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The association between frailty and headache 
in middle-aged and older individuals:  
a data analysis based on the GBD2021, the CHARLS  
and Mendelian randomization

Zhi Qin, Ting Ting Li, Yu Qiao*

A b s t r a c t

Introduction: Headache is a common neurological disease with a significant 
impact on individuals and a high social economic burden.
Methods: We explored the association between frailty (assessed by FI) and 
incidence of new headaches among older individuals using the Global Bur-
den of Disease database and the China Health and Retirement Longitudinal 
Study (CHARLS).
Results: We examined 2108 individuals aged 60 years and older, and found 
that 16.56% of them reported incidence headache. The results demonstrated 
a clear association between higher levels of frailty and higher risks of head-
aches. Higher FI was associated with 1% higher odds of having headaches 
(OR = 1.12, p < 0.001, 1 unit increase of FI). Individuals in highest quartile of 
FI had OR = 1.36 compared to the lowest quartiles of FI. Results of multi-vari-
able logistic regression analysis consistently supported our findings in dif-
ferent adjusted models. Subgroup analyses showed similar results in differ-
ent subgroups. Moreover, Mendelian Randomization analysis also supported 
the genetic correlation between frailty and headache phenotype (OR for FI 
and headache: 3.023 and 2.937, p < 0.001).
Conclusions: The  growing global burden of headaches, especially in older 
adults, underscores the urgency of targeted interventions. Our findings im-
ply that frailty may be a potential indicator of headache risk, and they call 
for healthcare strategies to reduce the incidence of headache by intervening 
in frailty. In the future, we will focus on the biological processes underlying 
the frailty-headache association to provide credible targets for personalized 
treatment and evidence-based preventive care.
Key words: headache, frailty, middle-aged and older individuals, global 
burden of disease, CHARLS. 

Introduction

Headache disorders are a  serious public health problem, affecting 
a  high proportion of the world population, and they cause considera-
ble economic burden due to lost productivity and health care expendi-
ture [1]. The epidemiology of headache disorders has been reported as 
a variety of diseases affecting different population groups. Previous stud-
ies have reported that headache disorders have a  complicated patho-
genesis with possible genetic, environmental, and psychosocial factors 
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involved. Although advances have been made in 
the understanding of headache disorders, there is 
still a large gap between these advances and ef-
fective interventions for the underlying causes of 
headache disorders and treatment options for the 
people affected [2]. The current treatment strate-
gies of headache disorders include lifestyle chang-
es, over-the-counter medications, and prescrip-
tion drugs. However, most patients reported that 
these treatments are ineffective and they are still 
troubled by their diseases [3–5]. The Frailty Index 
(FI) serves as a valid and all-encompassing multi-
dimensional instrument for evaluating the health 
condition and vulnerability of individuals within 
the aging context [6–8]. Currently, there is increas-
ing interest in the possible association between 
frailty and the prevalence of headache disorders. 
It has been reported that frail individuals may be 
associated with an increased risk for chronic pain 
conditions, including headaches, which motivates 
us to further investigate the frailty-headache rela-
tionship. This association is of great significance 
in identifying vulnerable populations and prevent-
ing and treating these susceptible individuals. 

Considering the above background, we attempt 
to explore the relationship between frailty and 
headache occurrence among older adults. We use 
an integrated epidemiological method in our study, 
which is based on the Global Burden of Disease da-
tabase and the China Health and Retirement Longi-
tudinal Study (CHARLS). This method helps us an-
alyse population-based data and detect trends in 
both the incidence and prevalence of headache [9]. 

We use multivariate logistic regression analysis 
to explore the bidirectional relationship between 
frailty and headache occurrence, ultimately con-
tributing to a better understanding of these con-
ditions and informing future interventions.

Methods

Study population and data sources

The Global Burden of Disease (GBD) 2021 da-
tabase provides comprehensive estimates of in-

cidence, prevalence, mortality, years of life lost 
(YLL), years lived with disability (YLD), and dis-
ability-adjusted life years (DALYs) for 371 diseases 
and injuries across 204 countries and territories 
from 1990 to 2021. Data at the population level 
is compiled and summarized at both the nation-
al and regional tiers. Epidemiological data were 
obtained from the Global Health Data Exchange 
online platform (https://vizhub.healthdata.org/
gbd-results/). Headache diagnosis was based on 
self-reported symptoms and physician diagno-
sis using the International Classification of Dis-
eases codes 346 (9th Revision) for migraine and 
G43-G44 (10th Revision) for headache disorders. 
Due to data anonymization protocols in the GBD 
study, the University of Washington’s Institution-
al Review Board approved a  waiver of informed 
consent [10–13].

China health and retirement longitudinal 
study (CHARLS) Database

CHARLS constitutes a  nationwide representa-
tive longitudinal survey targeting Chinese adults 
who are 45 years of age or older. The  study en-
compasses 28 provincial-level regions (includ-
ing autonomous regions and municipalities), 
150 county-level units, and 450 community sites. 
The baseline survey was conducted between June 
2011 and March 2012, with biennial follow-ups 
conducted through face-to-face computer-assist-
ed interviews to collect comprehensive data on 
demographics, health status, psychological meas-
ures, and physical indicators [14–16]. Five waves of 
data collection have been completed (2011, 2013, 
2015, 2018, and 2020). The  CHARLS survey re-
ceived approval from the Biomedical Ethics Com-
mittee of Peking University (IRB00001052-11015), 
and written informed consent was obtained from 
all participants. After 9 years of follow-up, partic-
ipants who developed new-onset headache dis-
orders by 2020 were identified and extracted for 
analysis. From the initial 2011 CHARLS baseline 
cohort of 13,030 participants from approximately  

2108 individuals were included in the study

No headache (n = 1759) New onset headache (n = 349)

Baseline data collection form CHARLS in 2011 (n = 13030)

10,922 individuals were excluded:  
(1) Follow-up data is not available (n = 8145)
(2) Excluded: Age < 60 (n = 1693)
(3) Individuals with headache (n = 827)
(4) Missing covious (n = 257)

Figure 1. Flowchart of participant selection
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10,000  households, we applied inclusion and 
exclusion criteria to select eligible participants. 
Individuals younger than 60 years, those with 
pre-existing headache disorders at baseline, and 
participants with missing FI data or covariates 
were excluded. The  final analytical sample com-
prised 2108 participants who were headache-free 
at baseline and had complete follow-up data. 
The detailed participant selection process is illus-
trated in the flowchart (Figure 1).

GWAS data sources and results

The Mendelian randomization (MR) assay made 
use of summary statistics from publicly accessible 
genome-wide association studies (GWAS). FI ge-
netic data were obtained from the study by Tsai 
et al. [17] (GWAS ID: ebi-a-GCST90020053) based 
on Finnish population data. For the outcome var-
iables, genetic data were retrieved from the UK 
Biobank (ukb-b-7467 for secondary headache di-
agnoses) and FinnGen database (Finngen_R12_
G6_CLUSTHEADACHE_STRICT_INCL4V0 for cluster 
headache strict definition, and Finngen_R12_G6_
CLUSTHEADACHE_1 for cluster headache broad 
definition). To minimize population stratification 
bias, all genetic data were restricted to individu-
als of European ancestry. For instrumental variable 
(IV) selection, we identified SNPs strongly associ-
ated with the FI that were independent of each 
other. SNPs were selected using genome-wide 
significance thresholds, with linkage disequilibri-
um (LD) clumping performed to ensure independ-
ence between instruments [18, 19]. Only SNPs 
with F-statistics > 10 were retained, to avoid weak 
instrument bias. The  inverse variance-weighted 
(IVW) assay uncovered notable causal correla-
tions between the FI and headache disorders. 
The analysis was done using 15 independent SNPs 
as instrumental variables, indicating a significant 
positive correlation with secondary headache di-
agnoses (OR = –0.0017, p = 0.002). In the case of 
cluster headache strict phenotype, 13 SNPs were 
utilized, and they showed a strong caus Negrole 
relationship (OR  =  0.4309, p  =  0.001). Likewise, 
in the wider cluster headache definition, 15 SNPs 
were statistically verified to contain a significant 
correlation (OR = 0.4743, p = 0.006), meaning that 
increased FI is a causal factor in precipitating a va-
riety of headache disorders.

Variable description

The main outcome variable was headache sta-
tus, which was measured as follows in the CHARLS 
questionnaire. The interviewees were first asked 
about their experience of pain, and those who re-
ported experiencing pain were then further ques-
tioned about which body part experienced pain 

with the question: The following are just a few of 
the items in your body that you are experiencing 
pain in, please list them now. The questionnaire 
has 15 specific body parts to choose: head, neck, 
chest, shoulders, arms, wrists, fingers, abdomen, 
upper back, lower back, hips, legs, knees, ankles, 
and toes. Participants who reported specifically 
feeling pain in the head were defined as having 
headache disorders. The head and neck catego-
ry specifically captured headache and cervical 
pain symptoms. This method enabled an overall 
assessment of the distribution pattern of pain in 
different body regions. The  head was identified 
as one of the pain entities in the pain assessment 
framework. In this study, headache was defined 
and assessed based on the “general pain problem 
classified by body region”, without further differ-
entiation between subtypes such as migraine 
and tension-type headache. Additionally, the as-
sessment timeframe for headache includes both 
“recent” and “chronic” headache.

