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ORIGINAL INVESTIGATION

Genetic risk score analysis indicates migraine with and
without comorbid depression are genetically different disorders

Lannie Ligthart - Jouke-Jan Hottenga - Cathryn M. Lewis - Anne E. Farmer - Ian W. Craig -

Gerome Breen - Gonneke Willemsen - Jacqueline M. Vink - Christel M. Middeldorp - Enda M. Byrne -
Andrew C. Heath - Pamela A. F. Madden - Michele L. Pergadia - Grant W. Montgomery * Nicholas G. Martin *
Brenda W. J. H. Penninx - Peter McGuffin - Dorret I. Boomsma « Dale R. Nyholt

Received: 19 July 2013 / Accepted: 22 September 2013 / Published online: 1 October 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Migraine and major depressive disorder (MDD)
are comorbid, moderately heritable and to some extent
influenced by the same genes. In a previous paper, we sug-
gested the possibility of causality (one trait causing the
other) underlying this comorbidity. We present a new appli-
cation of polygenic (genetic risk) score analysis to inves-
tigate the mechanisms underlying the genetic overlap of
migraine and MDD. Genetic risk scores were constructed
based on data from two discovery samples in which
genome-wide association analyses (GWA) were performed
for migraine and MDD, respectively. The Australian Twin
Migraine GWA study (N = 6,350) included 2,825 migraine
cases and 3,525 controls, 805 of whom met the diagnostic
criteria for MDD. The RADIANT GWA study (N = 3,230)
included 1,636 MDD cases and 1,594 controls. Genetic risk
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scores for migraine and for MDD were used to predict pure
and comorbid forms of migraine and MDD in an independ-
ent Dutch target sample (NTR-NESDA, N = 2,966), which
included 1,476 MDD cases and 1,058 migraine cases (723
of these individuals had both disorders concurrently). The
observed patterns of prediction suggest that the ‘pure’
forms of migraine and MDD are genetically distinct disor-
ders. The subgroup of individuals with comorbid MDD and
migraine were genetically most similar to MDD patients.
These results indicate that in at least a subset of migraine
patients with MDD, migraine may be a symptom or conse-
quence of MDD.

Introduction

There is a well-established comorbidity between migraine
and major depressive disorder (MDD), with a 2-3 times
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higher risk of migraine in MDD patients than in non-MDD
controls (Ligthart et al. 2010b). Both conditions are around
40-50 % heritable (Levinson 2006; Mulder et al. 2003),
and thought to be influenced by a large number of genetic
variants with small effects. Longitudinal studies show
mixed results with respect to the order of onset of migraine
and depression (Antonaci et al. 2011; Swartz et al. 2000).
There is some evidence suggesting that anxiety disorders
tend to precede migraine, whereas depression tends to fol-
low migraine (Breslau et al. 1991; Merikangas et al. 1990),
but a bidirectional relationship has also been reported, with
migraine predicting depression onset and vice versa (Bre-
slau et al. 2000, 2003). We previously showed, in a bivari-
ate twin study, that migraine and depression are partly
influenced by the same genes, with a correlation of around
0.3 between the genetic factors affecting the two disorders
(Ligthart et al. 2010a). Several other studies reported simi-
lar results (Schur et al. 2009; Stam et al. 2010).

While genetic correlations are often interpreted as the
same genes directly affecting multiple conditions, alter-
native explanations are possible, including cross-assorta-
tive mating (Hazel 1943) or the causal effect of one trait
on the other (De Moor et al. 2008). In our twin study, we
found that in monozygotic twin pairs discordant for anx-
ious depression, the twins with a high anxious depression
score had an increased risk of migraine; their non-anxious-
depressed co-twins did not, even though they had the same
genetic make-up as the anxious-depressed twin. Similarly,
in pairs discordant for migraine, only twins with migraine
had an increased risk of anxious depression (Ligthart et al.
2010a). This suggests that a causal relationship (one trait
causing the other), rather than genes directly involved in
multiple disorders (pleiotropy), may explain the comorbid-
ity of migraine and depression (De Moor et al. 2008; Ligth-
art and Boomsma 2012).

A possible causal explanation is that a severe pain dis-
order such as migraine might reduce a patient’s quality of
life, resulting in depressive symptoms. However, a study
on back pain and depression found no relationship between
pain duration and depression severity, which would be
expected if it is the long-lasting pain and disability that
causes the depressive symptoms (Von Korff and Simon
1996). Alternatively, migraine might be a symptom or con-
sequence of depression. Pain symptoms are remarkably
common in depressed patients, and some have argued that
pain should be viewed as an integral part of the depression
phenotype (Lépine and Briley 2004; Stahl 2002). Currently,
solid evidence for this hypothesis is lacking.

