs mirrored the trends of prevalence. In the US,
the number of migraine cases mostly rose in the
middle-to-late  periods  (2000-2015).  Incidence
increased from 1992 to 2018 (1992-2004: 0.83%,
2004-2011: 0.41%, 2011-2014: 1.57%, 2014-2018:
0.56%), and then declined slightly from 2018 to 2021
(=0.31%). Prevalence rose from 1992 to 2015 (0.69%,
0.23%, 0.84%, 1.57%) and grew mildly from 2015 to
2021 (0.13%), while the trend of YLDs mirrored that of
prevalence. In Germany, migraine burden increased
during the early period, with incidence rising from
1990 to 1998 (APC = 1.74%), prevalence from 1992 to
1999 (1.53%), and YLDs from 1992 to 1999 (1.55%),
followed by declines in the middle and later periods
(Fig. 2, Table S2). In all 3 countries, the number of
migraine cases was substantially higher among girls
than boys, and the temporal trends were broadly
similar between the sexes (Fig. S1).

For migraine ASRs, China showed fluctuating growth
in ASIR and ASPR. ASIR increased in 1990-1996
(APC = 0.29%), decreased in 1996-2000 (-0.57%), and
increased again in 2000-2019 (0.23%, 1.4%). ASPR
decreased in 1990-2000 (-0.75%), increased sharply
in 2000-2009 (1.93%, 0.8%), decreased in 2009-2015
(=0.6%), and increased again in 2015-2021 (0.14%).
ASYR trends mirrored those of ASPR. In the US, ASIR,
ASPR, and ASYR transitioned from early declines
to sustained increases; ASIR declined in 1990-2005
(=0.6%, —1.11%, —0.1%) but increased in 2005-2021
(0.25%, 1.62%, 0.07%). Similarly, ASPR declined in
1990-2004 (-1.17%, —1.59%, —0.06%) but increased
in 2004-2021 (0.71%, 1.86%, 0.09%), while ASYR
declined in 1990-2003 (-1.12%, —2.09%) and then
increased in 2003-2021 (0.69%, 1.84%, 0.01%).
Germany's ASRs increased initially, declined during
the middle period, and showed minor increases in
the later period (Fig. 2). Across the 3 countries,
migraine ASRs were substantially higher among girls
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Fig. 1. Burden of migraine and tension-type headache among adolescents aged 10-14 and 15-19 years in China, Germany, and the US in 2021.
(A, B) Incidence cases (left axis, bars) and age-standardised incidence rate (ASIR, right axis, lines) for migraine and TTH, respectively.
(C, D) Prevalence cases (left axis, bars) and age-standardised prevalence rate (ASPR, right axis, lines) for migraine and TTH, respectively. (E, F)
YLDs cases (left axis, bars) and age-standardised YLD rate (ASYR, right axis, lines) for migraine and TTH, respectively.
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than boys, with overall trends broadly consistent with
those described above (Fig. S2).

Migraine ASRs were further stratified by sex and age
subgroups. Globally, ASIR among girls aged 10-14
years showed no clear trend (AAPC = -0.01) but
declined continuously from 2010 to 2021 (APC = -0.11).
In contrast, ASIR among 15-19-year-old girls decreased
overall (AAPC = -0.03) but rose from 2003 to 2018
(APC = 0.06, 0.29) before flattening. For boys
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worldwide, both age groups showed increasing
ASIR, with a larger increase in the 15-19-year group
(AAPC = 0.13%). Increases in ASPR and ASYR were
also greater in boys than girls, and in older than in
younger adolescents. Notably, ASRs in the 15-19 years
group flattened or declined during the COVID-19
pandemic. Among the 3 countries, China recorded
the largest increases in all ASRs across both age and
sex subgroups, Germany showed modest increases,
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and the US showed mainly declines, primarily in
the 10-14 years group. In China, all ASR increases
were greater in boys than girls in both age groups,
with the largest difference observed in ASIR among
10-14-year-olds. ASYR was consistently higher in the
15-19 years group for both sexes, with other metrics
showing similar patterns associated with sex within
each age group. China’s ASIR also showed a downward
trend during the pandemic (Tables S3-S5).