The primary exposure variable was frailty, 
which we assessed with the FI. The FI was com-
puted as the ratio of the number of existing health 
deficits to the total count of potential age-related 
deficits evaluated. Health deficits included activ-
ities of daily living (ADL), instrumental activities 
of daily living (IADL), physical limitations, chronic 
diseases, and indicators of psychological health. 
The FI used binary coding where “0” represented 
no deficits and “1” represented presence of defi-
cits. If the response was intermediate, it was cod-
ed as “0.5” to reflect partial impairment.

Covariates derived from the CHARLS data-
base were as follow: demographic factors (age, 
sex, type of residence); socioeconomic status 
(education level, marital status); lifestyle factors 
(smoking, drinking, night); laboratory items (se-
rum creatinine, uric acid, total cholesterol, LDL 
cholesterol, triglycerides); and chronic diseases 
(cardiovascular disease, hypertension, diabe-
tes, dyslipidaemia, stroke, depression). All the 
covariates were collected through standardised 
questionnaires in household surveys. To protect 
data quality, the study evaluated missing data 
patterns comprehensively and applied multiple 
imputation methods in variables with a missing 
rate higher than 10%. Sensitivity analysis was 
employed to evaluate the robustness of the study 
results.

Statistical analysis

For the CHARLS cohort analysis, participant 
characteristics were summarised using descrip-
tive statistics. Continuous variables following nor-
mal distribution were presented as means with 
standard deviations (SD), while non-normally 
distributed variables were expressed as medi-
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Results

The global and regional disease burden 
of headache disorders

From 1990 to 2021, headache disorders demon-
strated distinct epidemiological patterns globally, 
with substantial increases in absolute case num-
bers. The  global age-standardised rates (ASRs) 
in 2021 were 10084.51 per 100,000 for incidence, 
34,574.42 per 100,000 for prevalence, and 588.39 
per 100,000 for DALYs, with minimal changes in 
age-standardised rates (estimated annual per-
centage changes, EAPCs) near zero but dramatic 
increases in absolute numbers – total DALYs grew 
by 67.1% from 533.8 million in 1990 to 892.3 mil-
lion in 2021. Regional variations highlighted sig-
nificant geographic disparities. Eastern Europe 
consistently exhibited the highest prevalence and 
DALYs burden globally, while Sub-Saharan African 
regions showed lower current rates but positive 
growth trends, suggesting future increases as 
these populations undergo epidemiological tran-
sition (Figure 2, Table I–III).

Global burden of headache by age and sex

From 1990 to 2021, the global burden of head-
ache consistently increased across all sexes and 
age groups, driven mainly by population growth 
and aging. Females consistently exhibited a high-
er disease burden than males across all indicators. 
In 2021, the female-to-male ratios were 1.60 : 1 for 
incidence, 1.21 : 1 for prevalence, and 1.12 : 1 for 
DALYs, underscoring the persistent predominance 
of headache disorders among women. The glob-
al burden was predominantly concentrated in 
individuals under 74 years of age, with incidence 
and prevalence rates peaking in young and mid-
dle adulthood (notably between 25 and 54 years). 
However, the ASRs were consistently highest in the 
70–74- and 75–79-year-old age groups, and these 
older groups exhibited the fastest growth in head-
ache burden over the past three decades. These 
trends suggest that while the absolute number of 
cases is greatest among young and middle-aged 
adults due to demographic size, the impact and 
incremental increases among older adults are be-
coming increasingly pronounced. The  persistent 
and significant female predominance and the 
acceleration of burden in the elderly emphasize 
the importance of age- and sex-sensitive public 
health strategies targeting headache manage-
ment worldwide (Figure 3). 

Baseline characteristics in the CHARLS

Among all 2108 participants, 349 (16.56%) had 
headache disorders. The  mean age of the sur-
vey population was 66.56 ±5.79 years, and 1006 

ans with interquartile ranges (IQR). Frequencies 
and percentages were applied to depict categor-
ical variables. To compare data across different 
groups, c2 tests were utilised for categorical vari-
ables, while independent t-tests or Mann-Whitney 
U tests were employed for continuous variables, 
depending on the specific data characteristics. 
The  association between FI and headache dis-
orders was evaluated using univariate and mul-
tivariate logistic regression models. Frailty was 
analysed in multiple forms: as a categorical varia-
ble (0, 1, 2+ frailty components), as a continuous 
variable (FI score), per IQR increase, and by quar-
tiles (Q1–Q4). Four progressive adjustment mod-
els were constructed: Crude model: unadjusted 
association between frailty and headache; Model 
1: adjusted for demographic and socioeconomic 
factors (sex, age, marital status, residence place); 
Model 2: Model 1 + lifestyle factors (drinking, 
smoking) and laboratory parameters (creatinine, 
uric acid, total cholesterol, LDL cholesterol, triglyc-
erides); and Model 3: Model 2 + chronic disease 
conditions (cardiovascular disease, hypertension, 
diabetes, stroke, depression, night). Results were 
presented as odds ratios (ORs) with 95% confi-
dence intervals (CIs). Trend tests were performed 
across frailty categories and quartiles to test the 
dose-response relationship. Stratified analyses 
were performed among subgroups of sex, age 
groups, and residence types to evaluate the con-
sistency of results among different populations. 
We used restricted cubic spline (RCS) regression 
with three knots (at the 10th, 50th, and 90th percen-
tiles) to explore the dose-response relationship 
between FI and headache. The IVW method was 
used as the primary analytical approach in the MR 
analysis to test the causal relationship between 
FI and headache disorders. Other MR methods, 
including MR-Egger regression, weighted medi-
an, and weighted mode, were used to evaluate 
the robustness of results. F-statistics was used 
to evaluate the strength of instrumental varia-
bles, and F > 10 was considered to exclude the 
bias caused by weak instruments. Cochran’s Q 
statistic was used to evaluate heterogeneity in 
both IVW and MR-Egger methods. Horizontal plei-
otropy was assessed through MR-Egger intercept 
tests and MR-PRESSO global tests. Leave-one-out 
sensitivity analysis was performed to identify po-
tentially influential SNPs. A Bonferroni-corrected 
significance threshold of p < 0.017 was applied to 
account for multiple testing.

All statistical analyses were two-sided, with 
p  <  0.05 considered statistically significant un-
less otherwise specified. Statistical analyses and 
visualisations were performed using R software 
(version 4.3.3) with relevant packages including 
ggplot2, dplyr, and Two Sample MR [20, 21].
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representing a  1.64 -fold risk. Rural residents 
were more likely to experience headache com-
pared to urban dwellers (66.19% vs. 33.81%, 
p  =  0.08). Educational disparities were evident, 
with higher headache prevalence among those 
with lower educational attainment (p < 0.0001). 
Frailty emerged as a  critical factor associated 
with headache disorders. The  mean FI was sig-
nificantly higher in participants with headache 

(47.72%) were female. A total of 1306 (61.95%) 
participants lived in rural areas. Notably, partici-
pants with headache showed no significant age 
difference compared to those without (66.50 
±5.44 vs. 66.57 ±5.86 years, p = 0.83). Significant 
demographic and clinical associations with head-
ache prevalence were identified. Female partici-
pants had a markedly higher prevalence of head-
ache (62.18% vs. 37.82% in males, p  <  0.0001), 

Figure 2. The incidence, prevalence, and disability-adjusted life years (DALYs) for male and female headache disor-
ders globally from 1990 to 2021, along with their standardised rates. A – Number of patients and ASIR. B – Number 
of patients and ASPR. C – DALYs count and ASDR
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Table I. Incidence burden of headache disorders at global and regional levels, 1990–2021

Location Num_1990 ASR_1990 Num_2021 ASR_2021 EAPC_CI

Global 533794824 
(472464997 to 

591430932)

10097.25 
(8965.19 to 
11186.25)

809226480 
(717818771 to 
895990201)

10084.51 
(8956.48 to 
11170.76)

0  
(–0.01 to 0.01)

High SDI 110194635 
(97431275 to 
122726724)

12124.37 
(10692.14 to 

13476.79)

133602787 
(118033322 to 

147751977)

11998.5 
(10585.06 to 

13303.17)

–0.05  
(–0.06 to –0.04)

High-middle SDI 106341016 
(93968679 to 

118115376)

9755.3 (8652.5 
to 10822.83)

130725736 
(115265921 to 
144453096)

9713.78 
(8613.29 to 
10776.68)

0.01  
(–0.01 to 0.03)

Middle SDI 158808171 
(140108527 to 

176639688)

9217.49 
(8180.97 to 

10218)

243446538 
(215909106 to 

269427847)

9683.67 
(8598.09 to 

10721.4)

0.17  
(0.16 to 0.19)

