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Abstract
We performed linkage analysis on families with rheumatoid arthritis, stratifying by ethnic origin.
We compared results using either Kong and Cox nonparametric LOD scores or MOD score
analysis using the software GeneHunter MODSCORE. We first applied SNPLINK to remove
markers showing excess linkage disequilibrium from the SNPs in the Illumina IV SNP Linkage panel.
In this analysis there were 659 self-reported Caucasian families and 29 self-reported Hispanic
families in the NARAC collection. Chromosome 19 yielded MOD scores > 3.00 in the Hispanic
group, while chromosomes 2, 6, 7, 11, and XY had MOD scores > 3.00 in the Caucasian group.
We performed simulation studies to evaluate the empirical distribution of the MOD score for
autosomal loci separately in Hispanics and Caucasians. Results showed genome-wide significant
evidence for linkage in Caucasians for chromosomes 2q and 6p, but no significant evidence for any
linkages in the Hispanics, including little evidence for linkage to chromosome 6p in this group. An
examination of the difference of phenotypes in two ethnic groups suggested significantly earlier
mean age of onset, higher percentage of anti-cyclic citrullinated peptide positive people, and lower
percentage of affected people carrying shared epitopes in Hispanics than those in Caucasians. A
larger sample size of the Hispanic group is needed to identify linkage regions.
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Background
Rheumatoid arthritis (RA) is a complex genetic disease
with possible genetic heterogeneity among different eth-
nic groups [1]. There is a lack of information concerning
genetic risk factors for RA in Hispanic populations, so we
sought to characterize in the available sample both the
clinical features as well as the genetic profiles that influ-
ence disease risk. We evaluated the phenotypes between
the two groups to compare their ages of onset, rheuma-
toid factor (RF)-IgM and anti-CCP (anti-cyclic citrulli-
nated peptide) levels and the percentage of affected
individuals carrying shared epitopes.

Previously we performed a genome-wide single-nucle-
otide polymorphism (SNP) analysis of NARAC (North
American Rheumatoid Arthritis Consortium) Caucasian
families and identified two new loci at 2q33 and 11p12,
in addition to confirming evidence for linkage in the HLA
region (Kong and Cox LOD score of 16.14) [2].

Here we applied standard linkage analysis methods as
well as the MOD score approach to this same set of Cau-
casian families as well as to a set of Hispanic families to
compare evidence of linkage to RA in these two groups. In
addition, the MOD score method provides estimates of
the penetrance for putative disease-susceptibility loci,
while conditioning on the disease status, thus adjusting
for ascertainment of the families. However, the distribu-
tion of the MOD score test statistic is complex, and we
therefore have performed extensive simulations to obtain
empirical p-values.

Evidence of linkage on chromosomes 2 and 6 was con-
firmed by MOD score analysis for the Caucasian group,
and weak evidence of linkage to chromosome 6 was
found to be not significant in Hispanic group using
empirical p-values. Significant differences of phenotypes
between these two groups were found in age of onset, pro-
portion of anti-CCP positive people, and percentage of
affected people carrying the shared epitopes.

Methods
An R2 value, a measure of linkage disequilibrium (LD), of
0.05 was used as cut-off to remove markers of linkage dis-
equilibrium (LD) using SNPLINK [3,4]. The data sets for
both Caucasians and Hispanics were analyzed by
SNPLINK with Merlin [3,5] and by GeneHunter using
MODSCORE [6].

To assess significance in the Hispanic sample, we per-
formed simulations of the families for all chromosomes
(excluding the X chromosome) using 10,000 replicate
samples with the computer program Allegro [7]. To derive
a genome-wide estimate of the maximum MOD score, we
selected from each replicate the maximum MOD score

across all autosomal loci. Owing to the computational
intensity of the simulations in the much larger Caucasian
sample, we could only complete simulation of 1000 rep-
licates. To obtain more precise estimates of the empirical
MOD score distribution we derived 100,000 bootstraps
from the simulated results for Caucasians to obtain a dis-
tribution of MOD scores in this group. To perform the
bootstrap, we randomly selected a maximum MOD score
from each chromosome from each of the 1000 replicated
results, and then selected the maximum MOD score from
all 22 chromosomes to obtain the maximum genomic
MOD score for that replicate. This process was repeated
100,000 times to obtain empirical MOD score distribu-
tion.

Distributions of phenotypes, including age of onset, anti-
CCP, RF-IgM and shared epitopes, were also compared
between two groups. The significance of the differences
were formally assessed using a t-test, binomial test, or sur-
vival modeling, since segregation analysis cannot be done
because of the complex ascertainment used for selecting
these families. We know who the primary proband is but
not who the obligatory additional proband is. Therefore,
we have chosen to apply a MOD score approach, which
conditions on the disease status in the family and subse-
quently performs a segregation analysis to estimate
parameters describing penetrance.