Here, we investigate the comorbidity of migraine and
depression at the measured genotype level, by using genetic
risk scores (based on SNP risk alleles) obtained in one (dis-
covery) sample to predict migraine and depression status in
another, independent (target) sample. With this method, the
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combined effects of a large number of SNPs on a trait or
disorder, estimated in a discovery sample, are used to con-
struct a ‘genetic risk score’ for individuals in an independ-
ent target sample. The genetic risk score is a single quanti-
tative index of genetic load for the discovery trait, and can
be used to ‘predict’ phenotype status in individuals in the
target sample (Purcell et al. 2009). This method allows the
comparison of specific groups of patients in terms of their
genetic similarity, and has previously been applied to dem-
onstrate overlap in genetic influences across disorders, such
as schizophrenia and bipolar disorder (Purcell et al. 2009),
and anxiety and depression (Demirkan et al. 2010).

Here, we apply this method to investigate possible causal
relationships between two phenotypes. Our first hypothesis
is that some migraines are a consequence of depression (or
are a symptom of depression; since these two hypotheses
are closely related and yield the same predictions we will
not distinguish between them). According to this hypoth-
esis, migraine due to depression will be genetically simi-
lar to depression, but not to migraine without depression
(further referred to as pure migraine). This is based on
the principle that if disease A causes disease B, the genes
that affect disease A must indirectly also affect disease B,
through the causal chain (De Moor et al. 2008; Ligthart and
Boomsma 2012).

Two alternative hypotheses were considered. Hypoth-
esis 2 was the reverse of hypothesis 1: depression can be
a consequence (or symptom) of migraine, and depression
due to migraine is genetically similar to migraine, but not
to depression without migraine (further referred to as pure
depression). Hypothesis 3 was that there is only one type
of migraine and one type of depression, which are in part
influenced by genes involved in both disorders. However,
the latter is not expected given our previous findings (Lig-
thart et al. 2010a).

Materials and methods

Discovery sample migraine: the Australian twin migraine
(ATM) GWA study

The ATM study includes data from Australian twins and their
families. Detailed migraine data were collected by means
of semi-structured telephone interviews, with a mean age
at interview of 37.5 years (SD = 11.3) (Nyholt et al. 2004,
2005). The questionnaire was based on the symptoms from
the ICHD-II diagnostic criteria (Headache Classification
Committee of the International Headache Society 2004).
All subjects gave informed consent and approval to conduct
the research was obtained from the QIMR Human Research
Ethics Committee. Participants were classified as affected
or unaffected with latent class analysis (LCA), as described
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Table1 Sample si.zes apd . Australian twin migraine (ATM) study (discovery) Total sample MDD cases Excluding MDD
number of cases with migraine
and/or MDD Total sample 6,350 805 5,545
Migraine cases 2,825 670 2,155
Controls 3,525 135 3,390
RADIANT MDD study (discovery) Total sample
Total sample 3,230 - -
MDD cases 1,636 - -
Controls 1,594 - -
NTR-NESDA study (target) Total sample NTR NESDA
Total sample 2,966 1,442 1,524
Controls 1,155 1,050 105
Pure migraine 335 296 39
Pure MDD 753 48 705
Comorbid MDD + migraine 723 48 675
Total MDD cases 1,476 96 1,380
Total migraine cases 1,058 344 714

in detail in previous work (Nyholt et al. 2004, 2005). All
genome-wide association (GWA) cases screened positive
for migraine according to ICHD-II migraine with aura (MA)
and/or migraine without aura (MO) diagnostic criteria, or the
ID Migraine™ Screener (Lipton et al. 2003), which has been
shown to accurately identify 93 % of people with migraines.
Additional migraine cases were identified from other ques-
tionnaire data as those self-reporting (“yes” or “no”) to suffer-
ing migraine. All cases and controls were unrelated; one indi-
vidual was selected from each family. The cases [N = 2,825;
752 (27 %) male, 2,073 (73 %) female] were preferentially
selected from each family based on migraine severity. The
population controls [N = 3,525; 1,814 (51 %) male, 1,711
(49 %) female] were randomly selected from families con-
taining no known migraine cases. There were 805 individuals
known to have MDD, based on DSM-IV criteria (Wray et al.
2010); after exclusion of these MDD cases there were 2,155
cases and 3,390 controls (for details see Table 1).