Low-middle SDI 114900538 
(101198503 to 

127510606)

10316.42 
(9153.81 to 

11395.8)

200895654 
(177803497 to 

222958167)

10293.6 
(9125.41 to 
11392.13)

–0.02  
(–0.03 to –0.01)

Low SDI 43014225 
(37852916 to 

48110769)

9454 (8371.23 
to 10501.68)

99897407 
(87792678 to 
111753942)

9366.36 
(8294.27 to 

10401.7)

–0.04  
(–0.05 to –0.03)

Andean Latin America 3171011 
(2789098 to 

3558985)

8439.41 
(7488.92 to 

9324.07)

5659404 
(4986234 to 

6289282)

8441.81 
(7468.56 to 

9345.49)

0.01  
(0 to 0.02)

Australasia 2281531 
(2020125 to 

2537951)

10898.14 
(9622.51 to 

12079.5)

3436041 
(3026090 to 

3801502)

10895.04 
(9610.14 to 
12058.95)

0 (0 to 0)

Caribbean 3425866 
(3008494 to 

3817880)

9707.17 
(8580.63 to 

10802.8)

4671094 
(4127093 to 

5182029)

9700.89 
(8578.68 to 
10811.34)

0 (0 to 0)

Central Asia 7931184 
(6892507 to 

8895988)

11774.08 
(10272.74 to 

13164.67)

11296260 
(9822321 to 
12718808)

11764.53 
(10241.37 to 

13153.9)

0 (0 to 0)

Central Europe 15315755 
(13431788 to 

17025335)

11927.39 
(10473.43 to 

13281.88)

14086702 
(12455869 to 

15580373)

11943.96 
(10495.46 to 

13312.91)

0 (0 to 0)

Central Latin America 16134693 
(14187777 to 
18039966)

9984.35 
(8842.42 to 
11070.16)

25974342 
(23026886 to 

28826697)

9989.58 
(8859.54 to 
11075.49)

0 (0 to 0)

Central Sub-Saharan 
Africa

4630530 
(4026287 to 

5223522)

9363.16 
(8230.75 to 
10403.03)

12109701 
(10544194 to 

13654756)

9360.43 
(8235.58 to 
10399.97)

0 (0 to 0)

East Asia 91601538 
(80589264 to 
102626678)

7391.25 
(6542.16 to 

8251.16)

119035994 
(105291262 to 

132586261)

7816.63 
(6900.54 to 

8698.47)

0.22  
(0.17 to 0.26)

Eastern Europe 28300742 
(25074997 to 

31500583)

12232.45 
(10807.82 to 

13582.62)

25940761 
(22902463 to 

28699840)

12263.83 
(10834.87 to 

13644.35)

0.01  
(0 to 0.01)

Eastern Sub-Saharan 
Africa

13434871 
(11737849 to 

15225201)

7902.36 
(6962.17 to 

8827.45)

31589590 
(27578742 to 

35627164)

7797.13 
(6869.75 to 

8703.11)

–0.06  
(–0.08 to –0.05)

High-income Asia Pacific 20985917 
(18605814 to 

23293180)

11523.21 
(10206.32 to 

12728.8)

21669335 
(19154377 to 
23944763)

11465.19 
(10094.65 to 

12740.55)

–0.02  
(–0.02 to –0.01)

High-income North 
America

38913911 
(34245827 to 

43488125)

13478.43 
(11862.57 to 
15038.09)

50025408 
(44488084 to 

55381394)

13330.95 
(11802.72 to 

14776.65)

–0.04  
(–0.05 to –0.03)

North Africa and Middle 
East

31827864 
(27914566 to 

35708276)

9843.83 
(8746.11 to 
10886.6)

62121675 
(55272621 to 
69280987)

9873.96 
(8763.15 to 
10927.05)

0.02  
(0 to 0.03)
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Table I. Incidence burden of headache disorders at global and regional levels, 1990–2021 (cont.)

Location Num_1990 ASR_1990 Num_2021 ASR_2021 EAPC_CI

Oceania 571086 
(502430 to 

641109)

9160.19 
(8099.59 to 

10168.2)

1234791 
(1090287 to 

1386829)

9163.96 
(8100.85 to 
10179.29)

0 (0 to 0)

South Asia 111596403 
(98547826 to 
124222326)

10553.53 
(9368.44 to 
11658.64)

201652157 
(178711512 to 
224063361)

10562.4 
(9357.97 to 
11658.05)

–0.01  
(–0.03 to 0.01)

Southeast Asia 47660972 
(41875697 to 

53178430)

10364.14 
(9186.8 to 
11498.43)

74413840 
(65875116 to 
82939949)

10366.71 
(9186.59 to 
11502.94)

0 (0 to 0)

Southern Latin America 5143892 
(4543765 to 

5738089)

10397.52 
(9222.29 to 
11603.22)

7317406 
(6461396 to 

8147675)

10441.24 
(9236.06 to 
11649.38)

0.02  
(0.02 to 0.02)

Southern Sub-Saharan 
Africa

4951265 
(4351690 to 

5550063)

9824.1 (8703.05 
to 10964.42)

8036088 
(7102963 to 

9035494)

9815.1 (8699.55 
to 10952.66)

0 (0 to 0)

Tropical Latin America 18093147 
(16081743 to 
20057581)

11588.15 
(10425.49 to 

12758.27)

27140305 
(24259184 to 

30053623)

11823.8 
(10533.68 to 

13019.34)

0.05  
(0.04 to 0.07)

Western Europe 50122966 
(44386824 to 

55958684)

12650.14 
(11113.06 to 

14117.58)

55477379 
(49552163 to 

61469218)

12661.01 
(11128.29 to 

14103.83)

0.02  
(0.01 to 0.02)

Western Sub-Saharan 
Africa

17699682 
(15607937 to 

19738259)

10187.76 
(9018.38 to 
11328.27)

46338207 
(40696774 to 

51748717)

10184.19 
(9007.95 to 

11310.8)

–0.01  
(–0.02 to 0)

Table II. Prevalence burden of headache disorders at global and regional levels, 1990–2021

Location Num_1990 ASR_1990 Num_2021 ASR_2021 EAPC_CI

Global 1787302945 
(1648822202 to 

1937346556)

34486.61 
(31872.81 to 

37187.63)

2808876482 
(2599555368 to 

3028767343)

34574 
(32017.69 to 

37318.55)

0.01  
(0 to 0.02)

High SDI 377303233 
(348181382 to 
406006717)

40362.19 
(37304.58 to 

43443.77)

469853686 
(432991274 to 
502490637)

39943.22 
(36968.04 to 

42992.91)

–0.04  
(–0.05 to –0.03)

High-middle SDI 364326746 
(335902462 to 

394839881)

33201.02 
(30676.58 to 

35848.97)

470255761 
(434045841 to 

507003958)

33265.16 
(30732.39 to 

35977.83)

0.03  
(0 to 0.05)

Middle SDI 535062611 
(491821074 to 
580740601)

31883.97 
(29499.33 to 

34375.46)

862941419 
(798706924 to 

930877361)

33529.25 
(31076.45 to 

36180.36)

0.17 (0.16 to 
0.19)

Low-middle SDI 372562916 
(340616161 to 
405930156)

35304.29 
(32608.81 to 

38179.7)

681846992 
(628437764 to 

739801197)

35291.68 
(32601.54 to 

38134.86)

–0.01  
(–0.02 to 0)

Low SDI 136234425 
(123294936 to 

149672772)

32130.34 
(29507.18 to 
34967.66)

321669320 
(291652122 to 

353731234)

31917.54 
(29344.65 to 

34700.57)

–0.03  
(–0.04 to –0.02)

Andean Latin America 10061024 
(9099095 to 

11152454)

27981.28 
(25592.45 to 

30603.19)

19322852 
(17463983 to 

21373105)

28686.66 
(25949.9 to 
31650.66)

0.1  
(0.08 to 0.12)

Australasia 7695931 
(7049006 to 

8401347)

36020.01 
(33048.09 to 

39251.67)

11825960 
(10804071 to 

12817469)

36018 
(33015.95 to 

39258.62)

0 (0 to 0)

Caribbean 11780082 
(10615140 to 
13020834)

33902.81 
(30873 to 
37146.67)

16599788 
(15142153 to 

18174701)

33869.58 
(30851.11 to 

37119.95)

0 (0 to 0)
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Table II. Prevalence burden of headache disorders at global and regional levels, 1990–2021 (cont.)