Results
The results presented in Table 1 show maximal Kong and
Cox (KC) LOD scores and MOD scores on each chromo-
some separately for Caucasians and for Hispanics. For
Caucasians, maximal KC LOD scores exceeding 3.00 are
found on chromosomes 2, 6, 11, and the pseudoauto-
somal region of XY (we did not study this region further
because results from Amos et al. [2] suggest the XY region
reflects a false-positive signal). MOD score analysis indi-
cated identical positions and slightly higher scores for
each of these chromosomes. Contrasting results of MOD
score and KC LOD score analyses in Hispanics showed no
KC LOD scores over 1.50, but 9 chromosomes yielded
MOD scores higher than 1.50. Of note, chromosome 6
showed only weak evidence for linkage in Hispanics using
either KC LOD score or MOD score methods. MOD score
analysis suggested evidence for linkage on chromosome
19, which was not provided in the LOD score analysis,
suggesting a possible false-positive result. Best fitting
models from MOD score analyses corresponding to max-
imal MOD scores of 1.50 or greater are provided in Table
2 for Caucasians and Hispanics, even though they often
lead to excess predicted prevalence of the disease.

To better characterize the results that we obtained from
MOD score analysis suggesting linkage on chromosome
19 in Hispanics, we performed a genome-wide simulation
Page 2 of 6
(page number not for citation purposes)



BMC Proceedings 2007, 1(Suppl 1):S97 http://www.biomedcentral.com/1753-6561/1/S1/S97
study with 10,000 replicates. Figure 1 presents a distribu-
tion of maximum MOD scores among all 22 autosomal
chromosomes of each of the 10,000 replicates from
genome-wide simulation data. A max MOD score of 3.03
corresponds to a genome-wide p-value of 0.42, suggesting

that evidence on chromosome 19 was a false-positive
finding for Hispanics.

We also performed a similar simulation study for Cauca-
sians using only 1000 replicates because of the computa-

Table 1: Peak MOD scores versus peak LOD scores for both Caucasians and Hispanics

Caucasians Hispanics

KC LOD MOD KC LOD MOD

Chromosome Value Position Value Position Value Position Value Position

1 1.51 216.63 1.60a 216.62 0.60 143.47 1.87 234.18
2 3.51 192.6 4.10 192.6 0.15 225.83 1.27 210.49
3 0.58 16.82 0.86 139.58 1.27 78.83 2.03 57.93
4 2.47 105.02 1.77 16.9 0.85 83.21 2.64 79.01
5 2.33 44.87 2.58 44.86 0.28 151.77 1.23 163.90
6 16.19 32.99 16.87 32.99 0.82 15.12 2.09 15.12
7 1.98 135.69 3.22 135.68 0.94 13.40 1.37 38.65
8 0.93 106.47 0.92 106.47 0.9 138.39 1.13 136.91
9 0.66 72.63 1.66 105.82 0.35 127.63 1.73 127.07
10 2.61 70.4 2.85 70.4 1.20 82.04 2.39 43.55
11 3.31 41.03 3.70 41.03 0.20 22.36 1.01 62.74
12 1.45 22.22 1.97 24.4 0.01 3.27 0.38 105.69
13 0.71 33.99 1.21 22.82 0.41 27.13 1.50 22.99
14 0.34 80.63 2.16 75.58 0 99.27 1.44 54.70
15 0.32 45.39 0.70 50.72 0.71 58.43 1.10 58.43
16 1.45 53.41 1.73 58.85 0.34 7.72 1.01 7.72
17 1 67.57 1.11 67.56 0.08 0.09 0.56 92.56
18 1.22 52.34 1.42 39.73 1.11 62.08 1.61 62.08
19 0.08 61.19 0.55 41.62 0.42 7.04 3.03 7.04
20 0.99 55.17 1.39 56.47 0.52 63.38 1.02 39.42
21 1.32 40.85 1.42 37.43 0.37 31.45 0.64 31.45
22 0.33 39.12 0.96 43.33 0.05 48.64 0.24 60.45
XY 3.99 153.44 4.88 153.44 -0.01 153.44 0.32 153.66

aMOD scores ≥ 1.50 are bolded.

