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INTRODUC TION

Migraine is a highly prevalent disorder with great socioeconomic 
and personal impact. It is the second-highest cause of disability 
worldwide [1] Migraine presents with episodic migraine (EM) at-
tacks, but a subset of patients with chronic migraine (CM) may 
have daily headache. CM is defined as 15 or more headache days 
per month, in a period of at least 3 months, of which at least 8 days 
per month are migraine headaches [2] CM affects between 1.4% 

and 2.2% of the general population [3] and about 8% of individu-
als with migraine [4] Relative to EM, CM patients have worse so-
cioeconomic status [5] and health-related quality of life [6] The 
transition from EM to CM is usually a gradual process, and some 
patients oscillate between EM and CM [7] The cause of migraine 
chronification is not fully clarified. Development of central sensiti-
zation or increased excitability of the trigeminal nociceptive path-
ways has been hypothesized to play a role in the pathophysiology 
[8,9] Each year 2.5% of patients with EM develop new-onset CM 
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[10] The reason why only a minority of EM patients chronify while 
the great majority do not is still not fully understood. Some envi-
ronmental factors such as medication-overuse are known, but a 
genetic disposition is also an obvious possibility. There have been 
attempts to find genetic risk factors for CM [11–17] These studies 
have, however, used a candidate-gene approach comparing CM 
with healthy controls and not with EM. No studies have to date 
investigated whether a genetic component promotes the develop-
ment of EM into CM.

We investigated whether CM is associated with common or rare 
genetic variants. We hypothesized that CM is, partly, caused by a 
genetic disposition. We tested whether (a) patients with CM had an 
increased burden of rare variants and/or an increased polygenic risk 
score (PRS) for migraine compared with EM patients and (b) whether 
there were any common variants associated with CM compared with 
EM, using genome-wide association analysis.

Since CM is a rare subtype of migraine, recruitment of patients 
for genetic studies in CM is challenging, and substantial power for ge-
netic studies is a potential issue. Patients with proposed CM (pCM), 
defined as patients with eight or more migraine days per month, but 
not 15 days with headache, in a period of at least 3 months, are two 
times more prevalent than CM but comparable to patients with CM 
in a number of clinical and sociodemographic factors [18] Therefore, 
we added an analysis of pCM.

METHODS

Study population

The study population consisted of 2228 patients with migraine (age 
≥18 years) recruited from the Danish Headache Center, a tertiary 
headache treatment center. There was supporting genetic data 
on 1053 patients. Data collection has been described in previous 
studies [19–22] Patients were excluded if they (1) had headaches 
thought to be secondary to another disorder, (2) declined to or were 
cognitively unable to participate in the semi-structured interview, 
and (3) were of other than Danish origin. Each patient underwent a 
validated semi-structured interview [23,24] The interview included 
information about headache characteristics, aura, frequency, dura-
tion, accompanying symptoms, treatment response, precipitating 
and provoking factors, comorbidities, and familial occurrence. The 
diagnosis relied on the diagnostic criteria in the third edition of the 
International Classification of Headache Disorders (ICHD-3) [2] 
All interviews were conducted by a neurology resident or a senior 
medical student trained in headache diagnosis and subsequently 
validated by a physician, ensuring high-quality data. We analyzed 
patients with ICHD-3 CM, pCM, and EM. Patients with medication-
overuse were not included. EM is defined, here, as eight or fewer 
migraine days per month, pCM is defined as eight or more migraine 
days per month [18] and ICHD-3 CM is defined as 15 or more head-
ache days per month, in a period of at least 3 months, of which at 
least 8 days per month are migraine headaches [2]

Familial aggregation of chronic migraine

Familial aggregation analysis is a fundamental step to perform 
when assessing the extent of genetic background of a disease. 
For the analysis of aggregation of ICHD-3 CM and pCM in fami-
lies we assessed 160 families with a clustering of migraine. The 
families had a family member count ranging from n = 3 to n = 60 
(n total = 850). The frequency of ICHD-3 CM and pCM in fami-
lies versus migraine patients, with no first-degree relatives with 
migraine, was assessed using 1378 unfamilial migraine patients. 
Patients without supporting genetic data were also included. 
Pedigrees of the families were plotted using an edited version of 
the kinship2 R package [25]