Location Num_1990 ASR_1990 Num_2021 ASR_2021 EAPC_CI

Central Asia 25272686 
(22863066 to 

27916959)

38846.1 
(35330.9 to 
42506.65)

37359631 
(34003365 to 

40989854)

38788.18 
(35324.88 to 

42457.39)

–0.01  
(–0.01 to 0)

Central Europe 51248153 
(47135196 to 
55620936)

39086.17 
(35859.5 to 
42620.91)

48986032 
(44773981 to 

52892513)

39073.11 
(35876.92 to 

42546.93)

0  
(–0.01 to 0)

Central Latin America 52807614 
(48056215 to 

57997064)

34241.46 
(31563.94 to 

37264.51)

90477318 
(83266977 to 

98500173)

34380.69 
(31661.59 to 

37419.98)

0.02  
(0.01 to 0.02)

Central Sub-Saharan 
Africa

14774665 
(13239356 to 

16569475)

32086.76 
(29166.59 to 

35428.08)

38908598 
(34926922 to 

43572462)

32061.77 
(29150.09 to 

35404.67)

0 (0 to 0)

East Asia 320533274 
(293466637 to 

349968250)

25844.47 
(23775.25 to 

27983.66)

441138887 
(406671695 to 

478351949)

27569.59 
(25452.72 to 

29984.12)

0.24  
(0.2 to 0.28)

Eastern Europe 94586700 
(87424520 to 
102207997)

39806.68 
(36827.38 to 

42995.07)

89285285 
(82617769 to 
95996350)

39866.6 
(36979.81 to 

43073.94)

0.01  
(0 to 0.01)

Eastern Sub-Saharan 
Africa

41001832 
(36531464 to 

45726019)

26023.58 
(23629.89 to 

28766.78)

98354294 
(87960669 to 
109430326)

25769.42 
(23341.19 to 
28330.79)

–0.05  
(–0.06 to –0.03)

High-income Asia Pacific 68320083 
(62899637 to 

74076924)

36502.7 
(33628.94 to 

39715.32)

74015050 
(67774803 to 

79837896)

36759.15 
(33826.67 to 

40033.3)

0.05  
(0.04 to 0.07)

High-income North 
America

131961655 
(122553855 to 

141962035)

44486.85 
(41339.93 to 

47815.49)

171535443 
(159141040 to 

183173917)

43612.53 
(40628.86 to 

46915.07)

–0.07  
(–0.1 to –0.04)

North Africa and Middle 
East

106319397 
(96056204 to 

117105956)

34767.16 
(31990.5 to 
37850.97)

219957171 
(201320363 to 

239186127)

34984.2 
(32119.27 to 

37886.31)

0.03  
(0.01 to 0.04)

Oceania 1909134 
(1705425 to 

2098227)

32342.59 
(29243.36 to 

35334.12)

4235347 
(3809402 to 

4661433)

32361.94 
(29271.16 to 

35375.72)

0 (0 to 0)

South Asia 358358212 
(328459853 to 

390526009)

35635.64 
(32914.07 to 

38524.34)

680674142 
(628003484 to 

736856962)

35688 (32985.8 
to 38470.02)

–0.02  
(–0.04 to 0.01)

Southeast Asia 161277340 
(147632408 to 

174994436)

36609.57 
(33825.23 to 

39563.12)

265769743 
(245290679 to 

287027699)

36398.51 
(33614.82 to 

39330.25)

–0.02  
(–0.02 to –0.02)

Southern Latin America 16536928 
(15013697 to 

18177406)

33682.48 
(30616.33 to 
36968.62)

24445107 
(22192453 to 
26859084)

34056.88 
(30849.24 to 

37424.65)

0.05  
(0.04 to 0.06)

Southern Sub-Saharan 
Africa

15887311 
(14497126 to 

17402985)

33225.4 
(30568.92 to 

36062.25)

26906114 
(24714304 to 
29384899)

33198.87 
(30538.15 to 

36048.13)

0 (0 to 0)

Tropical Latin America 61591490 
(56830236 to 

66692178)

40772.19 
(37721.11 to 

43816.4)

97370535 
(90317007 to 
105222983)

41148.76 
(38049.51 to 

44522.12)

0.01  
(–0.01 to 0.02)

Western Europe 178016065 
(164119893 to 

191571180)

43249.49 
(39887.15 to 

46586.01)

201163899 
(185551318 to 

216210146)

43409.83 
(40111.93 to 
46783.53)

0.04 
 (0.03 to 0.05)

Western Sub-Saharan 
Africa

57363367 
(52136137 to 
62731868)

35301.18 
(32414.09 to 

38234.47)

150545286 
(136632773 to 

165121461)

35346.21 
(32436.38 to 

38342.04)

0  
(–0.01 to 0.01)
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Table III. DALYs burden of headache disorders at global and regional levels, 1990–2021

Location Num_1990 ASR_1990 Num_2021 ASR_2021 EAPC_CI

Global 30260884 
(5963392 to 
64833434)

583.75  
(122.49 to 
1231.64)

47975675 
(9800212 to 
100667853)

588.39  
(117.58 to 
1245.36)

0.04  
(0.03 to 0.05)

High SDI 6026677 
(1355771 to 
12503912)

641.2  
(138.26 to 
1342.85)

7453721 
(1787750 to 
15361008)

640.4  
(135.42 to 

1337.7)

0.01  
(–0.02 to 0.04)

High-middle SDI 6346250 
(1590842 to 
13160367)

574.78  
(146.54 to 
1189.21)

8318285 
(2150201 to 
17015818)

577.5  
(134.57 to 
1201.76)

0.06  
(0.04 to 0.07)

Middle SDI 9398627 
(1617027 to 
20359640)

557.77  
(104.98 to 
1185.18)

15284069 
(2903733 to 
32354748)

587.4  
(107.41 to 
1249.34)

0.18  
(0.17 to 0.2)

Low-middle SDI 6268039 
(1006092 to 
13759643)

596.36  
(107.32 to 

1277.9)

11616300 
(1981002 to 
25231491)

597.24  
(107.79 to 
1280.45)

0  
(–0.01 to 0.01)

Low SDI 2191131  
(407076 to 
4757190)

524.09  
(112.16 to 
1103.07)

5264013 
(973047 to 
11537811)

526.97  
(112.22 to 
1115.94)

0.02  
(0.02 to 0.03)

Andean Latin America 151609  
(32429 to 
325543)

427.77  
(105.31 to 
887.49)

304989  
(70250 to 
645667)

449.99  
(105.16 to 
944.58)

0.19  
(0.15 to 0.24)

Australasia 119887  
(28232 to 
246199)

557.57 (127.88 
to 1154.4)

183163  
(45149 to 
374049)

559.63  
(127.13 to 
1152.04)

0.01  
(0.01 to 0.01)

Caribbean 203830  
(34141 to 
437112)

583.51  
(106.44 to 
1249.12)

284205  
(53793 to 
603516)

580.2  
(105.83 to 
1236.46)

–0.01  
(–0.02 to –0.01)

Central Asia 369690  
(79489 to 
796991)

576.87  
(135.47 to 

1220.1)

559509  
(131253 to 
1181478)

574.24  
(134.7 to 
1212.09)

–0.01  
(–0.01 to 0)

Central Europe 796589  
(224083 to 
1663179)

599.99  
(162.56 to 
1264.45)

768194  
(238261 to 
1575942)

599.93  
(163.52 to 
1264.19)

0.01  
(0 to 0.01)

Central Latin America 893845  
(147621 to 
1925654)

578.37 (112.71 
to 1229.31)

1548271 
(300350 to 

3319151)

585.1  
(112.9 to 
1255.46)

0.05  
(0.04 to 0.06)

Central Sub-Saharan 
Africa

231826  
(45547 to 
499755)

511.9  
(114.9 to 
1058.1)

617713  
(121077 to 
1311959)

515.36  
(117.7 to 
1065.71)

0.03  
(0.03 to 0.04)

East Asia 5729155 
(1124057 to 
12243946)

456.25 (93.59 
to 963.99)

7988580 
(1685809 to 
16763663)

487.69  
(95.05 to 
1037.09)

0.25  
(0.21 to 0.29)

Eastern Europe 1638231  
(614163 to 
3222353)

671.97 (243.18 
to 1336.61)

1576590 
(612730 to 
3028643)

671.26  
(241.79 to 
1331.61)

0.05  
(0.01 to 0.09)

Eastern Sub-Saharan 
Africa

592410  
(149581 to 
1283854)

391.59  
(112.52 to 

811.36)

1459523 
(362961 to 
3168300)

395.3  
(112.26 to 

821.89)

0.06  
(0.04 to 0.07)

High-income Asia Pacific 918152  
(256615 to 
1913715)

483.34  
(129.95 to 

1016.5)

967561  
(299105 to 
1956005)

486.2  
(128.87 to 
1017.31)

0.01  
(0 to 0.02)

High-income North 
America

2102176 
(425409 to 
4429863)

705.13  
(138 to 

1496.34)

2656814 
(581262 to 
5580170)

684.01  
(135.48 to 

1445.4)

–0.04  
(–0.11 to 0.03)

North Africa and Middle 
East

2039503 
(441143 to 
4383000)

665.47  
(162.62 to 
1370.67)

4267742 
(1031393 to 

8814828)

666.72  
(161.94 to 
1371.46)

0.01  
(0 to 0.02)
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In the crude model, participants with pre-frailty 
(Category 1) had nearly twice the odds of experi-
encing headache compared to robust individuals 
(OR = 1.97, 95% CI: 1.55–2.51, p < 0.0001), while 
those with frailty (Category 2) showed even high-
er risk (OR = 2.74, 95% CI: 1.55–4.85, p < 0.001). 
These associations remained significant after ad-
justment for covariates in Model 3, with ORs of 
1.39 (95% CI: 1.03–1.87, p  =  0.03) for pre-frailty. 
When analysed as a continuous variable, each unit 
increase in FI was significantly associated with in-
creased headache risk (crude model: OR  =  1.52, 
95% CI: 1.30–1.76, p < 0.0001; fully adjusted Model 
3: OR =  1.12, 95% CI: 0.91–1.37, p = 0.29). Quar-
tile-based analysis revealed a  distinct dose-re-
sponse correlation. In the crude model, compared 
to the lowest quartile (Q1), participants in Q2, 
Q3, and Q4 had ORs of 1.26 (95% CI: 0.86–1.84, 
p = 0.24), 2.08 (95% CI: 1.47–2.92, p < 0.0001), and 
2.52 (95% CI: 1.75–3.63, p  <  0.0001), respective-
ly. After full covariate adjustment (Model 3), the 
associations persisted with ORs of 1.46 (95% CI: 
0.99–2.15, p = 0.05) for Q3. Q2 and Q4 showed no 
strong statistical significance.