Table 2: Best MOD scorea models for peak locations in both Caucasians and Hispanics

Caucasians Hispanics

Chr p f+/+ fm/+ fm/m Chr p f+/+ fm/+ fm/m

1 0.19000 0.0300 0.0900 0.0700 1 0.26000 0.2600 0.0004 1.0000
2 0.10000 0.0450 0.1700 0.2800 3 0.00060 0.0020 0.0300 1.0000
4 0.09000 0.1000 0.0500 0.5200 4 0.00003 0.0020 0.9900 1.0000
5 0.50000 0.0500 0.0300 0.1200 6 0.01500 0.0000 0.9900 0.0000
6 0.25000 0.0000 0.3900 0.5600 9 0.01500 0.0000 0.9900 0.9800
7 0.04500 0.0500 0.1800 0.0000 10 0.00100 0.0020 0.0000 0.3500
9 0.00040 0.0250 0.1200 1.0000 13 0.00200 0.0020 0.0000 0.3500
10 0.42000 0.0000 0.0700 0.1200 18 0.00030 0.0020 0.1500 0.2800
11 0.46000 0.0000 0.5800 0.3100 19 0.00006 0.0001 0.0000 0.9700
12 0.03500 0.0350 0.1200 0.0000
14 0.03500 0.1100 0.0080 1.0000
16 0.04500 0.0350 0.1100 0.1900
XY 0.06000 0.0200 0.1000 0.0700

aMOD scores ≥ 1.50
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tional burden – more than 20 days of CPU time per
chromosome would be needed and therefore a genome-
wide study of 10,000 replicates is computationally pro-
hibitive, since the sample size for the Caucasian group is
more than 20 times larger than that of Hispanic group.
The results are summarized in Figure 2. Max MOD scores
of 16.87, 4.10, 3.70, and 3.22 on chromosomes 6, 2, 11,
and 7 correspond to genome-wide p-values of ~0.0, 0.08,
0.17, and 0.42, respectively. The empirically derived
MOD scores corresponding to p-values of 0.05 in Hispan-
ics and Caucasians deviated somewhat. For Caucasians,
the empirical MOD score for 5% significance is 4.39 while
for Hispanics it is 4.08.

Comparison of the distributions of phenotypes including
age of onset, anti-CCP, RF-IgM, and shared epitopes
between two groups were included in Table 3. The His-
panic group was found to have earlier age of onset (mean
34.48 vs. 39.35), higher anti-CCP values (mean 120.20 vs.
107.51), higher RF-IgM values (mean 319.10 vs. 255.06),
and a higher percentage of anti-CCP positive people (anti-
CCP ≥ 20, 91.53% vs. 76.45%, results not shown) yet a
smaller percentage of affected people carried the shared
epitopes (71.88% vs. 84.55%). The differences in age of
onset were compared using survival analysis using robust

variance correction for controlling familial correlation of
the ages. This analysis suggested significantly different
hazard risks between Hispanics and Caucasians (p-value =
0.02 in Cox regression analysis after correction). The
means of anti-CCP and RF-IgM of two groups were com-
pared using t-test and was found not significant (p-value =
0.18 and p-value = 0.20 for anti-CCP and RF-IgM, respec-
tively). However, the difference in proportion of anti-
CCP-positive individuals in Hispanics and Caucasian is
highly significant using the binomial test (two-sided exact
p-value = 0.0032). The difference of percentage of shared
epitopes in affected people is also significant (two-sided
exact p-value = 0.01 using binomial test).

The mean number of affected siblings in the families is
about the same in both groups (2.10 and 2.13 for Hispan-
ics and Caucasians, respectively). The proportion with
parents available might affect MOD score calculations,
but is actually higher in Hispanics (65.52%) than in Cau-
casians (41.09%). Allele frequencies for the SNPs giving
high Kong and Cox LOD scores or MOD scores on chro-
mosomes 6 and 19 did not reveal significant difference
between the two ethnic groups (data not shown here).
There were no detectable genotyping errors in these ethnic
groups.

Distribution of genome-wide maximum simulated MOD scores in each of 10,000 replicate for the HispanicsFigure 1
Distribution of genome-wide maximum simulated MOD scores in each of 10,000 replicate for the Hispanics. In 
the genome-wide simulated data of all 22 autosomal chromosomes, a maximum MOD score of 3.03 from the real Hispanic 
data on chromosome 19 (as pointed by arrow) corresponds to a p-value of 0.42.
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Discussion
The results may reflect underlying genetic variations
between Caucasian and Hispanic groups useful for diag-
nosis and treatment of disease. The sample size of Hispan-
ics available for study strongly limits our ability to
generalize our findings. Using the Caucasian sample as
standard, the expected LOD score in Hispanics from 29
families is 0.71, so the evidence for linkage to chromo-
some 6 is comparable to its expectation. However, we
note that chromosomes other than 6 yielded higher LOD
scores in the Hispanics, suggesting that non-HLA-region
genes may play a stronger role in this population than in
Caucasian populations. The weaker linkage to HLA and

lower percentage of people carrying shared epitopes in
Hispanics are interesting because the associations in that
group with the shared epitopes are quite weak and tend to
yield lower associations in general [8]. There also may be
genetic heterogeneity in Hispanic and Caucasian groups.
It is important to note that the regions that were identified
by KC-LOD score and MOD score were consistent in Cau-
casian families but not in the Hispanic family data. This
difference also could be due to the small number of fam-
ilies in the Hispanic group. The sample size may be
important when performing MOD score analyses because
MOD scores are optimized over several parameters.