Sequencing and annotation of rare variants

For analysis of rare variants we assessed whole-genome sequencing 
(WGS) data. Some 103 ICHD-3 CM patients were compared with 
854 EM patients, and 230 pCM patients were compared with 727 
EM patients. The two comparisons were performed in the migraine 
cohort: (1) patients who fulfilled ICHD-3 CM versus patients who 
did not fulfil ICHD-3 CM and (2) patients who fulfilled pCM ver-
sus patients who did not fulfil pCM. Thus, the number of EM pa-
tients was higher in the first comparison. Genomic DNA extraction 
from whole blood and WGS were performed in collaboration with 
deCODE genetics and described in detail elsewhere [26] Annovar 
v.2018apr16 was used to annotate variants. Rare variants were de-
fined as variants with a minor allele frequency (MAF) <1% using gno-
mAD v.2 as reference. Variants were stratified based on location: 
downstream, exonic, intergenic, intronic, splicing, upstream, UTR3, 
and UTR5 genomic variants. Mutations were categorized based on 
the variation type: frameshift deletions, frameshift insertions, non-
frameshift deletions, non-frameshift insertions, nonsynonymous 
single nucleotide polymorphisms (SNPs), stop-gain, and stop-loss 
mutations. The number of rare variants per group was used for linear 
regression explained in the section on statistical analysis.

Generalized linear mixed regression model, SKAT on 
rare variants, and statistical analyses

To analyze differences in the number of rare variants, we fitted 
a generalized linear mixed model using the Markov Chain Monte 
Carlo approach. We adjusted for the total number of variants 
per individual, sex, age, and kinship using the mixed modeling 
with genetic relationship matrices (MCMCgrm) function in the 
GAP v.1.1-22 R package. The total number of variants per indi-
vidual was the number of detected variants when compared to 
the human genome assembly GRCh38 [26] The kinship matrix was 
calculated using the Kinship v.1.1.3 R package with pedigree data 
as input data including all patients with ICHD-3 CM, pCM, and 
EM. The difference between patient groups was calculated as the 
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difference in the area under the curve (AUC) between models with 
and without number of functional variants. The pROC v.1.14.0 R 
package was used for AUC analysis. P values were corrected using 
Bonferroni correction adjusting for number of tests (n = 7 or 8). 
To assess whether there were genes with an increased burden of 
rare variants (MAF <1%), that were associated with either ICHD-3 
or pCM compared with EM, we used a SNP-set kernel associa-
tion test (SKAT) for binary traits, rvtests v.20190205 [27,28] We 
adjusted for age, sex, and kinship. Bonferroni correction was used 

to adjust the p values according to the number of genes tested 
(n = 22,000).

Genotyping

For analysis of common variants, we assessed genotype data. 
Some 127 ICHD-3-defined CM patients were compared with 
926 EM patients and 268 pCM patients were compared with 

F I G U R E  1  Pedigree plots of the three families with the highest clustering of ICHD-3 CM and pCM. There was no clear aggregation of 
ICHD-3 CM or pCM in Family 1, 2, or 3. EM, episodic migraine; ICHD-3 CM, International Classification of Headache Disorders (3rd edition) 
defined chronic migraine; pCM, proposed chronic migraine



    |  1729CHRONIC MIGRAINE

785 EM patients. All patients were genotyped on the Illumina 
HumanOmniExpress 12v1/24v1. Imputation was based on The 
1000 Genomes Project reference panel [29] The quality control 
of genotypes was performed using Plink2 v.1.90beta5.4. Details 
about genotyping and quality control is described elsewhere [30] 
After filtering and quality control, 6,101,288 SNPs and 1053 pa-
tients were retained for analyses.