The subjects were drawn from the QIMR GWA cohort
of over 19,000 individuals genotyped using a variety of
lumina GWA arrays. After strict QC, allelic association
analysis was performed using the PLINK program. For a
detailed description of the QIMR 19K GWA cohort, includ-
ing QC, see Medland et al. (2009).

Discovery sample MDD: the RADIANT study

The UK RADIANT study consisted of 1,636 depres-
sion cases and 1,594 non-MDD controls from the UK
(Table 1). The participants came from two studies on recur-
rent depression [the Depression Case Control (DeCC)
study and the Depression Network (DeNT) study] and a

pharmacogenetic study [the Genome-Based Therapeutic
Drugs from Depression (GENDEP) study], which have
been described in more detail previously (Cohen-Woods
et al. 2009; Farmer et al. 2004; Uher et al. 2009). The mean
age of onset was 23.1 years (SD = 11.4) and 66.4 % of
cases were female.

MDD was diagnosed with the Schedules for Clinical
Assessment in Neuropsychiatry (SCAN) interview. A case
was defined as a patient with recurrent depression (DeCC
and DeNT) or experiencing a current episode of depres-
sion (GENDEP) of at least moderate severity, according to
either DSM-IV or ICD-10 criteria. The controls were vol-
unteers recruited via the Medical Research Council gen-
eral practice research framework and staff and students of
King’s College London, who were screened for lifetime
depressive symptoms with a telephone interview.

Genotyping was performed using the Illumina Human
Hap610-Quad BeadChips. Exclusion criteria were a miss-
ing genotype rate >1 %, abnormal heterozygosity, incon-
sistencies with respect to sex assignment, relatedness
with other participants or non-Caucasian ancestry. SNPs
were excluded based on MAF <1 %, or significant depar-
ture from HWE (P < 1 x 107%). Genome-wide association
analysis was performed with logistic regression analysis,
assuming a log-additive model and including ancestry prin-
cipal components as covariates. Details can be found else-
where (Lewis et al. 2010).

Target sample: the NTR-NESDA study

The target sample included participants from the Nether-
lands Twin Registry (NTR) (Boomsma et al. 2006) and the
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Netherlands Study of Depression and Anxiety (NESDA)
(Penninx et al. 2008). Genotyping was performed in the
context of the GAIN study on MDD (Boomsma et al. 2008;
Sullivan et al. 2008). The NTR data were part of an ongo-
ing longitudinal study on health, personality and lifestyle in
Dutch twin families (Boomsma et al. 2006). NESDA is a
longitudinal study on anxiety and depression, with partici-
pants from the general population, primary care, and spe-
cialised mental health care (Penninx et al. 2008). The mean
age of the participants was 42.3 years (SD = 16.5; 65 %
female).

Cases with lifetime MDD (N = 1,480) were diagnosed
based on DSM-1IV criteria with the Composite International
Diagnostic Interview (Wittchen 1994). The control group
(N = 1,491) consisted of individuals selected for low risk
of MDD based on measures of depression, anxiety and neu-
roticism (Boomsma et al. 2008). Migraine was measured
with questionnaire items based on the symptoms included
in the ICHD-II criteria for migraine (2004). As in the ATM
study, affection status was determined by means of LCA,
as described in previous work (Ligthart et al. 2006). Table 1
provides an overview of the numbers of patients with
“pure” and comorbid forms of migraine and MDD.

The analyses in this paper are based on 2,966 unrelated
individuals from the GAIN-MDD study (Boomsma et al.
2008; Sullivan et al. 2008) with data on both migraine
and MDD, who were genotyped on the Affymetrix Perle-
gen 5.0 platform. Genotype imputation was performed on
a larger dataset, including samples genotyped on several
different platforms. Inclusion criteria for SNPs were MAF
>1 %, HWE P > 0.00001 and call rate >95 %. Individu-
als were excluded when their expected sex and IBD status
did not match, when the mean heterozygosity was <0.30 or
>0.35, or when the missing genotype rate exceeded 10 %.
All SNPs were aligned to the positive strand of the Hap-
map 2 Build 36 release 24 CEU reference set. The align-
ment was checked using individuals and family members
tested on multiple platforms. SNPs were excluded per plat-
form if allele frequencies differed more than 15 % with
the reference set and/or the other platforms. The data were
subsequently merged into a single dataset (N = 5856), and
imputed against the reference set using IMPUTE v2 (Mar-
chini and Howie 2010). After imputation, genotype dos-
age was calculated if the highest genotype probability was
above 90 %. Badly imputed SNPs were removed based on
HWE P < 0.00001, proper info <0.40, MAF <1 %, allele
frequency difference >0.15 against reference.