Restricted cubic spline (RCS) regression anal-
ysis further elucidated the nature of the frail-
ty-headache relationship. All models demon-
strated highly significant overall associations 
(p-overall  <  0.001 for crude model and Models 
1-2; p-overall  =  0.1094 for Model 3). The  crude 
model, Model 1, and Model 2 suggested potential 

(0.11 ±0.07 vs. 0.09 ±0.07, p < 0.0001). When cate-
gorised, 152 (43.55%) participants with headache 
had pre-frailty compared to 516 (29.33%) without 
headache, while 179 (51.29%) had robust status 
compared to 1199 (68.16%) without headache 
(p < 0.0001). 

Laboratory parameters revealed distinct pat-
terns. Participants with headache had signifi-
cantly lower serum creatinine (0.78 ±0.19 vs. 0.81 
±0.19 mg/dl, p = 0.02) and uric acid levels (4.47 
±1.29 vs. 4.64 ±1.25 mg/dl, p = 0.03). Lifestyle fac-
tors showed statistical associations: participants 
with headache were less likely to report smoking 
(25.50% vs. 33.37%, p < 0.01) or alcohol consump-
tion (23.50% vs. 34.45%, p  <  0.0001). These as-
sociations ought not to be construed as causal 
protective impacts, as discussed in detail below. 
Moreover, the sleep duration of participants with 
headache are reduced (6.18 ±2.06 vs. 6.45 ±1.81, 
p  =  0.02). Comorbidity burden was significantly 
higher in the headache group, including depres-
sion (42.12% vs. 24.28%, p < 0.0001), hypertension 
(36.68% vs. 28.65%, p < 0.01), and cardiovascular 
disease (21.20% vs. 12.79%, p < 0.0001) (Table IV).

Associations between frailty,  
Frailty Index (FI), and headache

Multivariable logistic regression analysis re-
vealed a  robust and consistent relationship be-
tween frailty status and headache occurrence. 

Table III. DALYs burden of headache disorders at global and regional levels, 1990–2021 (cont.)

Location Num_1990 ASR_1990 Num_2021 ASR_2021 EAPC_CI

Oceania 33222  
(4726 to 
72807)

563.4  
(93.26 to 
1200.92)

74707  
(11345 to 
161838)

565.23  
(93.25 to 
1210.06)

0.01  
(0.01 to 0.01)

South Asia 5855985 
(898726 to 
13006928)

585.11  
(100.86 to 
1270.23)

11316918 
(1831990 to 
24611221)

588.86  
(100.4 to 
1268.61)

0  
(–0.02 to 0.03)

Southeast Asia 2946195 
(387795 to 
6364814)

667.84  
(99.37 to 
1430.1)

4881346 
(745495 to 
10341106)

658.16  
(99.35 to 
1400.95)

–0.04  
(–0.05 to –0.03)

Southern Latin America 240917  
(60186 to 
501287)

492.64  
(125.99 to 
1019.04)

363163  
(94947 to 
736395)

502.39  
(127 to 

1027.89)

0.1  
(0.08 to 0.12)

Southern Sub-Saharan 
Africa

254587  
(52312 to 
538374)

541.35  
(126.26 to 
1106.82)

434222  
(97468 to 
893646)

534.51  
(125.58 to 
1092.86)

–0.04  
(–0.04 to –0.03)

Tropical Latin America 1113401  
(137154 to 
2450338)

720.52  
(103.53 to 
1552.08)

1732233 
(262709 to 
3682242)

735.36  
(103.39 to 
1570.72)

0.14  
(0.11 to 0.17)

Western Europe 3049027 
(640052 to 
6370410)

744.31  
(145.59 to 
1581.07)

3387292 
(764627 to 
6980774)

748.58  
(144.83 to 
1578.77)

0.05  
(0.02 to 0.08)

Western Sub-Saharan 
Africa

980649  
(169097 to 
2163552)

604.56  
(122.01 to 

1290.7)

2602939 
(444801 to 
5761191)

611.98 (123.47 
to 1311.2)

0.05  
(0.04 to 0.05)
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Figure 3. Comparison of age-standardised incidence rate (ASIR), age-standardised prevalence rate (ASPR), and 
age-standardised DALYs rate (ASDR) of global headache disorders in 1990 and 2021, by sex and age. A – Compar-
ison of the burden of global headache disorders by sex in 1990 and 2021. B – Comparison of the burden of global 
headache disorders by age in 1990 and 2021
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Table IV. Baseline characteristics of the CHARLS cohort

Variable Total
(n = 2108)

No
(n = 1759)

Yes
(n = 349)

Statistic P-value

Sex 34.34 < 0.0001

Female 1006 (47.72) 789 (44.86) 217 (62.18)

Male 1102 (52.28) 970 (55.14) 132 (37.82)

Age 66.56 ±5.79 66.57 ±5.86 66.50 ±5.44 0.21 0.83

Age_group 3.23 0.20

60–69 1439 (72.46) 1205 (72.46) 234 (72.45)

70–79 471 (23.72) 389 (23.39) 82 (25.39)

80+ 76 ( 3.83) 69 ( 4.15) 7 ( 2.17)

Marital status 1.12 0.29

Married 1701 (80.69) 1427 (81.13) 274 (78.51)

Non-married 407 (19.31) 332 (18.87) 75 (21.49)

Education 21.04 < 0.0001

High school or above 152 ( 7.21) 135 ( 7.67) 17 ( 4.87)

Illiterate 684 (32.45) 535 (30.42) 149 (42.69)

Junior high school or below 1272 (60.34) 1089 (61.91) 183 (52.44)

Residence place 2.97 0.08

Rural 1306 (61.95) 1075 (61.11) 231 (66.19)

Urban 802 (38.05) 684 (38.89) 118 (33.81)

Drinking 15.40 < 0.0001

No 1420 (67.36) 1153 (65.55) 267 (76.50)

Yes 688 (32.64) 606 (34.45) 82 (23.50)

Smoking 7.92 < 0.01

No 1432 (67.93) 1172 (66.63) 260 (74.50)

Yes 676 (32.07) 587 (33.37) 89 (25.50)

Depression 45.91 < 0.0001

Depression 574 (27.23) 427 (24.28) 147 (42.12)

Normal 1534 (72.77) 1332 (75.72) 202 (57.88)

Night 6.41 ±1.86 6.45 ±1.81 6.18 ±2.06 2.26 0.02

CVD 16.25 < 0.0001

No 1809 (85.82) 1534 (87.21) 275 (78.80)

Yes 299 (14.18) 225 (12.79) 74 (21.20)

Hypertension 8.55 < 0.01

No 1476 (70.02) 1255 (71.35) 221 (63.32)

Yes 632 (29.98) 504 (28.65) 128 (36.68)

Diabetes 0.04 0.84

No 1995 (94.64) 1666 (94.71) 329 (94.27)

Yes 113 (5.36) 93 (5.29) 20 (5.73)
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notable patterns. Non-smokers exhibited stron-
ger frailty-headache associations than smokers, 
with Q4 showing OR  =  2.169 (95%  CI: 1.425–
3.340, p  <  0.001) versus OR  =  3.480 (95%  CI: 
1.714–7.362, p  <  0.001), respectively. Similarly, 
non-drinkers showed more robust associations 
(Q4: OR = 2.373, 95% CI: 1.563–3.652, p < 0.0001) 
compared to drinkers (Q4: OR  =  2.470 [1.178, 
5.279], 95% CI: 1.178–5.279, p = 0.017), although 
interaction p-values remained non-significant 
(p = 0.736 for smoking, p = 0.993 for drinking). 
Comorbidity analyses showed that participants 
without cardiovascular disease, dyslipidaemia, or 
diabetes maintained stronger frailty-headache as-
sociations. For instance, the effect size was 2.514 
(character  =  2: 95% CI: 1.360–4.432, p  =  0.002) 
in patients without CVD, versus 1.063 (charac-
ter  =  2: 95% CI: 0.472–2.268, p  =  0.877) in pa-
tients with CVD. Age-stratified subgroup analysis 
demonstrated remarkable consistency across age 
groups. In the robust group, all showed p < 0.001 
except for the 80+ group (robust: OR  =  0.375 
[95% CI: 0.054–3.164, p = 0.320]), probably due to 
the smaller sample size. The  interaction p-value 
was 0.58. Additionally, individuals without depres-
sion showed a stronger association compared to 
those with depression (Q4: OR =  1.440 [95% CI: 
0.850–2.388, p  =  0.165 vs. OR  =  1.816 (95% CI: 
0.564–8.099, p = 0.363). The interaction was not 
statistically significant (p = 0.498) (Table VI).