Distribution of genome-wide simulated MOD scores in 100,000 bootstraps on 1000 replicates for the CaucasiansFigure 2
Distribution of genome-wide simulated MOD scores in 100,000 bootstraps on 1000 replicates for the Cauca-
sians. Every tenth genome-wide maximum simulated MOD scores by bootstrapping 100,000 times on 1000 replicates are used 
in the figure due to the number of points limited for plotting. Maximum MOD scores of 16.87, 4.10, 3.70, and 3.22 from real 
Caucasian data on chromosomes 6, 2, 11, and 7 correspond to genome-wide p-values of ~0.0, 0.08, 0.17, and 0.42, respec-
tively, as indicated by arrows.

Table 3: Comparison of distribution of phenotypes in Caucasians and Hispanics

Caucasians Hispanics

Phenotypes mean ± SD median mean ± SD median

Age at onset (yr) 39.35 ± 13.38 39 34.48 ± 12.42 35
Anti-CCPa 107.51 ± 79.44 111 120.20 ± 72.66 139
RF-IgMa 255.06 ± 568.52 77 319.10 ± 386.38 127.5

Shared epitopes 84.55% 71.88%

aSee Criswell et al. [9] for details on sample quantitation
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Conclusion
Based on empirical p-values obtained from genome-wide
simulations, only chromosome 6 HLA region showed very
significant linkage, and chromosome 2 showed suggestive
linkage to RA in the Caucasian group. MOD score analysis
did not yield evidence for any new linkages and failed to
provide significant evidence of linkage to chromosome
11, which has been suggested based upon standard link-
age analysis.

Further research with a larger sample size of the Hispanics
group is needed to confirm our findings, which suggest
phenotypic and linkage heterogeneity in this group com-
pared to Caucasians.

Competing interests
The author(s) declare that they have no competing inter-
ests.

Acknowledgements
This article has been published as part of BMC Proceedings Volume 1 Sup-
plement 1, 2007: Genetic Analysis Workshop 15: Gene Expression Analysis 
and Approaches to Detecting Multiple Functional Loci. The full contents of 
the supplement are available online at http://www.biomedcentral.com/
1753-6561/1?issue=S1.

References
1. Gregersen PK: Genetics of rheumatoid arthritis: confronting

complexity.  Arthritis Res 1999, 1:37-44.
2. Amos CI, Chen WV, Lee A, Li W, Kern M, Lundsten R, Batliwalla F,

Wener M, Remmers E, Kastner DA, Criswell LA, Seldin MF,
Gregersen PK: High-density SNP analysis of 642 Caucasian
families with rheumatoid arthritis identifies two new linkage
regions on 11p12 and 2q33.  Genes Immun 2006, 7:277-286.

3. Webb EL, Sellick GS, Houlston RS: SNPLINK: multipoint linkage
analysis of densely distributed SNP data incorporating auto-
mated linkage disequilibrium removal.  Bioinformatics 2005,
21:3060-3061.

4. Huang Q, Shete S, Amos CI: Ignoring linkage disequilibrium
among tightly linked markers induces false-positive evidence
of linkage for affected sib pair analysis.  Am J Hum Genet 2004,
75:1106-1112.

5. Abecasis GR, Cherny SS, Cookson WO, Cardon LR: Merlin – rapid
analysis of dense genetic maps using sparse gene flow trees.
Nat Genet 2002, 30:97-101.

6. Strauch K: Parametric linkage analysis with automatic optimi-
zation of the disease model parameters [abstract].  Am J Hum
Genet 2003, 73(Suppl 1):A2624.

7. Gudbjartsson DF, Jonasson K, Frigge ML, Kong A: Allegro, a new
computer program for multipoint linkage analysis.  Nat Genet
2000, 25:12-13.

8. Teller K, Budhai L, Zhang M, Haramati N, Keiser HD, Davidson A:
HLA-DRB1 and DQB typing of Hispanic American patients
with rheumatoid arthritis: the "shared epitope" hypothesis
may not apply.  J Rheumatol 1996, 23:1363-1368.

9. Criswell LA, Chen WV, Jawaheer D, Lum RF, Wener MH, Gu X,
Gregersen PK, Amos CI: Dissecting the heterogeneity of rheu-
matoid arthritis through linkage analysis of quantitative
traits.  Arthritis Rheum 2007, 56:58-68.
Page 6 of 6
(page number not for citation purposes)

http://www.biomedcentral.com/1753-6561/1?issue=S1
http://www.biomedcentral.com/1753-6561/1?issue=S1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11094412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11094412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16691188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16691188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16691188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15840706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15492927
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15492927
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15492927
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11731797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11731797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8856614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8856614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8856614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17195208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17195208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17195208
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