Genetic risk score analyses
To explore whether common variants with small effects on

MDD and migraine status together predicted affection sta-
tus in an independent sample, a genetic risk score test was
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performed following the method introduced in Purcell et al.
(2009), and implemented in the PLINK program (Purcell
et al. 2007). Twelve different SNP sets were selected for the
prediction analyses (with P value thresholds at 0.01, 0.05,
0.1, 0.2, 0.3, 04, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0). Only SNPs
directly genotyped in the discovery samples were included.
The number of SNPs overlapping between discovery and
target samples was 249,917 for ATM and NTR-NESDA,
416,030 for RADIANT and NTR-NESDA, and 229,778
SNPs were available in all three samples. The numbers of
SNPs included in each of the analyses are listed in Table 2.
For each individual in the target sample, genetic risk scores
were calculated based on the estimated number of ‘risk
alleles’ an individual possessed (accounting for uncertainty
of imputation in the target sample), weighted by the log
odds ratio (i.e., effect size) for that allele calculated in the
discovery sample. With this procedure, three genetic risk
scores were calculated for each individual, one based on
RADIANT MDD, one based on ATM migraine and one
based on ATM migraine with MDD cases excluded.

Next, it was tested whether higher mean genetic risk
scores were observed for cases than for controls in the tar-
get sample. Several different definitions of case status were
used: all migraine, all MDD, pure migraine, pure MDD,
and comorbid MDD + migraine. The cases were compared
with controls unaffected for both migraine and MDD. The
association between mean genetic risk score and case/con-
trol status in the target sample was tested using logistic
regression analysis in R v2.11.0. Nagelkerke’s pseudo R?
was used to assess the variance explained. In addition, to
assess predictive ability, the area under the receiver operat-
ing characteristic (ROC) curve (AUC) was calculated using
the PredictABEL R package (Kundu et al. 2011). Given
the unequal sex ratio of migraine and MDD, prediction
analyses were compared including or excluding sex as a
covariate.

Under all hypotheses, we expect prediction of a pheno-
type from genetic risk scores based on the same phenotype
in another sample to be significant. Prediction of migraine
from depression scores or vice versa will be somewhat
weaker but still significant. The hypotheses yield differ-
ent expected predictions when the “pure” forms of either
migraine or depression are predicted from the other pheno-
type (see Table 3).

When pure migraine is predicted from depression
genetic risk scores, we expect no prediction under hypoth-
esis 1 (because pure migraine is genetically distinct from
MDD). Whereas we expect to see modest but signifi-
cant prediction under hypothesis 2 (because some cases
of MDD are a symptom or consequence of migraine, and
therefore, migraine risk variants will be part of the MDD
risk profile). Modest but significant prediction is also
expected under hypothesis 3 (because migraine and MDD
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Table 2 Number of SNPs
included in each prediction
analysis

P value threshold SNPs overlapping with NTR/NESDA

SNPs overlapping between all three

samples

RADIANT ATM (all)

ATM (exMDD) RADIANT ATM (all) ATM (exMDD)

0.01 4,657

0.05 21,747

0.1 43,046
The number of SNPs used in the 0.2 85,330
prediction analyses, for each P
value threshold. On the left the 0.3 126,854
numbers for the set of SNPs in 0.4 168,637
each sample that overlapped 0.5 210,168
with the NTR-NESDA target 0.6 251.509
sample (as used in the analyses
presented in Fig. 1), on the 0.7 292,601
right the numbers for the set of 0.8 333,739
SNPs that overlapped between 0.9 374,973
all three samples (as used in the 1.0 416.030

2,564 2,585 2,615 2,345 2,354
12,673 12,596 12,069 11,629 11,575
25,444 25,253 23,819 23,385 23,218
50,453 50,185 47,374 46,324 46,112
75,441 75,397 70,273 69,334 69,219

100,402 100,348 93,272 92,303 92,223
125,291 125,199 115,982 115,221 115,103
150,347 150,034 138,720 138,303 137,932
175,040 174,868 161,419 161,029 160,820
199,809 199,747 184,041 183,776 183,676
225,035 224,827 207,025 206,942 206,739
249,917 249,917 229,778 229,778 229,778

analyses presented in Fig. 4)