ROC prediction model

Individual variable performance assessment 
through ROC curve analysis revealed modest but 

non-linearity (p-non-linear = 0.0038, 0.0038, and 
0.003), although this became non-significant after 
covariate full adjustment (p-non-linear  =  0.0667 
for Model 3), indicating a  predominantly linear 
relationship. The RCS curves consistently showed 
increasing headache probability with higher FI 
scores, with the 95% confidence intervals exclud-
ing the null across most of the FI range (approxi-
mately 0.1–0.6) (Figure 4, Table V).

Subgroup analyses

Comprehensive stratified analyses across 11 de-
mographic and clinical characteristics demon-
strated that the association between frailty and 
headache occurrence was remarkably consistent 
across most subgroups, with few significant in-
teractions observed. Table analysis revealed that 
nearly all subgroups maintained statistically sig-
nificant positive associations. Among females, 
a strong dose-response relationship was evident 
across frailty quartiles (Q3: OR  =  2.253, 95% CI: 
1.436–3.620, p  <  0.001; Q4: OR  =  2.721, 95% CI: 
1.683–4.487, p < 0.0001), with a highly significant 
trend (p  <  0.0001). In contrast, males showed 
a more attenuated pattern, with Q2 demonstrat-
ing no significant association (OR = 1.063, 95% CI: 
0.604–1.888, p  =  0.832), although the interac-
tion was not statistically significant (p = 0.835). 
Subgroup analysis of sex stratification across 
different frailty groups showed stronger asso-
ciations in females (character  =  2: OR  =  2.060, 
95% CI: 1.177–3.487) compared to males (char-
acter = 2: OR = 1.751, 95% CI: 0.707–3.750), both 
with p  <  0.001. Lifestyle factors demonstrated 

Table IV. Baseline characteristics of the CHARLS cohort (cont.)

Variable Total
(n = 2108)

No
(n = 1759)

Yes
(n = 349)

Statistic P-value

Stroke 1.53 0.22

No 2063 (97.87) 1725 (98.07) 338 (96.85)

Yes 45 (2.13) 34 (1.93) 11 (3.15)

Frailty 38.25 < 0.0001

Frailty 62 (2.94) 44 (2.50) 18 (5.16)

Pre-frailty 668 (31.69) 516 (29.33) 152 (43.55)

Robust 1378 (65.37) 1199 (68.16) 179 (51.29)

FI count 0.09 ±0.07 0.09 ±0.07 0.11 ±0.07 –5.29 < 0.0001

Cr 0.81 ±0.19 0.81 ±0.19 0.78 ±0.19 2.34 0.02

uric 4.61 ±1.26 4.64 ±1.25 4.47 ±1.29 2.24 0.03

TC 5.06 ±1.00 5.04 ±1.00 5.15 ±1.02 –1.87 0.06

LDL 3.10 ±0.91 3.09 ±0.92 3.15 ±0.90 –1.27 0.20

TG 1.45 ±0.98 1.44 ±0.97 1.50 ±1.00 –1.13 0.26
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Figure 4. Analysis of different models for the relationship between FI and probability of headache occurrence. 
A – Comparison of estimates of the association between FI quartiles and headache across different models.  
B – Dose-response relationship between headache and FI

the strongest predictive performance, with an AUC 
of 0.667. This is followed by the Frailty + Demo + 
LifeLab and Frailty + Demographic models, which 
have AUC values of 0.649 and 0.646, respectively. 
The Frailty only model shows the weakest perfor-
mance, with an AUC of just 0.586. The above analy-
sis sufficiently demonstrates the important predic-
tive role of frailty in headache (Figure 5).

clinically relevant discriminative abilities. In Fig-
ure  5 A, Frailty demonstrated the strongest pre-
dictive performance, with an AUC of 0.612, indi-
cating fair discriminative ability. Lipid parameters 
showed weaker individual performance, with TG 
showing an AUC of 0.527 and LDL achieving an 
AUC of 0.522, both marginally above chance levels. 
In Figure B, the Frailty + Full Adjust model exhibits 
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Table V. Multivariate logistic regression analyses revealed associations between frailty and new-onset headache

Character Crude model Model 1 Model 2 Model 3

95% CI P-value 95% CI P-value 95% CI P-value 95% CI P-value

Headache ~Frailty

0 Ref Ref Ref Ref

1 1.97  
(1.55, 2.51)

< 0.0001 1.93  
(1.52, 2.46)

< 0.0001 1.94  
(1.52, 2.48)

< 0.0001 1.39  
(1.03, 1.87)

0.03

2 2.74  
(1.55, 4.85)

< 0.001 2.58  
(1.44, 4.61)

0.001 2.51  
(1.40, 4.51)

0.002 1.42  
(0.74, 2.74)

0.29

P for trend 
(character2integer)

< 0.0001 < 0.0001 < 0.0001 0.04

Headache ~FI_
count_iqr

1.35  
(1.21, 1.51)

< 0.0001 1.34  
(1.20, 1.50)

< 0.0001 1.34  
(1.19, 1.50)

< 0.0001 1.08  
(0.93, 1.26)

0.29

Headache~FI_
count

1.52  
(1.30, 1.76)

< 0.0001 1.49  
(1.28, 1.74)

< 0.0001 1.49  
(1.28, 1.74)

< 0.0001 1.12  
(0.91, 1.37)

0.29

Headache~FI_
countQ

Q1 Ref Ref Ref Ref

Q2 1.26  
(0.86, 1.84)

0.24 1.29  
(0.88, 1.88)

0.20 1.29  
(0.88, 1.90)

0.19 1.13  
(0.76, 1.67)

0.54

Q3 2.08  
(1.47, 2.92)

< 0.0001 2.03  
(1.44, 2.87)

< 0.0001 2.03  
(1.43, 2.88)

< 0.0001 1.46  
(0.99, 2.15)

0.05

Q4 2.52  
(1.75, 3.63)

< 0.0001 2.49  
(1.72, 3.60)

< 0.0001 2.5  
(1.72, 3.63)

< 0.0001 1.36  
(0.84, 2.20)

0.21

P for trend 
(character2integer)

< 0.0001 < 0.0001 < 0.0001 0.1

P for trend  
(Median value)

< 0.0001 < 0.0001 < 0.0001 0.29

Crude model: Frailty. Model 1: Frailty, sex, age, marital status, residence place. Model 2: Frailty, sex, age, marital status, residence place, 
Cr, uric, TC, LDL, TG, education, drinking, smoke. Model 3: Frailty, sex, age, marital status, residence place, Cr, uric, TC, LDL, TG, education, 
drinking, smoke, CVD, hypertension, diabetes, stroke, depression, night.

Table VI. A – Subgroup analysis of the association between new-onset headache disorders and FI

Character 0 1 P-value 2 P-value P for trend  
(character2integer)

P for  
interaction

Sex 0.553

Female Ref 2.049  
(1.684, 2.489)

< 0.0001 2.060  
(1.177, 3.487)

0.009 < 0.0001

Male Ref 1.714  
(1.311, 2.226)

< 0.0001 1.751  
(0.707, 3.750)

0.182 < 0.001

Smoking 0.58

No Ref 1.987  
(1.667, 2.366)

< 0.0001 2.183  
(1.321, 3.500)

0.002 < 0.0001

Yes Ref 1.746  
(1.234, 2.443)

0.001 1.257  
(0.294, 3.704)

0.714 0.003

Drinking 0.927

No Ref 1.960  
(1.634, 2.347)

< 0.0001 1.957  
(1.177, 3.147)

0.007 < 0.0001

Yes Ref 1.827  
(1.338, 2.473)

< 0.001 1.863  
(0.533, 5.061)

0.266 < 0.001
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Table VI. A – Subgroup analysis of the association between new-onset headache disorders and FI (cont.)

