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Considerations for Genomewide Association Studies
in Parkinson Disease

To the Editor:

Although the magnitude of a genetic component of Par-
kinson disease (PD [MIM 168600]) remains to be de-
termined, the disease has already shown remarkable ge-
netic heterogeneity, with at least five monogenic forms
identified, the most common of which is LRRK2 (MIM
609007)." In this issue of The American Journal of Hu-
man Genetics, four investigative teams®> report that
they have sought to replicate the findings from a ge-
nomewide association (GWA) study of PD affection by
Maraganore et al.® Taken together, these four studies
appear to provide substantial evidence that none of the
SNPs originally featured as potential PD loci are con-
vincingly replicated and that all may be false positives.
Furthermore, that the LRRK2 gene was not identified
may be considered a false-negative result. This conclu-
sion is both disappointing and discouraging. The orig-
inal study invested heavily in this venture, with 443 sib-
ling pairs (n = 886) discordant for PD typed in tier 1
for 198,345 SNPs (172,420,019 genotype calls) and a
tier 2 follow-up typing the strongest 1,892 SNPs in 332
matched case-control unrelated pairs (1,176,772 geno-
types). Because this report is among the first GWA stud-
ies and because the effort appears to have failed to pro-
duce the desired objective, it is worth examining the
implications for GWA studies in general and, specifically,
the significance of this study for PD.

First, let’s examine the original report. Tier 1 of the
original study is founded upon sibling pairs discordant
for PD recruited from the Mayo Clinic in Rochester,
MN. The sample is composed of individuals substan-
tially of northern and central European descent. Dis-
cordant sibling pairs were selected to limit false-positive
results due to population stratification bias.” Population
differences between case and control samples are rec-
ognized as the primary source of false-positive associ-
ations, and, clearly, every effort to minimize these effects
is to be encouraged. However, in PD there is substantial
evidence for reduced penetrance,® and the disease eti-
ology is most likely a complex interaction of genetic and
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environmental factors.” Thus, the selection of randomly
ascertained PD cases (often termed “sporadic”) may in-
clude a substantial proportion of cases with little or no
genetic basis for disease, and, even among familial cases,
many unaffected siblings may carry PD risk alleles but
remain unaffected for lack of critical environmental ex-
posure, for essential modifying genes, or for follow-up
to an advanced age. Case identification in tier 1 should
focus on the selection of those most likely to carry the
inherited form of the disease, whereas controls should
be likely non-gene carriers drawn from the same pop-
ulation. Concerns for population stratification might
best be addressed in tier 2 by the genotyping of families
of tier 1 cases and by family-based association studies.
SNPs showing association in these first phases can be
typed in a second unrelated case-control sample as a tier
3, with case enrichment for familial disease when
possible.

Fundamentally, scientific discovery relies first and
foremost upon the independent replication of results.
Investigators seeking to replicate the findings of asso-
ciation studies need to consider whether their sample
provides an appropriate forum for the investigation. Be-
cause the overwhelming majority of SNPs in GWA stud-
ies will not be functionally related to the disease, one
cannot reasonably expect that linkage-disequilibrium
patterns will generalize across diverse ethnic groups.
Thus, one may expect that there may not be replication
for samples recruited from a restricted geographic region
(e.g., Taiwan®). Whereas most of these replication sam-
ples are composed of Europeans (e.g., from Finland,?
Norway and Ireland,® and the United Kingdom*), a few
reveal minor-allele frequencies that vary from the orig-
inal sample and that may deserve further study. Enrich-
ment for familial PD would also be important, since
none of these replication studies is described as familial
PD.

Genomewide linkage studies have generally not been
successful in finding genes responsible for common com-
plex diseases, and whether GWA studies will prove to
be more successful remains to be determined. There is
at least one important positive precedent of the Mara-
ganore et al.® study. Notably, all of their single-SNP as-
sociation results (minor-allele frequencies and P values)
are available in two online text files (available from
http://www.journals.uchicago.edu/AJHG/journal/issues/
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v77n5/42619/tableS2new.txt and http://www.journals
.uchicago.edu/AJHG/journal/issues/v77n5/42619/
tableS3new.txt) in the online-only version of the original
article.® These results can be readily downloaded and
searched for evidence of association with other inter-
esting PD candidate genes. Maraganore and colleagues,
with the Michael J. Fox Foundation, have the oppor-
tunity to establish a precedent for making the entire
GWA study available online, since one may reasonably
expect that true PD risk alleles may be found among the
SNPs with lesser levels of statistical significance. The jury
is still out on whether this GWA study holds important
insights for PD.

RicHARD H. MYERS

Boston University School of Medicine
Boston

Web Resources

The URL for data presented herein is as follows:

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm
.nih.gov/entrez/Omim/ (for PD and LRRK2)
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Conflicting Results Regarding the Semaphorin Gene
(SEMAS5A) and the Risk for Parkinson Disease

To the Editor:
The strongest variant (rs7702187) associated with Par-
kinson disease (PD [MIM 168600]) reported in the
whole-genome association study by Maraganore et al.'
was evaluated in two independent case-control series of
patients from Finland and Taiwan, as were four other
variants located within SEMASA (MIM 609297). The
Finnish series comprised 146 patients with sporadic PD
(mean age 67.2 years, range 38—88 years; 41% women)
and 135 neurologically normal, healthy control subjects
(mean age 65.8 years, range 37-80 years; 64% women).
All individuals were recruited from the neurological out-
patient clinics of the Helsinki University Central Hos-
pital and Seindjoki Central Hospital. The Taiwanese se-
ries consisted of 303 patients with sporadic PD (mean
age 61.9 years, range 24-91 years; 46.2% women) and
171 control individuals (mean age 60.1 years, range 31—
86 years; 43.9% women). Patients were selected from
the neurological clinic of Chang-Gung Memorial Hos-
pital. Individuals with evidence of secondary parkinson-
ism or with atypical features such as early dementia,
ophthalmoplegia, early autonomic failure, and pyram-
idal signs were not included in this study. All patients
included in the study fulfilled PD diagnosis criteria.> All
participants signed an informed consent form.