Table 3 Expected patterns of prediction under the three hypotheses

Genetic risk scores Predicted phenotype

Significant prediction expected (yes/no)

based on: (NTR-NESDA)

Hypothesis 1: migraine

Hypothesis 2: MDD Hypothesis 3:

due to MDD due to migraine shared genes
All MDD (RADIANT) Pure migraine No Yes Yes
All migraine (ATM) Pure MDD Yes No Yes
Pure migraine (ATM, excl. MDD  Pure MDD No No Yes

cases)

are partly affected by the same genetic risk factors, and
therefore migraine patients will possess some risk variants
for MDD, regardless of MDD status).

When pure depression is predicted from migraine
genetic risk scores, expectations under hypothesis 1 will
depend on whether MDD is predicted from all migraine
or pure migraine. Pure depression prediction from all
migraine is expected to be modest but significant (because
all migraine is a combination of pure migraine and
migraine due to MDD). Whereas pure depression predicted
from pure migraine is not expected (because pure migraine
and pure MDD are genetically distinct disorders). Under
hypothesis 2, we expect to see no significant prediction
(because pure MDD cases do not have migraine and there-
fore do not share migraine risk factors), and under hypoth-
esis 3, the prediction is expected to be modest but signifi-
cant (because migraine and MDD are partly affected by the
same genetic risk factors).

Because there were different numbers of cases for the
different phenotypes, the sample sizes differed consider-
ably between analyses. To assess how these differences
in sample size might affect our results, the smallest sam-
ple size in the target sample was taken (335 cases for pure
migraine vs. 1,155 controls, see Table 1) and the prediction

analyses for the other phenotypes were repeated 10,000
times with random samples of 335 cases drawn from the
total sample available for each phenotype. Mean R*> and P
values across the 10,000 permutations were calculated in
order to assess the effect of sample size on the significance
and explained variance, compared with the original analy-
ses. The number of SNPs also differed between the RADI-
ANT and ATM samples. Therefore, the analyses were
repeated using only the SNPs available in all three samples,
to test to what extent the results were affected by the num-
ber of SNPs included.

SNP effect (direction) concordance analysis

To further investigate the polygenic overlap of migraine
(before and after excluding MDD individuals) with pure
MDD, we examined the correlation of individual SNP
effects across the datasets. That is, we tested whether the
direction of SNP effects were positively correlated across
the (i) all migraine (ATM) vs. pure MDD (NTR-NESDA),
and (ii) pure migraine (ATM excluding MDD cases) vs.
pure MDD (NTR-NESDA) GWA results. Firstly, the SNP
effects [i.e., odds ratio (OR)] were aligned to the same
reference allele at each SNP across the two GWA results
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(ATM and NTR-NESDA). After alignment, a subset of
independent SNPs was extracted via linkage disequilib-
rium (LD) clumping (Purcell et al. 2007), i.e., removal
of SNPs in LD with R*> > 0.1 estimated using HapMap 3
(release 2) CEU SNP genotype data. To test whether the
effect directions were concordant across the datasets, we
performed Fisher’s Exact statistical tests of SNP effects
in dataset 1 (OR,) and dataset 2 (OR,) after conditioning
on their GWA P values. Briefly, for each subset, Fisher’s
Exact tests were performed on 2 x 2 tables containing the
number of SNPs with both OR; <1 and OR, <1 (OR,; <1
[JOR, < 1),0R, >1()OR,<1,0R,<1[)OR,>1,
and OR, > 1 [ OR, > 1. SNP subsets were generated uti-
lising the same 12 P value thresholds used in the genetic
risk score analyses in ATM and NTR-NESDA. To exam-
ine the overall concordance in SNP effects between two
datasets, we calculated the proportion of the total (144)
threshold combination subsets where the SNP effects were
nominally correlated [Fisher’s Exact test P value (Pgr)
<0.05]. To examine the significance of observing a spe-
cific proportion of subsets with correlated SNP effects, we
performed 10,000 permutations where for each replicate
the SNP effect and P value were randomly shuffled in the
ATM migraine GWA results before generating SNP sub-
sets and performing Fisher’s Exact tests. Note that only
the SNP name-effect relationship in the ATM migraine
GWA results is destroyed by permutation to provide a new
dataset sampled under the null hypothesis: the effect direc-
tion and P value pattern will remain the same under the
observed and permuted subsets.