Temporal trends in TTH among adolescents (10-19
years) globally and in China, the US, and Germany
from 1990 to 2021

For TTH cases, China exhibited multi-stage fluctuations
followed by late-period increases. Incidence decreased
in 1990-1994 (APC —2.77%) but increased in
1994-2004 (1.99%), decreased in subsequent
intervals (-=3.58%, —5.26%), and increased again in

Fig. 2. Temporal trends and joinpoint regression analysis of migraine among adolescents aged 10-19 years in China, the US, and Germany from

1990 to 2021.
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2016-2021 (2.16%). Prevalence and YLDs showed
similar temporal patterns, with early declines, mid-
period increases, subsequent declines, and late-
period increases. In the US, case numbers generally
increased in the middle-to-late periods. Incidence
generally increased in 1992-2018 (1.72%, 0.52%,
-0.21%, 0.45%) before decreasing slightly in 2018-
2021 (-0.24%). Prevalence and YLDs also increased
in multiple intervals, with late-period decreases.
Finally, case numbers in Germany increased early but
declined in the middle-to-late periods (Fig. 3, Table
S6). Across the 3 countries, the number of TTH cases
was slightly higher among girls than boys, with overall
trends broadly consistent with those described above
(Fig. S3).

For TTH ASRs, China showed an overall increasing
trend in ASIR, with increases in most segments of the
study period (APCs = 0.13%, —0.39%, 1.86%, 0.05%,
0.73%). ASPR decreased slightly in 1990-2000 (-0.1%,
—-0.36%), increased sharply in 2000-2005 (1.84%),
decreased modestly in 2005-2019 (-0.14%), and
increased again in 2019-2021 (0.84%). ASYR trends
mirrored those of ASPR. The US ASRs transitioned
from early declines to mild or stable trends. ASIR
decreased in 1990-1992 (-0.08%) and 2000-2004
(—0.31%) before showing a minor decline through 2021
(=0.01%). ASPR and ASYR showed similar patterns,
with early declines followed by non-significant changes.
Germany's ASRs increased in the middle intervals
but decreased in the early and late periods (Fig. 3).
Across the 3 countries, TTH ASRs were slightly higher
among girls than boys, with overall trends broadly
consistent with those described above (Fig. S4).

Globally, TTH ASRs in the 10-14 years group
showed no clear trend from 1990 to 2021. In contrast,
the 15-19 years group exhibited a marked upward
trend, with greater increases among boys than girls,
particularly for ASIR and ASPR. Similar to migraine,
ASRs in the 15-19 years group flattened or declined
during the COVID-19 pandemic. Among the 3
countries, China again showed the largest increases
in all TTH ASRs across age and sex subgroups,
whereas Germany and the US showed modest
increases or slight declines, primarily in the 15-19
years group. In China, all ASR increases were greater
in boys than girls and in older than in younger
adolescents. China’s TTH ASIR showed an upward
trend during the pandemic (Tables S7-S9).

SDI trends and inequalities of migraine and TTH
among adolescents (10-19 years) globally and in
China, the US, and Germany from 1990 to 2021

All ASRs for both migraine and TTH in China were
initially closest to the optimal frontier curve but

gradually increased and deviated from the curve as
SDI rose from 1990 to 2021, with the global level

showing a similar pattern (Fig. 4). SDI increased only
modestly in Germany and the US compared with
China, and their ASR trajectories were consistent with
those described earlier.