Tagman Assays-by-Design SNP Genotyping Assays
(Applied Biosystems) were employed for allelic discrim-
ination of all SNPs. Differences in allele and genotype
distributions were analyzed using the x* test, and two-
tailed P values are presented. Haplotype frequency com-
parisons between cases and controls were performed
with PHASE version 2.1 software.’ One thousand per-
mutations were performed for each comparison. The
COCAPHASE module of the UNPHASED statistical
package was used for linkage-disequilibrium (LD) anal-
yses.* Power calculations were performed with PS ver-
sion 2.1.30.°

Allele and genotype frequency information for each
of the markers is shown in table 1. None of the markers
showed any significant association with disease in the
Finnish series. However, we were able to replicate the
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Table 1

Genotype and Allele Frequency Distribution of the Polymorphisms Analyzed across SEMA5A on Chromosome 5

MINOR-ALLELE

dbSNP
o GENOTYPE FREQUENCY FREQUENCY

ACCESSION

NUMBER PosiTioN  Control 11 Control 12 Case 11 Case 12 Control  Case OR P (95% CI)*

Finnish series:
rs3798097 9595529 49 .35 51 .35 .34 .32 910 .610 (.63-1.31)
7s368226 9470056 .90 .10 91 .09 .05 .05 921  .838 (.42-2.02)
rs7702187 9385281 .69 .29 74 22 .16 15 901  .657 (.57-1.43)
rs1806151 9207659 25 .50 27 .53 .50 47 1.160 .424 (.81-1.67)
rs786843 9093141 .68 .29 .66 31 .18 .18 1.055 .814 (.67-1.65)

Taiwanese series:
rs3798097 9595529 .81 .16 .88 .10 11 .07 586  .025 (.37-.94)
7s368226 9470056 51 .37 49 42 .30 .30 995 976 (.74-1.33)
rs7702187 9385281 .61 .35 49 44 22 .30 1.534 .007 (1.12-2.10)
rs1806151 9207659 .62 .34 .62 .35 21 22 958  .805 (.68-1.35)
rs786843 9093141 .89 .10 .88 12 .06 .06 1.057 .846 (.61-1.65)

* Values in bold denote statistical significance.

reported association with marker rs7702187 in the Tai-
wanese cohort (odds ratio [OR] = 1.53, 95% CI 1.12-
2.10, P = .007). Genotype analysis showed that indi-
viduals homozygous for the A allele had a significantly
decreased risk of PD compared with those heterozygous
or homozygous for the T allele (OR = 0.60, 95% CI
0.41-0.88, P = .009). A significant association was also
found for the 7s3798097 marker, which is located in the
5" UTR region of SEMASA (OR for the C allele was
1.71, 95% CI 1.06-2.73, P = .025).

Both populations showed a complete lack of LD for
any pairs of neighboring polymorphisms (all D" values
were <0.5, independently of diagnostic group). Haplo-
type frequency comparisons did not reveal any signifi-
cant differences between patients and controls in the
Finnish series (P = .901) or between patients and con-
trols in the Taiwanese series (P = .091) (table 2).

The present results point to differential risk effects of
SEMASA marker alleles across populations. In the Tai-
wanese population, we have found an associated risk in
the same locus as the one reported elsewhere' but in an
opposite direction. That is, the at-risk allele that we re-
port was found to be protective in the sample from Min-
nesota described by Maraganore et al.' This could be
due to the effect of LD between this polymorphism and
another “true” risk variant within the gene. The lack of
association shown in the Finnish population could be
related to genetic heterogeneity, or, alternatively, the
Finnish series might not be large enough to assess genes
with modest effects (this sample has a 60% power to
detect risks of 1.7, at o = 0.05).

The replication of an association with SEMASA in a
Taiwanese population makes it a good candidate for
further analyses in different populations.
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Table 2

Haplotype Frequency Distribution in Finnish and
Taiwanese Series

FREQUENCY
Finnish® Taiwanese®
HarLoTYPE  Control Cases Control  Cases
CCACC 252 267 391 .339
CCAGC 212 .203 .069 .081
TCAGC 104 .096 .010 .005
TCACC .103 .109 .049 .024
CGACG .010 013 164 163
CCTCC .038 .046 105 162
Other* 281 267 .097 227

NoOTE—The order of SNPs is rs3798097,
7s368226, rs7702187, rs1806151, and rs786843.

* Global significance for haplotype frequency dif-
ferences: P = .9

® Global significance for haplotype frequency dif-
ferences: P = .091

¢ Other haplotypes with frequencies <5%.
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Genomewide Association, Parkinson Disease, and
PARK10

To the Editor:
Genomewide linkage analysis of rare familial forms of

parkinsonism has identified mutations in seven genes,
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revealing a clinicopathologically and genetically hetero-
geneous syndrome.' Less progress has been made in the
more typical late-onset form of Parkinson disease (PD
[MIM 168600]), although the recently identified LRRK2
(MIM 609007) G2019S substitution is estimated to ac-
count for ~1% of sporadic PD cases.> Common poly-
morphisms of familial genes may also influence suscep-
tibility to idiopathic PD.>* Of the 198,345 SNPs suc-
cessfully genotyped in the recent genomewide associa-
tion (GWA) study, 26 had notably different allele fre-
quencies between patients and controls in both tiers
(P <.01).” Fifteen of these SNPs had opposite directions
of effect (disease risk or protection) in tiers 1 and 2. The
remaining 11 SNPs were proposed as markers for new
genes/chromosomal loci that influence susceptibility to
PD. In addition, two SNPs in tier 2 (rs682705 and
rs7520966) were highlighted in the PARK10 locus
(MIM 606852), which nominated the gene LOC200008
in disease susceptibility.

The PARK10 locus on chromosome 1p32 was origi-
nally identified in a genomewide linkage analysis of 117
patients from 51 Icelandic families (maximum Z, =
4.8 at D15231, with a LOD-1, 7.6-cM support interval
from D152874 to D18475).° Iceland has a well-char-
acterized genealogy that is powerful for family-based
linkage studies. The ancestral founders of Iceland have
Scandinavian patrilineal inheritance with a minor Celtic
matrilineal component.” Assuming that the PARK10
mutation predates the Icelandic settlement, we reasoned
that the 1p32 susceptibility gene might be more readily
found in patients with PD originating from Scandinavian
or Celtic populations. In parallel to the study of Mar-
aganore et al.,” we have been mapping the PARK10 lo-
cus. Genotypes from 28 SNPs (including 7682705 and
rs7520966) within a 132-kb region of chromosome
1p32 located around the LOC200008 gene have been
analyzed in two well-characterized case-control series
from Norway and Ireland. In addition, we attempted to
replicate findings for the two PARK10 SNPs in a U.S.
series collected at the Mayo Clinic in Jacksonville, FL.
We then employed all three case-control series to inves-
tigate the genotype/allele frequencies of the main 11
SNPs nominated to influence PD susceptibility.” Power
was comparable to the original study (>80% at o =
0.05 for odds ratios [ORs] >2.0 and for disease-allele
frequencies >0.035), and genotyping call rates were
>95% for all markers (table 1).