Polygenic risk score calculation and statistical analysis

The PRS is the sum of migraine risk alleles carried by an individual, 
and it estimates the individual genetic risk for migraine [31–34] 
The PRS was calculated using the most recent genome-wide asso-
ciation study (GWAS) meta-analysis on migraine [35] After exclu-
sion of the Danish cohort, there were 57,903 cases and 315,078 
controls. The PRS was calculated using LDpred, which adjusts 
for linkage disequilibrium (LD) between markers [36] LDpred 
uses a Bayesian approach and the calculation of the PRS in this 
cohort has been described elsewhere [30] The PRS was centred 
and scaled to a mean of 0 and standard deviation of 1. Statistical 
analyses were performed using statistical software R version 3.3.2 
and R Studio version 1.0.136. To examine the difference of PRS 
between ICHD-3 CM and EM and between pCM and EM we used 
a logistic regression model including age, sex, and the first 10 prin-
cipal components (PCs) of the genotypes as covariates. The PCs 
were calculated in Plink [37] and included in the model to correct 
for population stratification.

Genome-wide association study for chronic migraine

We performed a GWAS for ICHD-3 CM versus EM and pCM ver-
sus EM, using Plink2 v.1.90beta5.4 and adjusting for age, sex, and 
PCA1-10. Quantile-quantile (QQ) plots, Manhattan plots, and data 
interpretation were conducted using the R package qqman v.0.1.4. 
Additionally, we assessed SNPs associated with CM. We performed 
a literature search in PubMed for available English literature of SNPs 
associated with CM using the following terms: “chronic migraine” 
AND “single nucleotide polymorphism” (9 hits) and MeshTerms: sin-
gle nucleotide polymorphism OR SNP OR gene variants OR gene OR 
genetics AND "chronic migraine" (198 hits). After screening for rel-
evant genes and SNPs, we verified six SNPs and three genes in our 
data (Table 2). SNPs will hereafter be addressed as common variants.

Standard protocol approval, registrations, and 
patient consents

Written informed consent was obtained from all participants. The 
study was approved by the Danish Ethical Standards Committee 
(H-2-2010-122) and the Danish Data Protection Agency (01080/
GLO-2010-10).

RESULTS

Sample characteristics

The male:female ratio in ICHD-3 CM was 1:5.3 and similar in pCM 
patients (1:5.3) and EM patients (1:4.1) (p = 0.449). The average age 
of patients with ICHD-3 CM was 42.6 years, for pCM 44.8 years, and 
for EM 44.1 years. There was no significant difference in mean age 
between ICHD-3 CM, pCM, and EM patients (p = 0.996).

Power calculations

We conducted separate power calculations for the burden test, PRS 
analysis, and the CM GWAS. Below we list the power calculations 
of the three analyses. Given our sample size, we could reject the 
null hypothesis of no genetic difference between ICHD-3 CM and 

TA B L E  1  Rare variant burden analysis

Genomic annotation

ICHD-3 CM vs 
EM pCM vs EM

P 
value

P value 
adj

P 
value

P value 
adj

Rare variant category

Downstream 0.73 1 0.73 1

Exonic 0.47 1 0.33 1

Intergenic 0.54 1 0.29 1

Intronic 0.22 1 0.24 1

Splicing 0.41 1 0.81 1

Upstream 0.15 1 0.079 0.63

UTR3 0.29 1 0.17 1

UTR5 0.61 1 0.24 1

Rare mutation category

Frameshift deletions 0.96 1 0.62 1

Frameshift insertions 0.33 1 0.17 1

Non-frameshift 
deletions

0.58 1 0.38 1

Non-frameshift 
insertions

0.49 1 0.32 1

Nonsynonymous 
SNPs

0.94 1 0.66 1

Stop-gain 0.94 1 0.71 1

Stop-loss 0.28 1 0.74 1

Note: In the first column the rare variants and mutation groups are 
listed. In the second to fifth columns the p values and adjusted p 
values from the mixed modeling with genetic relationship matrices 
(MCMCgrm) area under the curve (AUC) analysis are listed for ICHD-3 
CM vs EM and pCM vs EM.
Abbreviations: adj, adjusted; EM, episodic migraine; ICHD-3 CM, 
International Classification of Headache Disorders (3rd edition) defined 
chronic migraine; pCM, proposed chronic migraine.
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EM and pCM and EM with a power of 0.8 for the three different 
analyses:

1. For burden test of rare variants we could reject the null hy-
pothesis for a difference in mutation burden of rare, func-
tional variants above 1.11 for ICHD-3 CM and 1.07 for pCM 
(α-level = 2.5 × 10−6). The median mutation rate of all genes in 
our in-house dataset (n > 2200 individuals) was 1.11 (SD = 2.7) 
and n = 22,000 genes.