Results

The results of the genetic risk score analyses are summa-
rised in Fig. 1. Although sex was significant in the relation-
ship between genetic risk score and phenotype (due to the
unequal sex ratio of migraine and MDD), including sex did
not change the conclusions regarding the significance of
the genetic risk score. Therefore, results are only provided
for analyses excluding sex as a covariate.

Genetic risk scores based on the RADIANT MDD
results (Fig. 1a) were significantly predictive of all MDD
status in NTR-NESDA (maximum Nagelkerke’s pseudo-
R?> = 0.0080, P = 7.5 x 107>, AUC = 0.545 at P; = 0.5).
RADIANT MDD-scores also predicted pure MDD
(R* = 0.0069, P = 0.0019, AUC = 0.543 at P; = 0.3).
The proportion of explained variance was highest for the
comorbid MDD + migraine phenotype (R*> = 0.0091,
P =4 x 107% AUC = 0.546 at P; = 0.6). Furthermore,
RADIANT-MDD was significantly predictive of all
migraine in NTR-NESDA (R2 = 0.0061, P = 0.0015,
AUC = 0.537 at Py = 0.3). However, consistent with
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hypothesis 1, and inconsistent with hypotheses 2 and 3,
the RADIANT-MDD genetic risk score did not signifi-
cantly predict pure migraine (R*> = 0.0037, P = 0.058,
AUC = 0.530 at Py < 0.05 and considerably weaker at all
other cut-offs).

Similarly, genetic risk scores for migraine based on the
ATM data (Fig. 1b) significantly predicted all migraine
(R* = 0.0058, P = 0.002, AUC = 0.533 at Py = 0.6),
pure migraine (R*> = 0.0053, P = 0.023, AUC = 0.532 at
P = 0.3) and comorbid MDD + migraine (R* = 0.0054,
P = 0.007, AUC = 0.535 at Pr = 0.2) in NTR-NESDA.
ATM migraine also predicted all MDD, albeit more weakly
(R* = 0.0040, P = 0.0052, AUC = 0.527 at P; = 0.3).
ATM migraine was very modestly predictive of pure MDD,
marginally significant only at Py < 0.3 (R*> = 0.0028,
P = 0.046, AUC = 0.520). According to hypothesis 1, this
prediction should disappear once MDD cases are removed
from the analysis in the discovery sample, and this was
indeed observed. After 805 MDD cases were excluded
from the ATM sample (Fig. 1c), the genetic risk scores for
migraine no longer predicted pure MDD (R* = 0.0016,
P = 0.14, AUC = 0.518, at P = 0.05). To test whether
this lack of prediction was due to the reduced discovery
GWA sample size, we compared these results with those
of 1,000 analyses in which 805 individuals were dropped
at random (Fig. 2). The results indicated that although the
reduced sample size had a small effect on the amount of
explained variance, there was a clear relationship with the
MDD status of the individuals removed. In the original
analyses (Fig. 1b vs. ¢), the reduction in explained variance
was strongly related to the presence of MDD in the case
group: the drop in prediction was considerable for all phe-
notypes except pure migraine. In the analyses where ran-
domly selected individuals were excluded (Fig. 2), the pre-
dictive strength dropped by roughly the same amount for
all phenotypes. That is, the drop in prediction of pure MDD
in NTR-NESDA using ATM migraine genetic risk scores
after excluding MDD individuals was greater than expected
by chance.

Next, we tested to what extent our results might be
biased by differences in sample size between the different
subsets. To investigate this, the prediction analyses were
repeated 10,000 times with random samples of 335 cases
and 1,155 controls (equal to the size of the smallest target
sample, pure migraine), drawn from the total sample avail-
able for each of the other phenotypes. The results showed
that, while the significance was affected by sample size
(reflected by larger P values), the reduced sample size had
only a very modest effect on the amount of explained vari-
ance (Fig. 3). Importantly, the observed patterns in predic-
tive strength remained highly similar. Hence the observed
differences in R> between phenotypes were not due to dif-
ferences in sample size.
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Fig. 2 Averaged results of predictions based on 1,000 permutations
in the ATM data, in each of which a random sample of 805 individu-
als was removed from the dataset. Compared to the original analy-
sis based on all ATM participants (Fig. 1b), this figure shows a small
and consistent reduction in R which is independent of the phenotype.
However, in the analysis excluding the 805 MDD cases (Fig. 1c), the

Furthermore, to investigate the impact of the larger num-
ber of SNPs in the RADIANT than in the ATM sample, the
prediction analyses were repeated using only the SNPs that
overlapped between all three samples (N = 229,778). This
produced only a minor decrease in the explained variance
(Fig. 4), and very similar prediction patterns.