In total, Norwegian samples included 676 subjects
(cases and controls) with a mean age (£SD) of 70 + 11
years, Irish samples included 372 subjects with a mean
age (=SD) of 61 + 13 years, and the U.S. samples in-
cluded 522 subjects with a mean age (+SD) of 71 = 10
years. All patients were examined and were observed lon-
gitudinally by a movement-disorders neurologist (J.O.A.,
JM.G., D.G,, TL., Z.K.W., and R.J.U.), and they were
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Table 1

Genotype/Allele Frequencies of the Main 11 SNPs
Nominated to Influence PD Susceptibility

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

given a diagnosis of PD in accordance with published
criteria.® Each patient was individually matched, on the
basis of age (*+4 years) and ethnicity, to an unrelated
control without evidence of neurological disease. The
ethical review boards at each institution involved ap-
proved the study, and all participants provided informed
consent.

SNP genotyping was performed using TagMan chem-
istry on an ABI7900 genetic analyzer; in cases where
genotype data was available for only one subject of a
matched pair, the other subject was retained in the anal-
ysis. For the controls in each population, x> tests of
Hardy-Weinberg equilibrium (HWE) were implemented
using Haploview.” Optimal SNP coverage for association
analysis of the LOC200008 gene was determined em-
pirically by the construction of linkage-disequilibrium
(LD) maps in Norwegian and Irish samples, onto which
haplotype blocks were assigned (fig. 1).'>'" ORs for dis-
ease association, with corresponding 95% Cls, were sub-
sequently calculated using logistic-regression models ad-
justed for age and sex. Overall ORs combining data from
all three sites were additionally adjusted for site. Pre-
vious studies have nominated the PARK10 locus as an
age-at-onset modifier in PD'?; thus, we also assessed the
influence of 1p32 SNPs variability on this disease trait,
using linear-regression models adjusted for sex.

There was no evidence of association with PD for any
of the 28 genotyped 1p32 SNPs in our study (all SNP
P> .05 after applying Bonferroni correction in both
population samples). Haplotype frequencies between pa-
tients and controls were not significantly different for
the haplotype blocks identified; nor was the age at on-
set in patients associated with any single marker or
haplotype (all corrected P > .05). Of note, the ancestral
recombination and haplotype blocks apparent within
Norwegian and Irish samples were comparable for this
interval at this marker resolution. The average number
of SNPs per LD unit (LDU) was 6.8 (mean LDU between
markers 0.15, range 0-0.63), indicating that the number
of SNPs genotyped within and flanking LOC200008
should be sufficient for examination of the region.'' In
addition, the two PARK10 SNPs showed no significant
association within the U.S. series (P > .05). None of the
other 11 SNPs nominated by the GWA study had different
allele frequencies or genotype distributions between af-
fected subjects and matched controls (all SNP P > .05 in
all populations independently or as a combined sample

www.ajhg.org
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set) (table 2). There was no evidence of departure from
HWE in controls (P > .01 in all population controls).

Our study indicates that genetic variability within the
LOC200008 gene is unlikely to explain the PARK10
susceptibility locus for PD. Sadly, the lack of disease
association and replication in an independent U.S. series
of comparable power suggests that the original findings
may be spurious. Failure to nominate LOC200008 as
the PARK10 gene in our population samples provides
empirical support for statistical caveats concerning GWA
studies. Implicit in multiple testing is false discovery,
even in well-designed studies, and there are several po-
tential sources of bias."* Of note, neither PARK10 SNP
7s682705 nor rs7520966 fulfilled the main criterion for
being genotyped in tier 2 (P < .01 in tier 1 overall anal-
ysis), but each was included with a less stringent associ-
ation criterion (P < .05 in tier 1 overall analysis) because
of its physical position within a PARK locus. Interestingly,
the combined P value for 7s682705 (P = 9.07 x 107°)
is the second-lowest P value of the overall study, even
though it did not fulfill the inclusion criteria. Individual-
level data from the GWA study is not yet available, but,
in our study, these two SNPs also appear to be in LD
(pairwise 7* > 0.9), as suggested by Maraganore et al.’;
in addition, the minor-allele frequencies (MAFs) of the
two SNPs are comparable across studies and popula-
tions. The former suggests less-than-optimal haplotype
tagging in the initial study, whereas the latter argues
against technical errors in genotyping, but neither pro-
vides sufficient explanation for the positive findings ob-
served elsewhere.’

We found no evidence of direct association between
the 11 SNPs nominated in the GWA study and disease
in the three independent populations or in a combined
sample group (n = 1,570) (table 2). However, for these
loci, we did not employ a gene-based approach (nor did
we fine-map each region as with PARK10), as advocated
elsewhere'*; we await the results of further replication
studies. Of note, in the study by Maraganore et al.,’ the
rs7702187 SNP within SEMASA (MIM 609297) had
the lowest combined P value (P = 7.62 x 107°); how-
ever, a total of 53 SNPs were examined in this gene in
tier 1. Only rs7702187 was significant before correction
(P = .001), which supports the possibly spurious nature
of this and the other associations. The MAFs observed
in our three populations and in that of the GWA study
are comparable, which argues against population bias/
heterogeneity (table 2).

The number of SNPs highlighted in each tier of the
original study is consistent with chance—that is, 1% of
SNPs use a significance level of P <.01. None of the P
values obtained by Maraganore et al.” meets a Bonfer-
roni correction for multiple testing, although this stan-
dard may be too conservative in GWA, since it fails to
account for LD and incorrectly assumes that chromo-
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Figure 1 Metric LD map and haplotype block structure of the investigated region. A, LD map providing information about LD patterns

in the investigated candidate region, through locations expressed in LDUs. LDUs have an inverse relationship with LD, with regions of extensive
recombination having many LDUs. The physical position of the gene in the region LOC200008 is marked with an arrow. All 28 SNPs genotyped
are reported, although the symbols (A) may be obscured for SNPs that lie in close physical proximity and high LD. SNPs rs682705 and
757520966 are denoted by an asterisk (*). B, LD structure of the candidate region. Black and dark gray cells, strong LDj gray cells, intermediate;
and light gray and white cells, evidence for historical recombination. The haplotype block structure of the region is defined according to Gabriel
et al.'"” An asterisk denotes SNPs 75682705 and rs7520966. The LD map and haplotype structure were constructed using genotypes from the
Norwegian sample. Similar results were obtained for the Irish population.

somal markers are independent. A consensus onthe most  cases and controls. If allele frequencies are significantly
appropriate correction for multiple testing has yet to be  different, genomic controls might be used to assess pop-
reached. Now that genomewide data sets have been gen-  ulation substructure. It is important that future studies
erated, there exists the possibility to use these to develop  employ multiple independent sample series, each with
appropriate statistical methods to identify true positive  sufficient power to verify significant genetic associations,
results.”” before publication.'® However, lack of evidence for an
In the interim, we recommend that enthusiasm for  association is not the same as evidence against one; thus,
positive findings should be tempered by the strength of  lack of replication should also be interpreted with
the evidence, the population-attributable risk, and the  caution.
differences in SNP allele/genotype frequencies between Over the few next years, the number of GWA studies
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Table 2