Character 0 1 P-value 2 P-value P for trend  
(character2integer)

P for  
interaction

Marital status 0.106

Married Ref 2.113  
(1.781, 2.502)

< 0.0001 1.917  
(1.125, 3.126)

0.012 < 0.0001

Non-married Ref 1.400  
(0.952, 2.039)

0.083 2.615  
(0.961, 6.558)

0.046 0.409

Residence place 0.555

Rural Ref 1.940  
(1.599, 2.348)

< 0.0001 2.424  
(1.388, 4.090)

0.001 < 0.0001

Urban Ref 2.105  
(1.613, 2.736)

< 0.0001 1.549  
(0.623, 3.334)

0.299 < 0.0001

CVD 0.184

No Ref 1.921  
(1.608, 2.291)

< 0.0001 2.514  
(1.360, 4.432)

0.002 < 0.0001

Yes Ref 1.409  
(0.893, 2.272)

0.149 1.063  
(0.472, 2.268)

0.877 0.177

Hypertension 0.066

No Ref 1.838  
(1.494, 2.251)

< 0.0001 1.318  
(0.597, 2.604)

0.457 < 0.0001

Yes Ref 2.471  
(1.828, 3.368)

< 0.0001 3.378  
(1.802, 6.147)

< 
0.0001

< 0.001

Dyslipidaemia 0.767

No Ref 1.929  
(1.631, 2.275)

< 0.0001 2.082  
(1.261, 3.316)

0.003 < 0.0001

Yes Ref 2.325  
(1.437, 3.806)

< 0.001 2.101  
(0.562, 6.449)

0.221 0.006

Diabetes 0.631

No Ref 2.018  
(1.714, 2.370)

< 0.0001 2.244  
(1.382, 3.530)

< 0.001 < 0.0001

Yes Ref 2.750  
(1.266, 6.663)

0.016 1.750  
(0.245, 8.067)

0.510 0.04

Heart disease 0.464

No Ref 1.888  
(1.583, 2.246)

< 0.0001 2.097  
(1.189, 3.531)

0.007 < 0.0001

Yes Ref 1.430  
(0.894, 2.336)

0.144 1.265  
(0.512, 2.923)

0.593 0.283

Stomach disease 0.503

Yes Ref 1.620  
(1.195, 2.193)

0.002 1.753  
(0.742, 3.857)

0.176 0.016

No Ref 1.997  
(1.664, 2.393)

< 0.0001 2.051  
(1.168, 3.428)

0.009 < 0.0001

Mendelian randomisation (MR) analysis

Bidirectional two-sample MR analysis yields 
strong evidence of causal associations between 
frailty and headache disorders. The  research 
used multiple genetic instruments and valida-
tion cohorts to draw causal inferences about 
the associations between frailty and headache 
disorders after adjusting for confounding and 

reverse causation. Forward MR analysis: primary 
IVW analysis showed positive causal associations 
across multiple cohorts. For the main FI exposure 
(ebi-a-GCST90020053), the OR for headache was 
1.90 (95% CI: 1.59–2.27, p = 4.75 × 10⁻¹¹), indicating 
that genetically predicted frailty significantly in-
creases headache risk. Consistency was observed 
across different frailty genetic instruments, with 
ORs ranging from 1.41 to 1.90 across various ex-
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Figure 5. ROC curves for headache risk prediction. A – ROC curves of Frailty/TG/LDL for headache prediction.  
B – ROC curves of frailty-based models for headache prediction

posure datasets, all achieving genome-wide sig-
nificance (p < 5 × 10–8). The  robustness of these 
findings was confirmed through multiple com-
plementary MR methods. MR-Egger regression 
yielded consistent directional effects (OR  =  1.15, 
95% CI: 0.61–2.19, p = 0.66), while weighted me-
dian (OR = 1.50, 95% CI: 1.15–1.96, p = 0.003) and 
weighted mode (OR  =  1.41, 95% CI: 0.93–2.14, 
p = 0.14) approaches supported the primary find-
ings. The consistency across methods strengthens 
confidence in the causal inference. Reverse MR 
analysis: Bidirectional analysis revealed evidence 
for reverse causation, with headache also caus-
ally influencing frailty development. IVW analysis 
showed OR = 1.15 (95% CI: 1.05–1.25, p = 0.002) 
for the effect of genetically predicted headache 
on FI, suggesting a  bidirectional causal relation-
ship. This finding was supported by weighted 
median analysis (OR  =  1.09, 95% CI: 0.96–1.23, 
p = 0.19) and weighted mode (OR = 1.06, 95% CI: 
0.89–1.26, p = 0.55). Sensitivity analyses: Compre-
hensive sensitivity testing confirmed the validity 
of causal inferences. Cochran’s Q test indicated 
no significant heterogeneity across instrumental 
variables (p > 0.05 for all analyses), supporting 
the assumption of homogeneous causal effects. 
MR-Egger intercept tests showed no evidence of 
directional pleiotropy (intercept p > 0.05), validat-
ing the instrumental variable assumptions. Leave-
one-out analysis demonstrated that no single SNP 
drove the overall causal estimates, with effect siz-
es remaining consistent after sequential removal 
of each genetic variant (all p < 0.001). Pleiotropy 
assessment: MR-PRESSO global test detected no 

significant horizontal pleiotropy (p > 0.05), and no 
outlier SNPs were identified that could bias the 
causal estimates. The  symmetrical distribution 
of SNP effects in funnel plots further supported 
the absence of systematic bias. These findings 
strengthen confidence that the observed asso-
ciations reflect true causal relationships rather 
than confounding through pleiotropic pathways 
(Figure 6).

Discussion

This is the first large, population-based study 
that systematically investigates the bidirectional 
relationship between frailty and new onset head-
ache disorders, and we demonstrate strong asso-
ciations with important clinical and public health 
relevance. Our multi-method approach confirms 
that frailty acts as a predictive risk factor for head-
ache onset, while also providing evidence that 
headache may accelerate frailty progression, cre-
ating a pathophysiological feedback loop [22–25].

Against the backdrop of global aging, the high 
prevalence and significant adverse impacts of 
frailty underscore the crucial value of research 
and interventions targeting this condition [26–29]. 
Our results show that frailty represents a broad, 
previously unknown high-risk factor for develop-
ing new-onset headache disorders among indi-
viduals from different populations. Interestingly, 
the well-established dose-response relation ex-
ists across quartiles of FI (highest quartile almost 
2-fold increased risk for new headache onset, 
OR = 1.36, 95% CI: 0.84–2.20), and this is consist-
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Figure 6. MR analysis: investigation of the genetic 
causal association between FI and cluster head-
ache as well as secondary diagnoses. A – Genetic 
causal association between FI and cluster head-
ache. B – Genetic causal association between FI 
and strictly defined cluster headache. C – genetic 
causal association of FI with secondary diagnosis

ent across different analytical models and pop-
ulations, and suggests a  biological relationship 
that puts predisposes frail individuals in a state of 
predisposition to onset of new headache, rather 
than being correlated to pre-existing headache 
conditions. Analysing the relationship between 
FI and new-onset headache using restricted cu-
bic splines showing linear relationships between 
FI scores and new onset headache probability, 
we provide tools for preventive clinical practice. 
The  predominantly consistent increase in risk 
for headache development from approximately 
8–14% at lowest FI to 18–24% at highest levels, 
provide clear stratification of individuals at risk 
for onset of new headache, and the gradient ef-
fect suggests that even small improvements in 
frailty status could lead to a notable reduction in 
new-onset headache burden, thus being a poten-
tial target for focused primary prevention inter-
ventions [30]. Perhaps most importantly, our MR 
analysis provides evidence for causality in both 
directions between frailty and new-onset head-
ache disorders. Strong forward causation (frailty 
→ new headache onset: OR = 1.90, 95% CI: 1.59–
2.27) and weaker but significant reverse causation 
(new headache → frailty progression: OR = 1.15, 

95% CI: 1.05–1.25) suggest that there is a complex 
pathophysiological cycle where frailty predisposes 
to new headache onset, which in turn accelerates 
frailty progression.

Such a two-way relationship illuminates possi-
ble mechanistic processes underlying frailty as the 
cause of headache onset. Frailty, which is a chron-
ic inflammatory, oxidative stress, mitochondrial 
dysfunction and dysregulated responses of stress 
may reveal a  neuroinflammatory milieu that 
lowers the headache initiation threshold [31]. It 
is possible that the pathobiological substratum 
that causes emergent headache disorders is the 
inflammatory cascade triggered by frailty with 
up-regulation of such cytokines as IL-6 and TNF-K 
[32–35]. Cardiovascular diseases (CVDs) and frail-
ty are tightly connected, but one of the most 
critical links is observed between CVDs and vas-
cular endothelial dysfunction, because the latter 
causes impaired vascular regulatory capacity [36]. 
Cerebral blood perfusion is also impaired by the 
reduced vascular regulatory capacity. Aboriginal 
loss of vascular functionality in old age may trig-
ger abnormal response to stress stimuli and thus 
lead to headache [37]. Oestrogen withdrawal is 
one of the leading causes of menstrual migraine. 
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Load variations in oestrogen levels have a direct 
influence on the liberation of serotonin receptors 
and calcitonin gene-related alacrity (CGRP), and it 
contributes to frail older women [38].