2. For PRS analysis of common variants we could reject the null 
hypothesis for mean differences of PRS scores greater than 
0.46 for ICHD-3 CM and 0.41 for pCM (α-level = 0.05). We 
assumed that the PRS scores were normally distributed with a 
SD = 2.

3. For CM GWAS of common variants associated with CM/pCM we 
could reject the null hypothesis of no genetic difference for allelic 
association with an odds ratio (OR) above 2.65 and below 0.162 
(α-level = 5 × 10−8).

F I G U R E  2  Quantile-quantile (QQ) plots from the single nucleotide polymorphism (SNP)-set kernel association test (SKAT). QQplots of 
expected versus observed p values from SKAT analysis comparing (a) pCM versus EM and (b) ICHD-3 CM versus EM. EM, episodic migraine; 
ICHD-3 CM, International Classification of Headache Disorders (3rd edition) defined chronic migraine; pCM, proposed chronic migraine 
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3  Manhattan plots from a genome-wide association study (GWAS) between ICHD-3 CM versus EM and pCM versus EM. 
Manhattan plots of p values per single nucleotide polymorphism (SNP) for autosomal chromosomes from GWAS between (a) ICHD-3 CM 
versus EM and (b) pCM versus EM. EM, episodic migraine; ICHD-3 CM, International Classification of Headache Disorders (3rd edition) 
defined chronic migraine; pCM, proposed chronic migraine [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Familial aggregation of chronic migraine

Among the migraine family members (n = 850), 5.4% had ICHD-3 
CM (n = 46) and 8.9% had pCM (n = 76). Among the unfamilial mi-
graine patients (n = 1378), 10.6% had ICHD-3 CM (n = 146) and 
22.6% had pCM (n = 312). The higher values were probably be-
cause all were patients seeking treatment in our tertiary headache 
treatment center. There was no clear aggregation of ICHD-3 CM 
nor pCM in the families. Among 160 families with migraine, three 
families had more than one family member with ICHD-3 CM or 
pCM (Figure 1).

Rare variant burden analysis

We assessed the burden of rare functional variants in patients with 
ICHD-3 CM and pCM compared with patients with EM. We fitted 
a generalized linear mixed model using the Markov Chain Monte 
Carlo approach. The genomic variants were stratified based on po-
sition: downstream, exonic, intergenic, intronic, splicing, upstream, 
UTR3, and UTR5. The genomic mutations were stratified based on 
type of variance: frameshift deletions, frameshift insertions, non-
frameshift deletions, non-frameshift insertions, nonsynonymous 
SNPs, stop-gain, and stop-loss mutations. The results from the 
rare variant burden analysis are listed in Table 1. We found no dif-
ferences between ICHD-3 CM and EM nor between pCM and EM 
for any of the categories of rare variants and mutations (boxplots 
of the percentile distribution of the different types of rare variants 
and rare mutations are presented in Figures S1 and S2).

SNP-set kernel association test (SKAT)

Next, we assessed whether there were genes with increased bur-
den of rare variants in patients with either ICHD-3 CM or pCM 
compared with EM. We found that no genes were significantly 

associated with neither ICHD-3 CM nor pCM compared with EM 
after correcting for genome-wide significance (p values adjusted 
>0.05) (Figure 2).

Polygenic risk score

We assessed the migraine (PRS distribution in patients with ICHD-3 
CM (PRS mean = 0.20, SD = 1.05) and pCM (PRS mean = 0.20, 
SD = 1.01) in comparison to patients with EM (PRS mean = 0.16, 
SD = 0.93). There was no difference between the PRS of ICHD-3 CM 
patients and EM patients (p = 0.803, OR = 1.02, 95% CI 0.842–1.25) 
nor between the PRS of pCM patients and EM patients (p = 0.684, 
OR = 1.03, 95% CI 0.889–1.20).