11 SNPs Nominated in GWA Study as Genetic Susceptibility Loci for PD

THIS STUDY MARAGANORE ET AL.

dbSNP Control MAF Combined Control MAF P

ACCESSION PosITIoN Estimated OR P Estimated OR Combined P
NUMBER CHROMOSOME (bp) Ireland Norway  United States (95% CI)* (n=1,570) Tier1 Tier2 Tier1 Tier2 (95% CI)® (n =1,550)
rs7702187 S5pl5.2 9385281 17 A8 18 88 (.74-1.06) 18 18 .20 .001 .002 1.74 (1.36-2.24) 7.62 x 10°°
rs10200894 2q36 228642637 A3 11 .09 96 (.77-1.21) 74 12 13 .009 .001 1.84 (1.38-2.45) 1.70 x 10°
rs2313982 4q31.1 139145665 .08 a1 .09 .93 (.73-1.18) .54 .07 .06 .006 002 2.01(1.44-2.79) 1.79 x 10~°
1517329669 7pl4 36625169 13 12 .14 1.01 (.82-1.24) 92 13 A1 .008 .001 1.71 (1.33-2.21)  2.30 x 107°
rs7723605 5p15.3 5407615 13 14 13 91 (.75-1.12) .38 12 .09 .010 .002 1.78 (1.35-2.35) 3.30 x 10°
5546548856 10g21 58986929 .09 .08 A1 93 (.73-1.19) 58 .09 A1 .003 .002 1.88 (1.38-2.57) 3.65 x 107°
rs16851009 2q24 166456214 11 a1 12 95 (.76-1.18) .63 .09 .08 .002 .009 1.84 (1.36-2.49) 4.17 x 10°°
152245218 1p36.2 13885132 19 17 15 95 (.79-1.14) 57 11 13 .002 .002 1.67 (1.29-2.14) 4.61 x 10~°
rs7878232 Xq28 150516943 25 23 25 1.10 (.97-1.25) 1S5 29 .26 .003 .010 1.38 (1.17-1.62)  6.87 x 107°
751509269 4q31.1 139111329 .08 13 13 .94 (.76-1.17) 58 .10 .09 .005 .008 1.71 (1.30-2.26) 9.21 x 10~°
rs11737074 4q27 125438978 21 .20 21 1.05 (.89-1.25) 55 .19 .19 .007 .005 1.50 (1.21-1.86) 1.55 x 107

NoOTE.—In this study, MAFs are not significantly different between the populations. No P values are corrected for multiple testing. SNPs are ordered by combined P value, per Maraganore

et al.’

* The direction of effect of the estimated OR observed in this study for each SNP is shown (i.e., >1 risk and <1 protective).
" Estimated ORs in the study by Maraganore et al.* do not indicate the direction of effect relative to the MAF.

will increase, and it is important to learn from the ex-
periences gained by the few studies performed to date.
Although our negative findings suggest that the conclu-
sions drawn from the study by Maraganore et al.” might
be based on spurious associations, further analysis of
individual-level raw data is now necessary. The recent
identification of a complement factor H polymorphism
in age-related macular degeneration in a GWA study and
the identical findings by two other groups using other
study designs demonstrates that this approach can be
used successfully.””™” It may be that, because of the het-
erogeneous nature of PD, associations with a gestalt phe-
notype are masked by background variation in SNP in-
formativeness, population strata, and insufficient power.
It is, therefore, crucial that future associations are val-
idated and that analysis is performed to resolve the un-
derlying cause of association in the sample population.
GWA studies may still provide direction for the genetic
analysis of heterogenous complex traits, but, in the short
term, they may exacerbate the problem of replication
failure in association studies.
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No Evidence for Association with Parkinson Disease
for 13 Single-Nucleotide Polymorphisms Identified by
Whole-Genome Association Screening

To the Editor:

The 13 SNPs identified by Maraganore et al.' as being
potentially associated with Parkinson disease (PD [MIM
168600]) represent some of the first fruit produced by
the whole-genome association screening era and are
clearly worthy of follow-up. To further explore these
exciting candidates, we typed each SNP in 538 patients
with idiopathic PD and in 516 control individuals from
the United Kingdom. Cases included 160 patients in-
volved in a community-based epidemiological study of
incident PD and 378 consecutive patients with prevalent
PD attending our research clinic. All cases met United
Kingdom Parkinson’s Disease Society Brain Bank criteria
for the diagnosis of PD. The mean age at disease onset
was 63 years (range 25-91 years); 2% of patients had
early-onset disease (<40 years), and 14% of patients
reported a family history of one or more first-degree
relatives with parkinsonian symptoms or tremor. The
control group consisted of 146 spouses of patients with
PD and 370 blood donors. All individuals were white,
except for four patients and one spouse. All gave written
informed consent and a blood sample from which DNA
was extracted using standard methods. Genotyping was
performed using Tagman Assay-on-Demand (rs2245218)
and Assays-by-Design products on a 7900HT Sequence
Detection System (Applied Biosystems). Only samples
that typed successfully for at least one-third of markers
were included in the analysis (520 cases and 499 con-
trols). Genotyping success rates were all =97%, and no
marker showed evidence of deviation from Hardy-Wein-
berg equilibrium. Two pairs of SNPs (rs2313982 and
751509269; rs682705 and rs7520966) were found to be
in strong linkage disequilibrium (D' = 1.0, #* > 0.69),
which reduced the number of independent tests to 11.
Allele frequencies in cases and controls were compared
using the COCAPHASE program in the UNPHASED
package.” Our study provides, on average, 85% power
(range 68%-96%) to detect the case-control differences
averaged over tier 1 and tier 2, as observed by Mara-
ganore et al.'
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Table 1

Thirteen SNPs Reported by Maraganore et al.,’ Ranked in Accordance with Evidence for Association in a Meta-Analysis Combined

with Data from This Study

dbSNP P
ACCESSION CONTROL  CASE

NUMBER GENE CHROMOSOME PosiTioNn MAF? MAF OR (95% CI) This Study®  Meta-Analysis®
rs10200894 2q36 228642637 .09 .08 91 (.67-1.24) 53 .01
5546548856¢ . 10q21 58986929 .10 .09 .92 (.68-1.24) .58 .02
rs7702187 SEMASA 5p1s 9385281 .16 .16 97 (.76-1.23) .81 .02
rs17329669 7pl4 36625169 13 13 1.04 (.80-1.35) .79 .06
rs7723605 5p1s 5407615 13 .14 1.07 (.83-1.39) .59 .06
rs7878232 PASD1 Xq28 150516943 23 23 .99 (.78-1.26) 95 1
75682705 LOC200008 1p32 54349438 26 28 1.08 (.89-1.31) 44 .20
rs7520966 LOC200008 1p32 54357283 26 28 1.07 (.88-1.30) 51 22
rs2245218 PRDM2 1p36 13885132 .16 .14 89 (.70-1.14) .36 28
7s2313982 4q31 139145665 .09 .08 .83 (.61-1.14) .26 33
rs1509269 4q31 139111329 12 12 92 (.70-1.20) .53 41
rs11737074 . 4q27 125438978 23 21 .90 (.73-1.11) .32 .86
rs16851009 GALNT3 2q24 166456214 .10 .09 .86 (.64-1.16) 33 .94

* Minor-allele frequency.