Finally, examination of individual SNP effects across
the datasets supported the results of our genetic risk scores
analyses. For the all migraine and pure MDD GWA results,
SNP effects were nominally correlated [Fisher’s Exact
Test P value (Pgp) <0.05] in 21 of the total 144 thresh-
old combination subsets. Importantly, for all 21 subsets
the SNP effects were in the same direction producing a
Fisher’s Exact Test Odds Ratio (ORgy) >1. Out of 10,000
permuted replicates, only 360 produced 21 or more sub-
sets with ORgp > 1 and Ppp < 0.05 (Pprpermued = 0-036;
95 %CI: 0.033-0.040). In contrast, for the pure migraine
and pure MDD GWA results, SNP effects were nominally
correlated (Ppp < 0.05) in only two of the total 144 thresh-
old combination subsets. Importantly, the SNP effects were
in the opposite direction in these two subsets (ORpp < 1).
Out of 10,000 replicates, 5,510 produced zero subsets with
ORgr > 1 and Pep < 0.05 (Perpermutea = 0.5515 95 %ClL:
0.541-0.561)—in line with that expected under the null
hypothesis of the SNP effects being uncorrelated between
datasets.

The substantial and significant reduction in correlation
of SNP effects between pure migraine and pure MDD com-
pared to all migraine and pure MDD provides clear sup-
port for the observed polygenic overlap between migraine
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reduction is very limited for pure migraine, but larger for the other
phenotypes (which all include some cases with MDD). This indi-
cates that the different results in ATM before and after removal of the
MDD cases are indeed explained by MDD and not merely by differ-
ences in sample size

and depression being due to individuals comorbid for both
traits and that the ‘pure’ forms of migraine and MDD are
genetically distinct disorders.

Discussion

Several novel and important findings emerge from this
study. First, the results confirm the assumed polygenic
nature of both MDD and common migraine and indicate
that many SNPs conferring true, albeit weak risk, remain
to be identified. Second, this is the first study showing the
overlap in genetic influences on migraine and MDD, pre-
viously found in twin and family studies, at the measured
genotype level. Third, and most importantly, we developed
a new application of genetic risk scores to investigate cau-
sality, and our results support the hypothesis that in a sub-
set of patients, migraine is a symptom or consequence of
MDD. Although MDD genetic risk scores predict migraine
and vice versa, pure migraine appears to be genetically
distinct from MDD. This means that the observed over-
lap in the genetic factors influencing migraine and MDD
is most likely explained by the subgroup of individuals
with comorbid MDD + migraine. If migraine is indeed
the result and not the cause of depression, these comorbid
cases should be genetically very similar to MDD patients.
Figure 1 shows that this is indeed the case: comorbid
MDD + migraine was in fact the phenotype most strongly
predicted by genetic risk scores for MDD (Fig. 1a), pos-
sibly reflecting that these patients have a more severe form
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of depression, and are therefore more likely to experience
migraine headaches, as would be expected if migraine
were a symptom or consequence of MDD. On the other
hand, comorbid MDD + migraine was also (more weakly)
predicted by all migraine (Fig. 1b), and some marginally
significant prediction remained even after exclusion of
MDD cases from the migraine discovery sample (Fig. 1c).
This could be explained by the presence of individu-
als with undiagnosed MDD within the ATM sample, or
the high prevalence of migraine and MDD, where some
individuals are expected to possess risk variants for both
migraine and MDD by chance. Therefore, the comorbid
group will be a mixture of ‘true’, ‘genetically comorbid’
cases, and cases who have both migraine and MDD by
chance.

Consistency with previous findings

The finding that migraine may be a symptom or conse-
quence of depression is consistent with our previous find-
ings based on discordant twin analysis, which suggested
that the mere existence of genes affecting multiple disorders
is insufficient to explain the relationship between migraine
and depression, and that a causal or syndromic relationship
would be a plausible explanation for the observed comor-
bidity. Although it might be expected that this type of rela-
tionship is associated with a specific order of onset (first
depression, then migraine), this is not necessarily the case.
If migraine is the ‘byproduct’ of an underlying depression,
the migraine may have its onset either before or after the
patient is officially diagnosed with MDD (assuming the
first symptoms of depression occur sometime before all
diagnostic criteria for MDD are fulfilled). This is entirely
consistent with the mixed findings of previous longitudinal
studies (Antonaci et al. 2011; Breslau et al. 1991, 2000,
2003; Merikangas et al. 1990; Swartz et al. 2000). Detailed
longitudinal studies at the level of symptoms are required
to achieve more insight into the developmental trajectories
associated with the combination of depressive symptoms
and migraine headaches.