According to the inequality analysis, the crude rates
of incidence, prevalence, and YLDs in China remained
relatively low compared with the global average.
Although China’s relative rank of SDI increased signifi-
cantly from 1990 to 2021, it remained below those
of the US and Germany, whereas its crude rates
were relatively low. The crude rates of incidence,
prevalence, and YLDs in the US and Germany ranked
relatively high globally. The relative SDI ranks of
both countries increased slightly from 1990 to 2021.
Of these, the crude rates of incidence, prevalence,
and YLDs in the US showed a slightly decreasing
trend, while those of Germany showed no obvious
overall change. Overall, the SlI for migraine indicated
increasing inequality from 1990 to 2021, whereas that
for TTH indicated slightly decreasing inequality. In
addition, the Sll for both indicated that the higher the
SDI rank, the greater the burden of migraine and TTH
(Fig. S5).

The CIX for migraine rose from 1990 to 2021, indica-
ting that the incidence, prevalence, and YLDs of
headache became increasingly concentrated in
populations with higher SDI globally, and the social
inequality of disease burden intensified significantly. In
contrast, the CIX for TTH showed only a slight increase
in the early period, with TTH-related inequality attenua-
ting in the later periods, suggesting a mild mitigating
trend in TTH-related inequality. Based on the curve
distribution, in 2021, the cumulative incidence,
prevalence and YLDs curves of Germany and the US
were closer to the upper part of the graph, reflecting
that these countries, which had higher SDI levels, had
higher cumulative proportions of incidence, prevalence,
and YLDs in their populations. China’s curves were
relatively flat but still showed a trend of increasing
cumulative incidence, prevalence and YLDs with rising
SDI (Fig. Sé).

DISCUSSION

This study used data from the GBD 2021 to systema-
tically examine trends in incidence, prevalence, and
YLDs of migraine and TTH among adolescents aged
10-19 years in China, the US, and Germany, as well as
their associations with SDI and patterns of inequality
in disease burden. Importantly, as an ecological
analysis of aggregated population-level data, this
study can only identify associations and not establish
causal relationships. All subsequent interpretations of
potential drivers are based on existing epidemiological
evidence and should be considered hypotheses
requiring further validation in prospective individual-
level studies. The findings illuminate distinct epide-
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Fig. 3. Temporal trends and joinpoint regression analysis of tension-type headache among adolescents aged 10-19 years in China, the US, and
Germany from 1990 to 2021.
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miological profiles and public health imperatives of Adolescents aged 10-19 years are in a critical
headache disorders in nations at varying SDI stages, period of academic advancement and psychological
which provide critical insights for developing age- maturation, during which headache disorders can
specific and region-adapted prevention strategies for substantially disrupt learning, social functioning, and
adolescents during this critical developmental stage. long-term well-being.?" This analysis revealed that,
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Fig. 4. Frontier analysis of migraine and TTH burden by SDI among adolescents aged 10-19 years in China, Germany, the US, and globally
from 1990 to 2021. (A, C, and E) ASIR, ASPR, and ASYR for migraine by SDI, respectively. (B, D, and F) Corresponding rates for

TTH by SDI.
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for this age group, the ASIR, ASPR, and ASYR in China
for both migraine and TTH remained lower than the
global average throughout the study period. Despite
China’s substantial increase in relative SDI ranking
from 1990 to 2021, the increases in ASIR, ASPR, and
ASYR were notably outpaced by SDI growth. This
pattern may reflect 2 opposing dynamics: on the
one hand, lifestyle shifts amid rapid urbanisation,
including escalating academic pressure, reduced
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sleep duration, and heightened screen time among
adolescents, are hypothesised to have contributed to
headache incidence and prevalence.?? On the other
hand, the low diagnostic accuracy of migraine in China
may lead to underestimation of the true incidence,
while inadequate recognition of headache subtypes
in primary care further dampens the apparent rise in
incidence.® In contrast, the US and Germany, as high-
SDI nations, consistently held top global rankings in
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ASIR, ASPR, and ASYR for migraine and TTH in
adolescents, yet their SDI growth was modest. The
US exhibited slight declines in ASIR, ASPR, and ASYR
whereas Germany remained stable overall. These
trends may partly reflect differences in medical
resources, access to specific therapeutics such as
calcitonin generelated peptide receptor antagonists,
and the maturity of headache management frame-
works in high-SDI settings.?* A study on neurological
disease burden in the US similarly reported a gradual
decline in migraine incidence, which may have been
driven by enhanced preventive interventions and
improved self-management among adolescents, with
migraine remaining a leading contributor to YLDs in
this population.?