" P value for comparison of case and control allele frequencies with the use of UNPHASED.?
¢ P value corresponding to Mantel-Haenszel test statistic for association, with data from this study and that from Maraganore et al.,’'

after correction for the number of independent tests.

4 Perlegen Sciences internal SNP identifier, as used by Maraganore et al.'

In our data set, none of the 13 SNPs showed any
evidence of association, all P values being >.25, even
without correction for multiple testing (tables 1 and 2).
Fewer than half of the SNPs (46%) showed allele fre-
quency differences between cases and controls in the
same direction as that reported by Maraganore et al.!
The combination of our data with those from the orig-
inal report, with the use of the Mantel-Haenszel test
statistic (Statsdirect) and correction for the 11 indepen-
dent tests performed, revealed that only three markers
(rs10200894, ss46548856, and rs7702187) retain any
evidence of significance at the 5% level in the total data
(table 1). In summary, our study suggests that none of
the 13 markers identified by Maraganore et al." is as-
sociated with PD.

Under the null hypothesis that there are no genes in-
fluencing susceptibility to PD, a follow-up of 1.4%
(2,734) of the 198,345 markers included in the screening
stage, as performed by Maraganore et al.," would be
expected to identify 27-28 markers showing P < .01 in
the replication stage, with half of these—that is, 13-
14—showing an allele frequency difference in the same
direction as that seen in the screening stage. The number
of markers identified by Maraganore et al.' is, thus, in
keeping with that expected under the null hypothesis.
However, since such screens are not intended to identify
all susceptibility genes and, indeed, would be considered
successful if they identified even a single such locus, we
would not expect to see a striking excess of markers
above the predicted 13. In short, it could be anticipated
that most of the 13 markers identified by Maraganore
et al." would be false positives. However, our failure to
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replicate results for any of the 13 markers identified by
Maraganore et al.' suggests that their screen lacked
power in one or more critical dimensions. Although typ-
ing 200,000 markers in 450 cases and controls is a sub-
stantial effort, it is clear that this will adequately inter-
rogate only a part of the common variation in the
genome. Increasing the density of markers and the num-
ber of samples studied would be the most effective way
to increase the power of the study but, in practice, would
be the most difficult. It must remain possible that a more
generous threshold (such as P < .1) would have captured
relevant loci currently lying high in the ranking of mark-
ers provided by the screening stage performed by Mar-
aganore et al.' but falling outside their stringent thresh-
old. On the downside, this approach would greatly in-
crease the number of markers requiring follow-up, gen-
erating a list of nearly 1,000 instead of just 13 potentially
associated loci.

Various strategies for multistage whole-genome as-
sociation studies have been proposed,®® and the impor-
tance of setting an appropriate threshold for following
up first-stage results has been stressed. We feel that the
present observations, regarding one of the first whole-
genome association screens performed, strengthen the
importance of these theoretical recommendations. To
ensure that replication and follow-up phases are not

Table 2
Genotype Counts for 13 SNPs Studied

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
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overwhelmingly large, it is essential to ensure high power
in the screening phase. If thresholds as stringent as
P < .01 are to be used, the screening phase in future PD
screens will need to be very much larger than that per-
formed by Maraganore et al.'
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A Case-Control Association Study of the 12 Single-
Nucleotide Polymorphisms Implicated in Parkinson
Disease by a Recent Genome Scan

To the Editor:

To validate associations of SNPs that Maraganore et al.'
reported as associated with Parkinson disease (PD [MIM
168600]), we constructed a case-control series from PD
cases and matched population/convenience controls that
are available through the National Institute of Neurolog-
ical Disorders and Stroke (NINDS) Human Genetics Re-
sources at the Coriell Institute. Cases met United King-
dom Brain Bank criteria for idiopathic PD,*> and
controls were neurologically normal. This series com-
prises 311 pairs of age- and sex-matched cases and con-
trols. Cases had an age at disease onset ranging from
50 to 87 years (average [ £SD] 63.8 + 8.9 years) and
were sampled at the age of 52-92 years (average [ =SD]
70.1 + 8.5 years). Controls were also sampled at the
age of 52-92 years (average [ +£SD] 70.2 + 8.5 years).
All cases and controls are white, and each group includes
165 females (53.1%) and 146 males (46.9%), respec-
tively. Cases in this series do not carry the Gly2019Ser
mutation in LRRK2 [MIM 609007], which may occur
in idiopathic PD,? and several tests did not reveal evi-
dence of significant population stratification for 78 in-
dividually genotyped null markers (data not shown). We
individually genotyped the 11 SNPs that were reported
significant and one of the two SNPs that map to the
PARK10 [MIM 606852] locus (the two reported-sig-
nificant SNPs are highly correlated: 7 = 0.99), using
allele-specific real-time PCR in our PD case-control sam-
ple set. Cases and controls were run on the same plate
in a blinded fashion. Our genotyping method has an
overall accuracy of >99%.* As an additional indication
of genotyping quality, we calculated deviation from
Hardy-Weinberg equilibrium (HWE) in cases and con-
trols. One marker had an HWE exact P value of <.05
(.017 for rs2245218 in cases), but further examination
of our genotype data did not reveal questionable calls.
Therefore, these data were included in our analysis. All
SNPs were tested for allelic association with PD with
the use of x* statistics to calculate two-sided P values
(table 1). Power calculations were done for a sample size
of 311 pairs for each SNP, with the use of a one-sided
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Table 1
Allelic Tests of SNPs Associated with Late-Onset PD

b b ~ o

JbSNP CASE CONTROL! ALLELIC TEST
ACCESSION Position Power
NUMBER® GENE CHROMOSOME  (Mbp) 11 12 22 Sum MAF 11 12 22 Sum MAF OR (95% CI) P? (%)
rs7702187 SEMASA N 9.4 9 86 215 310 .168 8 83 217 308 .161 1.05(.78-1.42) .74 97
rs10200894 2 228.6 1 48 262 311 .080 3 66 238 307 117 .66 (.45-.96) .03 93
rs2313982 4 139.1 2 47 258 307 .083 4 45 256 305 .087 .95 (.64-1.42) .81 96
rs17329669 7 36.6 10 73 224 307 151 3 60 246 309 .107 1.49 (1.07-2.09) .02 94
rs7723605 N 5.4 6 86 218 310 .158 N 70 232 307 .130 1.25(.91-1.72) .17 95
5546548856 10 59.0 2 52 256 310 .090 4 61 241 306 .113 .78 (.54-1.13) .19 92
rs16851009 2 166.5 6 53 251 310 .105 4 45 259 308 .086 1.24(.85-1.82) .26 94
rs2245218 PRDM2 1 13.9 12 64 234 310 .142 6 83 215 304 .156 .89 (.65-1.22) .48 94
7s7878232:

Male and female X 150.5 .. 307 230 ... .. ... 301 244 .92 (.71-1.20) .55 66

Female 13 47 101 161 .227 9 61 89 159 .248 .89 (.62-1.28) .52

Male .. 146 233 .. .. 142 239 96 (.56-1.66) .90
rs1509269 4 139.1 5 63 243 311 117 7 65 235 307 .129 .90 (.64-1.26) .55 92
rs11737074 4 125.4 16 116 178 310 .239 13 102 192 307 .208 1.19(.91-1.56) .20 90
rs7520966 LOC200008 1 54.4 16 117 175 308 242 19 129 160 308 .271 .86 (.66-1.11) .24 97

* The top 11 markers are presented in the same order as in table 4 in Maraganore et al.'

" Counts of genotype 11, 12, and 22.
¢ Minor-allele frequency.

4 Two-sided P value for all strata and for female and male substrata in 7s7878232.

allelic x>-hypothesis test at a significance level of 0.05
and with the assumption that the control-allele frequen-
cies of the unrelated controls and odds ratios (ORs) in
table 4 in Maraganore et al.' are true population pa-
rameters. Power calculation for rs7520966 was based
on the tier 2 OR given in the text of Maraganore et al.,’
since it did not appear in their table 4.

Two markers, rs10200894 and rs17329669, were rep-
licated in our sample set at P<.1 (P = .03 and P =
.02, respectively) with the same risk alleles as in Mar-
aganore et al.,' although with slightly lower ORs.
rs10200894 is an intergenic variant located on chro-
mosome 2 near a linkage peak previously identified in
late-onset PD,” and rs17329669 is in an intergenic re-
gion on chromosome 7. Further investigations in these
regions, including further genetic mapping and the iden-
tification of potential causative variants, are thus war-
ranted. Indeed, several SNPs in the vicinity of rs10200894
and rs17329669 reached significance in the Maraganore
et al." discovery sample set (P <.05) but were not fol-
lowed up because they did not reach their significance
threshold of P <.01. ELMO1 [MIM 606420], a gene
whose product is predicted to be involved in apoptosis
and cell migration, resides in a region that, according
to the HapMap, is in high linkage disequilibrium with
rs17329669. The more abundant splice variant of
ELMO1 appears to be exclusively expressed in brain®
and, thus, constitutes an excellent biological candidate
gene for PD. All other markers were not significant in our
sample set at the 0.1 level, including the marker reported
most significant in SEMASA [MIM 609297] and the
marker in LOC200008, which maps to the PARK10 locus
that appears to affect both disease risk and age of onset.”
? Our failure to replicate the majority of the associated
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markers may be due to false-positive results in the initial
study or to locus heterogeneity. Although the power in
our validation sample set is =90% for 11 of the 12 tested
SNPs, this may be an overestimation due to an OR in-
flation (“jackpot effect”) in the original study. In addition,
our sample set included only late-onset cases, commonly
defined by age at onset >50 years, whereas the study by
Maraganore et al. included both early- and late-onset
cases.' Thus, it is possible that nonreplicated markers are
associated with early-onset PD but make a lesser contri-
bution to the more common, late-onset form of the dis-
ease. Additional studies are required to further assess the
association of these markers with PD.
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The URLs for data presented herein are as follows:

dbSNP, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD =search
&DB=snp

International HapMap Project, http://www.hapmap.org/
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Response from Maraganore et al.

To the Editor:
In this issue, four independent research teams present
new genetic association data for 13 SNPs previously re-
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ported by us to be potentially associated with Parkinson
disease (PD [MIM 168600]).' Two groups™? report sta-
tistically significant association between one or more of
these SNPs and PD, whereas two groups*® find no sta-
tistically significant association between PD and any of
the SNPs investigated. In an accompanying letter,® Dr.
Richard H. Myers provides his qualitative assessment of
the implications of these new results.

We have performed a Mantel-Haenszel analysis, using
10 of the 13 SNPs not displaying linkage disequilibrium
(LD) with each other—combining the data of Li et al.,’
Farrer et al.,* and Goris et al."—to provide an overall
quantitative assessment of the new results. The odds ra-
tios (ORs) are reported for the SNP alleles that increase
the risk of PD" (table 1). The X-linked SNP rs7878232
was not included in this analysis, since subgroup-level
data for males and females were not reported by all
groups. The results of Clarimon et al.? were also not
included, given the significant difference in SNP allele
frequency observed between the European and Taiwa-
nese control samples. This analysis reveals that none of
the 10 SNPs shows statistically significant association
with PD (i.e., P <.05). As pointed out in many of the
accompanying letters, this failure to replicate may be
due, in part, to differences in sample ascertainment and
demographics.

A Mantel-Haenszel analysis combining these new re-
sults with those from tier 2 of Maraganore et al. reveal
five SNPs with P < .05 and smaller effect sizes than were
originally reported’ (table 1). Although we are aware
that these low P values may, at least in part, be explained
by multiple testing, additional data are required to de-
termine if these SNPs truly confer PD susceptibility or
if they represent false-positive associations. Despite the
small ORs, the point estimates of attributable risk for
PD in the total data is still quite large for two of these
SNPs (rs10200894 population-attributable risk 0.27,
95% CI 0.04-0.77; rs7520966 population-attributable
risk 0.21, 95% CI 0.1-0.39). If these are true associa-
tions, they may have substantial practical impact on PD.

We do not agree with Dr. Myers® that our failure to
identify an association between the LRRK2 gene and
PD in our original study is evidence of a false-negative
result. Farrer et al. have reported elsewhere that only a
very small number of the individuals with PD studied
in our original whole-genome scan have a mutation in
the LRRK2 (MIM 609007) gene.”

We also do not consider the positive association find-
ings between SNP 757702187 and PD in a Taiwanese
population by Clarimon et al.” to be a replication of our
original study results, since the SNP allele associated
with PD susceptibility is not the same in the two studies.
However, further work to follow up these results in the
Taiwanese population seems warranted.