Strengths and limitations

A major strength of this study is that the target sample
was phenotypically well characterised for both migraine
and MDD. Subjects were selected based on MDD status,
such that cases met strict clinical diagnostic criteria for
MDD and controls were at low risk for MDD. This allowed
a strict distinction between migraineurs with and without
MDD. In addition, very similar phenotyping procedures
were used across target and discovery samples, which
ensure that predictions were not limited by differences in
phenotype definitions.

A limitation is that the genetic risk scores explained only
a small proportion of variance, limiting the predictive abil-
ity of the method. This is consistent with findings in pre-
vious studies using similar designs and phenotypes (e.g.,
Demirkan et al. 2010; Middeldorp et al. 2011; Purcell et al.
2009), and expected given the small effects of individual
genetic variants on complex traits (Dudbridge 2013). When
individual genetic variants have small effects, the effect
size estimates will be associated with large standard errors,
which limit the strength of the correlation between pre-
dicted and observed phenotypes, and therefore the propor-
tion of explained variance (Davies et al. 2011). Moreover,
our genetic risk score was not restricted to robustly impli-
cated risk loci; hence the majority of SNP effects in the dis-
covery samples will not be true risk effects. However, the
main aim of this study was to analyse patterns in predic-
tive strength and association testing of genetic risk scores,
which is possible even when the proportion of explained
variance is low, assuming that the variance captured by the
measured SNPs is representative of the remaining variance.

Using RADIANT MDD scores to predict migraine and
MDD produced more accurate predictions (i.e., explained
more variance) than using ATM migraine scores, even
though the ATM sample was larger. This might be related
to the larger number of SNPs that overlapped between
NTR-NESDA and RADIANT. However, restricting the
analyses to the SNP set that overlapped between all three
samples (N = 229,778) produced only a minor decrease in
the explained variance (Fig. 4). A more important factor
may be that for MDD a more stringent phenotype defini-
tion was used than for migraine. The migraine cases were
not ascertained based on phenotype status, but drawn from
a population-based sample, which includes many geneti-
cally informative subclinical migraineurs. A stricter pheno-
type definition excludes many of these individuals, which
effectively results in a loss of statistical power. However,
similar patterns were observed under stricter definitions of
migraine, for instance, ICHD-II MO/MA cases (data not
shown) (Headache Classification Committee of the Interna-
tional Headache Society 2004).

Finally, although migraine was assessed in a large
part of the RADIANT sample, for a subset of partici-
pants this information was not available. Therefore, we
did not perform an analysis in which migraine cases
were excluded. However, as expected, in participants
with migraine data migraine status was significantly
associated with MDD: the prevalence of migraine was
29 % in the MDD cases and 11 % in non-MDD con-
trols (OR = 2.6, 95 % CI 2.0-3.4). In spite of the con-
siderable number of migraineurs and the strong asso-
ciation between migraine and MDD in the RADIANT
sample, the MDD genetic risk scores did not predict
pure migraine, supporting the hypothesis that migraine
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associated with MDD is genetically different from pure
migraine. It is expected that this would not change if all
migraineurs were excluded from the sample.

Implications

The results of this study imply that some cases of
migraine are a result of MDD, and that ‘pure’ and MDD-
related migraine are etiologically different disorders.
This has important implications for research and treat-
ment. Firstly, in genetic studies, a distinction should be
made between pure migraine and migraine accompanied
by depression. The same may apply to other, both psy-
chiatric and non-psychiatric disorders that are comorbid
with migraine. Perhaps common migraine might be better
viewed as a group of disorders with similar symptomatol-
ogy but (genetically) different etiologies, rather than as a
single disorder.

Secondly, patients with MDD-related migraine might
require a different course of treatment, or respond differ-
ently to certain types of treatment (e.g., with antidepres-
sants) than patients with migraine unrelated to MDD. An
important and unanswered question is whether successful
treatment of MDD leads to a reduction in migraine symp-
toms. Well-designed studies targeted specifically at this
research question are needed to address this.
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