These processes can be age-dependent. In 
addition, frailty-related changes in the vascular 
sclerosis and immunosenescence increases the 
role of inflammatory and vascular variables in the 
pathogenesis of headache, as seen among elder-
ly individuals [39]. Moreover, our comprehensive 
subgroup analyses found significant differences 
in the risk of new-onset headache disorders be-
tween elderly individuals, so that personalised 

Table VI. B – Subgroup analysis of the association between new-onset headache disorders and different health sta-
tuses

Character Frailty Pre-frailty P-value Robust P-value P for trend  
(character2integer)

P for  
interaction

Sex 0.805 0.553

Male Ref 1.026  
(0.371, 3.631)

0.964 0.535  
(0.196, 1.877)

0.265 < 0.001

Female Ref 0.671  
(0.337, 1.380)

0.263 0.351  
(0.178, 0.718)

0.003 < 0.0001

Marital_status 0.33 0.58

Married Ref 0.862  
(0.444, 1.784)

0.674 0.404  
(0.210, 0.830)

0.009 < 0.0001

Non-married Ref 0.440  
(0.152, 1.374)

0.137 0.305  
(0.106, 0.943)

0.030 0.027

Residence place 0.907 0.58

Urban Ref 0.796  
(0.296, 2.523)

0.670 0.425  
(0.160, 1.337)

0.107 0.001

Rural Ref 0.702  
(0.356, 1.448)

0.318 0.343  
(0.176, 0.703)

0.002 < 0.0001

Drinking 0.445 0.58

No Ref 0.675  
(0.365, 1.297)

0.222 0.382  
(0.208, 0.728)

0.002 < 0.0001

Yes Ref 1.201  
(0.300, 8.030)

0.818 0.486  
(0.123, 3.230)

0.362 < 0.001

CVD 0.716 0.58

No Ref 0.680  
(0.325, 1.528)

0.324 0.362  
(0.176, 0.804)

0.008 < 0.0001

Yes Ref 0.828  
(0.353, 2.109)

0.676 0.572  
(0.207, 1.639)

0.285 0.229

Hypertension 0.053 0.58

No Ref 1.637  
(0.538, 7.107)

0.438 0.974  
(0.327, 4.181)

0.966 0.005

Yes Ref 0.556  
(0.282, 1.125)

0.093 0.217  
(0.104, 0.464)

< 
0.0001

< 0.0001

Diabetes 0.55 0.58

No Ref 0.648  
(0.354, 1.236)

0.172 0.330  
(0.182, 0.624)

< 0.001 < 0.0001

Yes Ref 1.263  
(0.288, 8.833)

0.779 0.333  
(0.035, 3.103)

0.305 0.175

prevention plans can be used [40–42]. Additional-
ly, frailty-related changes in the pathways of pain 
processing, as seen through central sensitisation 
and dampened descending inhibition, could be 
more likely to occur. Our findings are in line with 
the established gender differences, as far as sus-
ceptibility to pain and stress are concerned, where 
females have regular dose-response relationships 
in the occurrence of new headaches, across all the 
quartiles of frailty, compared to males, who have 
weakened effects when their frailty levels are high 
[43]. The  large gender difference relates to the 
well-established sex differences as far as suscepti-
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bility to pain and stress is concerned. This requires 
sex-customised primary prevention strategies. 
The patterns of lifestyle interaction give insights 
into new-onset prevention.

The consistent frailty correlations across all 
population demographics to new-onset headache 
indicate the value of routine frailty screening as 
a population-wide screening measure of potential 
headache-prone, asymptomatic people needing 
preventive care [44–48]. The  findings on bidirec-
tional causality support preventive care models 
in which frailty is targeted prior to the onset of 
headache disorders. In other words, preventing the 
cycle of the frailty headache may result in better 
outcomes than the current status quo of treating 
headache disorders that have already developed 
[49–51]. From a population health standpoint, the 
large effect sizes observed here suggest that in-
terventions targeting the prevention of frailty may 
yield important new-onset headache prevention 
benefits as well. Exercise programs, optimising 
nutrition, and comprehensive geriatric assessment 
represent well-established strategies for prevent-
ing frailty. These strategies may also serve as ef-
fective approaches to primary prevention of head-
ache disorders with broad population impact.

Our results identify several important new re-
search priorities concentrated on the prevention 

of new-onset headache. Longitudinal studies fol-
lowing frailty progression and development of 
new onset headache can inform about optimal 
opportunities for intervention to prevent new 
onset headache. Mechanistic studies investigat-
ing how frailty pathways of pathogenesis lead to 
new onset headache will identify opportunities to 
identify frailty pathways as targets for prevention 
of new-onset headache [52–54]. Clinical trials to 
prevent frailty will represent a high priority inves-
tigation [55]. Specifically, the efficacy of exercise 
programs, oral nutritional supplementation, and 
comprehensive geriatric assessment protocols to 
prevent new-onset headache should be evaluated.  
These studies will identify evidence-based rec-
ommendations for the development of integrated 
frailty headache prevention programs [56].

Despite these important findings, several limi-
tations should be acknowledged. First, the meas-
urement of headache did not distinguish between 
specific subtypes. However, the biological asso-
ciations between frailty and different headache 
subtypes may be heterogeneous. For instance, 
migraine is often accompanied by neuroinflam-
matory responses, and its underlying mechanism 
of association with frailty may differ from that of 
nonspecific headache. Second, this study did not 
further differentiate between “recent acute head-

Table VI. B – Subgroup analysis of the association between new-onset headache disorders and different health sta-
tuses (cont.)

Character Frailty Pre-frailty P-value Robust P-value P for trend  
(character2integer)

P for  
interaction

Stroke 0.729 0.58

No Ref 0.756  
(0.420, 1.424)

0.367 0.381  
(0.214, 0.713)

0.002 < 0.0001

Yes Ref 0.429  
(0.060, 3.674)

0.395 0.500  
(0.017, 8.508)

0.638 0.559

Depression 0.868 0.58

Normal Ref 0.685  
(0.202, 3.124)

0.575 0.451  
(0.136, 2.029)

0.231 0.007

Depression Ref 0.921  
(0.487, 1.814)

0.804 0.539  
(0.270, 1.107)

0.084 0.015

Smoking 0.233 0.58

No Ref 0.599  
(0.316, 1.180)

0.125 0.346  
(0.184, 0.677)

0.001 < 0.0001

Yes Ref 1.315  
(0.404, 5.903)

0.679 0.498  
(0.155, 2.217)

0.287 < 0.001

Age group 0.814 0.58

70–79 Ref 0.432  
(0.146, 1.363)

0.134 0.235  
(0.080, 0.734)

0.009 0.001

60–69 Ref 0.843  
(0.378, 2.069)

0.690 0.399  
(0.181, 0.974)

0.030 < 0.0001

80+ Ref 0.375  
(0.040, 3.504)

0.361 0.375  
(0.054, 3.164)

0.320 0.392
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ache” and “chronic headache”, and the strength 
of the association between headache and frailty 
may vary by disease duration. Third, although this 
study observed a  stronger association between 
frailty and headache among non-smokers and 
non-drinkers, this does not imply a  causal “pro-
tective” effect of smoking or alcohol consump-
tion. Several non-causal explanations are plausi-
ble: (1) Some participants may have actively quit 
smoking or drinking due to headache symptoms, 
leading to a lower proportion of smokers/drinkers 
among individuals with headache. (2) Frail individ-
uals who smoked or drank may have had a higher 
loss-to-follow-up rate due to other comorbidities 
(e.g., cardiovascular diseases), resulting in a  re-
duced proportion of this subgroup in the follow-up 
sample. Fourth, this study has limitations related 
to trans-ethnic analysis: the CHARLS cohort focus-
es on middle-aged and older Chinese populations, 
while the MR analysis relies on GWAS data from 
individuals of European ancestry. Although the 
MR findings support a biological causal relation-
ship between frailty and headache, differences in 
genetic backgrounds, environmental factors, and 
definitions of disease phenotypes across ethnic 
groups may exist, meaning that the strength of 
the causal association validated by MR may not 
be fully applicable to the Chinese population.

All the aforementioned limitations may intro-
duce potential biases into the study results. By 
improving the diagnosis of headache subtypes, 
distinguishing the duration of headaches, and re-
housing the practice of the MR analysis with the 
GWAS data of the subjects of East Asian ancestry, 
the generalisability of causal inferences to the Chi-
nese and other populations of East Asians would 
be improved in future research. Such attempts 
will also support the validity and the permanence 
of the findings of this study.

In conclusion, this investigation demonstrates 
frailty as a major, bidirectionally causal risk factor 
for new-onset headache disorders, with impor-
tant implications for preventive clinical practice 
and public health policy. The strong associations 
across different populations and genetic data 
supporting causality provide impetus to move to-
ward integrated frailty assessment and headache 
prevention. The  predictive modelling developed 
in this investigation offers practical clinical tools 
to identify individuals at risk before the occur-
rence of new-onset headache. Given the project-
ed aging of populations worldwide, identifying 
and preventing frailty may be a viable approach 
to primary headache prevention, and it might 
prevent cycles of pain-related functional decline, 
with the potential to affect millions of individuals 
who are at risk of developing debilitating head-
ache disorders.
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