It is gratifying that our hypotheses have been tested
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Table 1

Meta-Analysis of Genetic Association for 10 SNPs

MARAGANORE ET AL.' TIERS 1 AND 2

META-ANALYSIS (REPLICATION STUDIES)

META-ANALYSIS (REPLICATION STUDIES
AND MARAGANORE ET AL." TIER 2)

ALLELES
dbSNP (HiGH- Allele Allele Allele
ACCESSION Risk Frequency OR Frequency Frequency OR
NUMBER ALLELE) Cases Controls (Controls) (95% CI) P Cases  Controls  (Controls)  OR (95% CI) P Cases  Controls  (Controls) (95% CI) P
rs10200894 C/G (C) 772 772 .88 1.84 (1.38-2.45) 1.70x10° 1,566 1,546 .89 1.14 (.96-1.35) .125 1,926 1,955 .89 1.25 (1.07-1.45) .004
rs11737074  G/A (A) 764 764 .19 1.50 (1.21-1.86) 1.55x10* 1,563 1,542 21 1.02 (.9-1.15) 770 1,925 1,952 21 1.09 (.97-1.21) 142
rs16851009  C/T (T) 741 741 .08 1.84 (1.36-2.49) 4.17x10° 1,539 1,544 1 .98 (.83-1.16) .853 1,899 1,953 1 1.08 (.93-1.26) 312
rs17329669 A/G (G) 768 768 12 1.71 (1.33-2.21) 2.30x10° 1,554 1,525 12 1.13 ((97-1.32) .102 1,914 1,933 12 1.22 (1.06-1.39) .004
rs2245218 AIG (G) 770 770 12 1.67 (1.29-2.14) 4.61x10~° 1,571 1,563 .16 .94 (.82-1.08) .369 1,933 1,971 .16 1.02 (.9-1.16) 752
rs2313982 C/IT (T) 740 740 .07 2.01 (1.44-2.79) 1.79x10° 1,562 1,554 .09 88 (.73-1.04) .138 1,924 1,964 .09 1.01 (.86-1.18) 935
rs7520966 C/T (C) 769 769 7 .67 (.55-.81) 2.96x107° 1,563 1,550 72 1.07 (.96-1.2) 242 1,923 1,956 72 1.15 (1.04-1.27) .007
rs7702187 T/A (T) 761 761 .81 1.74 (1.36-2.24) 7.62x10°° 1,541 1,541 .83 1.07 (.93-1.22) .334 1,900 1,950 .82 1.14 (1.01-1.29) .030
17723605 T/C (C) 773 773 A1 1.78 (1.35-2.35)  3.30x10° 1,567 1,571 13 1.03 (.89-1.19) .684 1,927 1,981 13 1.12 (.98-1.28)  .105
$s46548856  G/C (G) 765 765 9 1.88 (1.38-2.57) 3.65x10° 1,551 1,528 9 1.12 (.94-1.33) .196 1,913 1,933 9 1.21 (1.03-1.42) .016




rapidly by many groups. The Michael J. Fox Founda-
tion, which funded our original research, also has a
large-scale replication study under way. Given the low
heritability estimates for PD,? our initial study may have
been underpowered for the detection of significant ge-
netic associations, in part, because of the large number
of genetic markers tested. Therefore, it may be prudent
not to limit replication of our study to the 13 SNPs that
we initially highlighted but to also consider additional
SNPs and genes that had suggestive findings (as in the
text files published in the online-only version of our orig-
inal article).

DEMETRIUS M. MARAGANORE,'
MARIZA DE ANDRADE,”> TIMOTHY G. LESNICK,*
P. V. KrRisHNA PaNT,® DaviD R. CoX,> AND
DENNIS G. BALLINGER®
Departments of 'Neurology and *Health Sciences
Research, Mayo Clinic College of Medicine, Rochester,
MN; and 3Perlegen Sciences, Mountain View, CA

Web Resources

The URLSs for data presented herein are as follows:

dbSNP, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi? CMD =search
&DB=snp

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm
.nih.gov/Omim/ (for PD and LRRK2)

References

1. Maraganore DM, de Andrade M, Lesnick TG, Strain K], Farrer
M]J, Rocca WA, Pant PVK, Frazer KA, Cox DR, Ballinger DG
(2005) High-resolution whole-genome association study of Parkin-
son disease. Am ] Hum Genet 77:685-693

2. Clarimon J, Scholz S, Fung H-C, Hardy J, Eerola J, Hellstrom O,
Chen C-M, Wu Y-R, Tienari PJ, Singleton A (2006) Conflicting
results regarding the semaphorin gene (SEMASA) and the risk for
Parkinson disease. Am ] Hum Genet 78:1082-1084 (in this issue)

3. Li Y, Rowland C, Schrodi S, Laird W, Tacey K, Ross D, Leong D,
Catanese ], Sninsky J, Grupe A (2006) A case-control association
study of the 12 single-nucleotide polymorphisms implicated in Par-
kinson disease by a recent genome scan. Am J Hum Genet 78:
1090-1092 (in this issue)

4. Farrer MJ, Haugarvoll K, Ross OA, Stone JT, Milkovic NM, Cobb
SA, Whittle AJ, Lincoln SJ, Hulihan MM, Heckman MG, White
LR, Aasly JO, Gibson JM, Gosal D, Lynch T, Wszolek ZK, Uitti
R]J, Toft M (2006) Genomewide association, Parkinson disease, and
PARK10. Am ] Hum Genet 78:1084-1088 (in this issue)

5. Goris A, Williams-Gray CH, Foltynie T, Compston DAS, Barker
RA, Sawcer SJ (2006) No evidence for association with Parkinson
disease for 13 single-nucleotide polymorphisms identified by whole-
genome association screening. Am | Hum Genet 78:1088-1090 (in
this issue)

6. Myers RH (2006) Considerations for genomewide association stud-
ies in Parkinson disease. Am ] Hum Genet 78:1081-1082 (in this
issue)

7. Farrer M, Stone ], Mata IF, Lincoln S, Kachergus ], Hulihan M,
Strain KJ, Maraganore MD (2005) LRRK2 mutations in Parkinson
disease. Neurology 65:738-740

8. Rocca WA, McDonnell SK, Strain KJ, Bower JH, Ahlskog JE, Elbaz

1094

The American Journal of Human Genetics

A, Schaid DJ, Maraganore DM (2004) Familial aggregation of Par-
kinson’s disease: the Mayo Clinic Family Study. Ann Neurol 56:
495-502

Address for correspondence and reprints: Dr. Demetrius Maraganore, De-
partment of Neurology, Mayo Clinic College of Medicine, 200 First Street SW,
Rochester, MN 55905. E-mail: dmaraganore@mayo.edu

© 2006 by The American Society of Human Genetics. All rights reserved.
0002-9297/2006/7806-0024$15.00

Am. |. Hum. Genet. 78:1094-1095, 2006

A Note on Permutation Tests in Multistage
Association Scans

To the Editor:

There is currently a great deal of interest in performing
whole-genome scans for association between genetic
markers—mainly SNPs—and biological or clinical end
points." Often, the most cost-effective strategy for these
studies is a staged design in which a subset of the full
sample is genotyped for all SNPs, and only those SNPs
that show a trend of association are genotyped in the
remainder of the sample.?