Genome-wide association study on chronic migraine

We compared ICHD-3 CM with EM and pCM with EM. We found no 
genome-wide significant common variants associated with neither 
pCM nor ICHD-3 CM when compared to EM (Figure 3 and Figure 
S3).

We then assessed the six genetic variants and three genes 
that have previously been associated with CM (Table 2). All the 
studies used a candidate-gene approach and compared CM pa-
tients with healthy controls. Of all the common variants we found 
a nominal association for rs762551 (p = 0.022). We compared 
the six variants with the most recent migraine GWAS meta-anal-
ysis [35] and rs10166942 was already associated with migraine 
(p = 2.22 × 10−27).

We were able to assess common genetic variants in the CM 
GWAS with relatively low effect sizes, below an OR of 2.65. 
Depending on the expected risk allele frequency, 7500 cases with 
ICHD-3 CM or pCM are needed to assess genetic variants with an 
OR >1.2 for common alleles (MAF 50%) and 20,000 cases for less 
frequent alleles (MAF 10%) (Figure 4).

F I G U R E  4  Power calculation for 
chronic migraine (CM) genome-wide 
association study (GWAS). Power for the 
CM GWAS is dependent on the expected 
risk allele frequency of the common alleles 
(minor allele frequency [MAF] 1%, 5%, 
10%, 50%). The figure shows an estimated 
power for all frequencies, and the number 
of CM patients needed (y-axis) given the 
effect size or odds ratio (OR) (x-axis) of 
the common alleles, assuming a 1:2 CM 
patient:control ratio [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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DISCUSSION

Rare and common gene variants do not give rise to 
migraine chronification

In the present study we found that rare and common genetic vari-
ants could not explain the transition from EM to CM. We found that 
there was no aggregation of ICHD-3 CM or pCM [18] in families with a 
known clustering of migraine. The burden test of rare functional vari-
ants showed that no specific categories of rare functional variants give 
rise to the transformation from EM to ICHD-3 CM nor pCM. The SKAT 
analyzes the enrichment of rare variants in genes; however, no genes 
were found to harbor rare variants that predispose to ICHD-3 CM or 
pCM. Figure 2 showed a slight inflation of the SKAT p values for the 
ICHD-3 versus EM analysis. The inflation is not substantial and is not 
present in the analysis of the pCM versus EM. We corrected for age, 
sex, and PCs. The inflation is most likely related to lack of power as 
the inflation disappears when the sample size is increased, as is seen 
for pCM. Therefore, we could exclude that genes that harbor on av-
erage 1.1 mutations in ICHD-3 CM patients and 1.07 mutations in 
pCM patients compared with EM patients can cause migraine chroni-
fication. The PRS analysis showed that a cumulative effect of many 
common migraine variants does not cause the transformation from 
EM to ICHD-3 CM or pCM. The PRS analysis suggests that patients 
with ICHD-3 CM or pCM on average have a higher genomic burden 
of common migraine variants compared with patients with EM. Thus, 
we could exclude an effect of common variants for mean differences 
above 0.46 for ICHD-3 CM and 0.41 for pCM. Finally, we conducted a 
GWAS for common variants associated with ICHD-3 CM and pCM. We 
could reject the premise that the transformation from EM to ICHD-3 
CM or pCM is caused by common alleles with an OR above 2.65 and 
below 0.162. This relatively large effect size, which was detectable in 
the GWAS of CM, may be considered too large for a disorder with a 
population frequency of only 1.4%–2.2%.

Modifiable and non-modifiable risk factors of 
chronic migraine

The transformation from EM to CM seems complex and may involve 
multiple risk factors. Clinical evidence suggests that migraine chronifi-
cation does not occur abruptly, and that the rate of chronification var-
ies per individual [38] A transition staging model of the clinical course in 
migraine has been suggested by Bigal et al. [39] Here, migraine patients 
transition between three states: low-frequency EM (0–9 headache 
days/month), high-frequency EM (10–14 headache days per month), 
and CM, and it was suggested that the rates of transmission may be 
determined by a variety of risk factors. Epidemiological studies have 
identified such risk factors and have divided these into non-modifiable 
and modifiable risk factors [40,41] Non-modifiable risk factors include 
female sex, age, race, and lower socioeconomic status. Modifiable risk 
factors include frequency of migraine attacks, overuse of acute mi-
graine medication, depression, comorbid pain disorders, obstructive 