This study’s findings also revealed distinct age-
specific patterns across the 2 headache disorders.
Migraine burden was higher in the 10-14 years age
group, while TTH was more concentrated in the 15-19
years group. This divergence may reflect differing
drivers across stages of adolescent development,
though these interpretations remain speculative and
cannot be confirmed by the aggregated ecological
data. Migraine is hypothesised to peak earlier in
adolescence in association with pubertal neuro-
endocrine changes and the maturation of the trige-
minovascular system—processes that predominantly
occur during early to mid-adolescence.? For TTH,
the rising burden in older adolescents could be
linked to the gradual accumulation of psychosocial
stressors, including intensifying academic pressure
and expanding social responsibilities, which become
more prominent during late adolescence.?” Future
individual-level prospective studies are needed to
verify these potential mechanisms.

Notably, the 2019-2021 segment of the study
period overlaps with the global COVID-19 pandemic,
a disruption that may have impacted headache burden
trends in adolescents aged 10-19 years, although
its impacts varied across the 3 nations as reflected in
the results. In China, migraine incidence showed an
accelerated increase in 2015-2021, while TTH incidence
similarly increased in 2016-2021. The pandemic period
(2019-2021) coincided with a continuation of these
upward trajectories, with ASRs also showing marginal
increases. This may be related to pandemic-specific
stressors for Chinese adolescents, including prolonged
home-based online learning, reduced physical activity,
social isolation, and anxiety about health—factors
previously linked to increased headache frequency in
youth.?® In contrast, the US showed a slight decline in
both migraine and TTH incidence during 2018-2021.
This stability or mild reduction may be attributed
to the nation’s established remote healthcare infra-
structure, which may have facilitated continued access
to headache diagnostics and preventive interventions
amid in-person care disruptions.?” Germany, mean-
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while, maintained overall stable migraine and TTH
burden in 2019-2021—a pattern that may have been
supported by its universal healthcare system’s ability
to sustain mental health and headache management
services for adolescents, including school-based
psychological support.®® It is important to note, how-
ever, that GBD 2021 data for this period may
partially rely on modelling to address potential gaps
in real-world data collection, which could introduce
modest uncertainty in capturing the full pandemic impact.

Analyses of the relationship between SDI and
headache burden showed that both migraine and
TTH followed a pattern in which higher SDI rankings
were associated with greater disease burden among
adolescents, consistent with global evidence that
headache disorder burden increases with social
development.”? However, notable differences were
observed in inequality trends between migraine
and TTH: the SII and CIX indicated worsening
disease burden inequality for migraine from 1990
to 2021, whereas inequality in TTH burden slightly
decreased. This divergence may stem from funda-
mental differences in pathophysiology: migraine
is closely linked to neuropathological processes
(e.g. trigeminovascular activation, cortical spreading
depression) and relies more heavily on medical
resources for diagnosis and management, potentially
making it more readily identified in high-SDI adole-
scent populations.®’ In contrast, TTH relates more to
universal stressors that affect adolescents across SDI
groups relatively evenly, thus attenuating inequality.®
Notably, despite China’s rapid SDI ascent, its headache
burden inequality in adolescents remained lower
than that in the US and Germany, possibly reflecting
unique advantages of middle-SDI nations during
disease burden transition.