For calculating the significance of a genome scan, per-
mutation tests have been suggested to adjust for multiple
testing while preserving the correlation structure among
linked markers.? In the staged design, however, per-
mutation may result in a marker being selected for the
second stage that had not been selected in the original
analysis. Such a marker will not have been genotyped
in the full sample, and data will not be available to
complete the analysis of the permuted data. Recently,
Lin* proposed a Monte Carlo method for assessing sig-
nificance in two-stage association scans. The method is
sound but is limited to analysis based on efficient score
functions and does not use permutation. Other inves-
tigators have reported methods to address this problem.’

I wish to draw attention to a property of genome scans
that permits a simple permutation procedure for staged
designs, which is that the sample sizes are large enough
for the null distributions to be asymptotically stable.
Although this observation is trivial, its utility might have
escaped some readers, because of the origins of per-
mutation testing in small-sample inference. It means that
any large subset of the data can be used to simulate the
null distribution. In particular, we can simulate a staged
design with just the first-stage subjects, by using a subset
of the first stage as the simulated first stage, selecting
markers on the basis of that subset, and using the re-
mainder of the first stage as the simulated second stage.
This ensures that full genotype data are always available
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and will generate approximately the same null distri-
bution as exists for the full sample.

More precisely, consider a two-stage scan of a set of
markers, M, in a set of subjects, S. In the first stage, all
markers in M are genotyped in a subset of subjects,
S, C S. An algorithm, A(M; S,), selects a subset of mark-
ers, M,, on the basis of the data for S,, which are then
genotyped in the remaining subjects S, = S\ §,. Next,
perform a permutation test by using just the first-stage
subjects as follows. Choose a simulated first-stage sub-
sample, S} C S,, and a second-stage subsample, S; =
S;\ §7. After each permutation, select markers M} =
A(M; S;). Compute statistics for markers M; in subjects
S,, and compare them with the statistics of the original
data for markers M, in subjects S. Assume that (i) there
exists an asymptotic joint null distribution of test sta-
tistics on M and (ii) subjects are exchangeable between
S, and S,. Then, for sufficiently large |S;|, |S5|, and
|S,], the permutation test will sample from the same
null distribution (up to an arbitrary accuracy) as holds
for the two-stage analysis of the full sample S.

For illustration and to confirm that the sample sizes
proposed for genomewide scans are sufficiently large, a
simulation was performed using 1,000 cases and 1,000
controls, which is a smaller sample than current esti-
mates for well-powered scans.® Chromosomes were
drawn from the phased CEU (CEPH subjects from Utah)
data of chromosome 1, released in phase 1 of the In-
ternational HapMap Project.” Parental chromosomes
were drawn independently and grouped in pairs, and
gametes were constructed using the supplied recombi-
nation maps, under the assumption of the Kosambi func-
tion with no interference between adjacent SNPs. Chro-
mosomes of children were assigned from the constructed
gametes according to Mendelian transmission and ran-
dom union of gametes and were randomly assigned to
the case or control group. In each replicate, 50% of
subjects were used in the first stage, with the 10% most-
significant markers considered in the second stage.” The
significance of individual SNPs was calculated by the
trend test,® and empirical distributions of the maximum
trend statistic were generated from 1,000 replicates.

It is sufficient to show that the two-stage analysis of
the first 500 cases and controls yields the same distri-
bution as the analysis of all 1,000. The distributions
were compared by the two-sample Kolmogorov-Smir-
nov test and also by the Kuiper test, which is more sen-
sitive in the tail. No significant difference was found,
implying that the null distribution is indeed stable at this
sample size.

The main assumption of this approach is that subjects
are exchangeable between stages, meaning that the null
distribution is independent of the allocation of subjects
to stages. This is true when the sample population is
homogeneous but not when there are systematic differ-
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ences between subpopulations. In particular, different
patterns of linkage disequilibrium will invalidate this
approach, as will population stratification in which dif-
ferences in both allele frequency and trait distribution
create a relationship between the null distribution and
the specific subjects analyzed. When the sample consists
of known proportions of different populations, the ap-
proach can be used if the proportions in the original
data are preserved in the permutation test. Also, the
large-sample assumption implies that only common var-
iation is included; this is true for Hapmap SNPs, but, if
rare variation is included, the permutation test will be
less accurate. Nevertheless, for most well-designed scans
of common variation, this approach is a practical and
easily implemented solution for permutation testing in
staged designs.
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Reply to Dudbridge

To the Editor:

The standard permutation approach cannot be applied
to two-stage association studies, because a marker that
was not originally selected for the second stage of the
study may be selected after permutation. To get around
this difficulty, Frank Dudbridge proposes' (in this issue)
to simulate a two-stage design by using only the first-
stage subjects. This is a very clever idea and seems to be
in a spirit similar to my Monte Carlo method,” in that
both methods use only the data from the first-stage sub-
jects to estimate the correlations of the test statistics. I
believe that Dudbridge’s permutation method (implic-
itly) requires that the same design (in terms of the pro-
portion of subjects used in the first stage) be adopted in
the permutation process as in the original study; oth-
erwise, the joint distribution between the two stages ob-
tained by permutation will not properly reflect the true
joint distribution.

I wish to respond briefly to Dudbridge’s comment that
my Monte Carlo method “is limited to analysis based
on efficient score functions and does not use permuta-
tion.”" As mentioned in my report,” all test statistics can
be represented by efficient score functions. Thus, the use
of efficient score functions in generating the null distri-
bution of the test statistics does not, in any way, limit
the scope of application. As discussed in an earlier ar-
ticle,® the Monte Carlo approach has important advan-
tages over the permutation approach. First, the per-
mutation approach requires repeated calculations of the
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test statistics for each permuted data set, which can be
prohibitively time consuming if the calculation of each
test statistic is nontrivial, as will be the case if proper
statistical methods are employed to test haplotype-dis-
ease associations,” whereas the Monte Carlo approach
involves simulation of normal random variables only
and is thus very efficient. Second, the permutation
method can be used only to test the global null hypoth-
esis that the variable being permuted is independent of
all other variables and cannot be used to test, for ex-
ample, gene-environment interactions, whereas the
Monte Carlo approach can be used to test any kind of
hypothesis.

D. Y. LiN
Department of Biostatistics
University of North Carolina
Chapel Hill
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