sleep apnea, caffeine overuse, stressful life events, and obesity. It has 
been suggested that an assessment of the modifiable risk factors in 
clinical practice could make an impact in preventing migraine chroni-
fication. The most important risk factor for CM is probably overuse of 
acute migraine medication, which is defined as intake of analgesics on 
>15 days per month or triptans on >10 days per month [2]. It is a gen-
eral belief that medication-overuse may lead to migraine chronifica-
tion [42–44] and clinicians have since the 1930s reported that migraine 
chronification occurs during a period of frequent use of analgesics in 
patients with a pre-existing headache syndrome [45–48] Up to 63% of 
patients with CM remit to EM because of medication reduction [49,50] 
However, some patients do not improve after withdrawal of the of-
fending drug. This suggests that environmental factors alone may not 
explain the transformation from EM to CM.

Assessment of the genetic component is complex

A genetic component to CM has not been properly studied to date. 
Single-candidate-gene variants were studied, and CM was analyzed in 
association with cofactors such as medication-overuse-headache, allo-
dynia, response to OnabotulinumtoxinA, and triptan overuse. A study 
performed by Louter et al. in 2015 [17] is the first to investigate multi-
ple SNPs in CM patients. The authors tested CM and high-frequency 
EM versus healthy controls. In total, 144 SNPs were selected based on 
the literature and previous studies. No genetic variants were associ-
ated with CM. No studies have, to date, investigated both common 
and rare variants in patients with CM and pCM using whole-genome 
sequencing data and compared the results to EM. The identifica-
tion of genetic risk factors for migraine in general is challenging and, 
most likely, both rare and common variants contribute to the genetic 
makeup of migraine. Moreover, a high number of patients is necessary 
for GWAS studies. The same challenges apply to CM.

A multicenter effort is necessary

We conducted this study using four genetic methods to investigate 
whether rare and common variants can dispose to the transition 
from EM to ICHD-3 CM or pCM, but we found no major genetic 
component to ICHD-3 CM or pCM. However, the sample size of our 
study did not allow identification of common variants with relatively 
low effect sizes. To assess low effect sizes with genome-wide sig-
nificance below an OR of 2.65 it is necessary to carry out a large 
GWAS on at least 7500 CM patients using EM patients as controls 
(Figure 4). Given these large numbers, single-center studies will be 
underpowered. There is a need for a large multicenter study to re-
move any remaining possibilities of there being a genetic factor in 
migraine chronification.

It is commonly accepted that migraine does not affect fecundity 
in the population, which prompts no negative or positive selection 
of the genetic risk alleles for migraine. This observation supports 
the possible existence of common variants with low effect sizes. 
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Thus, given our results, if there are indeed any genetic risk factors 
for CM, these are most likely low-risk variants with a putative ad-
ditive effect. Notably, epigenetic factors such as DNA methylation 
have been suggested as a mechanism behind CM [51] however, a 
multicenter research effort is needed to provide sufficient statistical 
power for such studies also.

Strengths and limitations

The strengths of our analysis include the use of a validated semi-
structured interview conducted by trained healthcare professionals, 
and the assessment of both common and rare variants. Although 
this study utilizes one of the world's largest clinical migraine cohorts 
with supporting genetic data, the sample size does not allow us to 
exclude whether there are SNPs with an OR below 2.65 for CM. 
Further, we did not have the possibility of replicating our negative 
findings in other cohorts.

Our results rule out a major genetic disposition to ICHD-3 CM 
and pCM. We call for a multicenter approach in the International 
Headache Genetics Consortium to conduct a GWAS and an epig-
enome-wide association study to assess whether there are indeed 
any genetic risk factors or a gene × environment effect for CM.

CONCLUSION

The development of episodic migraine into chronic migraine is un-
likely to be caused by genetic factors. If such factors have escaped 
identification, they are likely to be weak.
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