Temporal trend analyses further revealed distinct
phases across the 3 countries in the 10-19-year
age group. In China, the incidence, prevalence,
and YLDs of migraine and TTH showed multi-stage,
fluctuating but overall upward trends, with accelerated
growth after 2015, consistent with reports of the
highest global estimated annual percentage change
(EAPC) for adolescent headache burden in East
Asia.* The US experienced a burden peak from 1990
to 2010, followed by a gradual decline, a trend that
may be associated with widespread triptan use and
school-based stress management interventions.3+%
Germany remained relatively stable, a pattern that
may be attributable to its long-standing standardised
headache care system for youth.*

Limitations of this study should be acknowledged.
First, GBD 2021 data for China’s rural adolescents
are underrepresented, potentially underestimating
burden in low-income regions. Prospective population-
based surveys in rural China are therefore urgently
needed to validate and extend current estimates.
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Such surveys would use standardised, face-to-face
diagnostic assessments based on the ICD-10 criteria
and could reduce uncertainty inherent in GBD model-
derived estimates. They could also provide more
direct estimates of the prevalence and incidence of
headache disorders in underserved rural populations
and identify region-specific risk factors, including
unique lifestyle patterns, limited access to paediatric
neurology care, and rural-specific psychosocial
stressors that may not be fully captured in aggregated
national datasets. Furthermore, longitudinal prospec-
tive studies could elucidate the natural history of
adolescent headache in rural settings and inform the
development of tailored prevention and management
strategies to reduce the growing urban-rural disparity
in headache care.

Second, this study is subject to the ecological fallacy,
in that national-level associations between SDI,
healthcare systems, and headache burden cannot
be directly extrapolated to individual adolescents.
Third, GBD 2021 estimates have inherent modelling
uncertainty due to heterogeneous data sources
and varying data quality across countries, with
greater reliance on modelling in China than in the
US and Germany. Fourth, cross-national variability in
diagnostic practices exists. Although standardised
ICD-10 codes were used, the clinical application of
these criteria may differ across countries, particularly in
primary care settings in China, potentially introducing
bias into cross-country comparisons. Fifth, generali-
sability is limited to the 3 focal countries, which
represent distinct SDI levels and healthcare systems,
and may not extend to low-income regions or other
cultural contexts. Sixth, individual-level risk factor
data were unavailable, precluding causal inference
and adjustment for potential confounders such as
sleep quality, physical activity levels, and comorbid
mental health conditions. All observed associations
between population-level factors and headache burden
trends should be interpreted as hypotheses requiring
validation in prospective cohort studies. Seventh, the
inflection points identified by joinpoint regression may
temporally coincide with a range of national policy
adjustments, healthcare service reforms, updates to
diagnostic criteria, and socioeconomic shifts across
the 3 focal countries. Given the ecological study
design, the authors cannot disentangle the indepen-
dent effects of individual policies or contextual events
on the observed changes in trends. These concurrent
factors may have contributed to the identified
joinpoints but could not be separately evaluated.
Eighth, COVID-19 impacts were inferred from
temporal trends, as GBD 2021 lacks pandemic-specific
covariates. Future research should conduct prospec-
tive surveys in rural China to validate GBD estimates
and incorporate individual-level risk factors to quantify
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their contributions to burden inequalities. Studies
should also evaluate the effectiveness of interventions,
such as school-based stress manage-ment in China
and telemedicine in the US, in reducing adolescent
headache burden, while extending analyses to a
broader range of countries to improve global
generalisability.

CONCLUSION

Adolescent migraine and TTH showed distinct
cross-national trends across different SDI levels. China
experienced an increasing disease burden in absolute
terms, whereas high-SDI countries showed stable or
declining rates. The 2019-2021 period coincided with
changes in cross-national inequality patterns, although
pandemic-specific effects could not be confirmed
from the available data. Future studies using primary
data are needed to validate these findings, identify
individual-level risk factors, and evaluate the effects of
targeted interventions.
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