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Abstract
Background: Because high blood pressure, altered lipid levels, obesity, and diabetes so frequently
occur together, they are sometimes collectively referred to as the metabolic syndrome. While
there have been many studies of each metabolic syndrome trait separately, few studies have
attempted to analyze them combined, i.e., as one composite variable, in quantitative trait linkage or
association analysis. We used genotype and phenotype data from the Framingham Heart Study to
perform a full-genome scan for quantitative trait loci underlying the metabolic syndrome.
Results: Heritability estimates for all of the covariate-adjusted and age- and gender-standardized
individual traits, and the composite metabolic syndrome trait, were all fairly high (0.39–0.62), and
the composite trait was among the highest at 0.61. The composite trait yielded no regions with
suggestive linkage by Lander and Kruglyak's criteria, although there were several noteworthy
regions for individual traits, some of which were also observed for the composite variable.
Conclusion: Despite its high heritability, the composite metabolic syndrome trait variable did not
increase the power to detect or localize linkage peaks in this sample. However, this strategy and
related methods of combining correlated individual traits deserve further investigation, particularly
in settings with complex causal pathways.

Background
Coronary artery disease (CAD) and related cardiovascular
diseases are genetically complex and heterogeneous. Several identified risk factors for CAD, including diabetes
mellitus, arterial hypertension, hypercholesterolemia,
and obesity also show strong and at least partially inde-

pendent genetic components [1]. To date, efforts to identify the genes underlying these traits have had only limited
success, and only a few positive findings have been replicated (e.g., [2-4]).
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A particular complication to the identification of novel
CAD genes is the high correlation among cardiovascular
risk factors. In fact, because high blood pressure, altered
lipid levels, obesity, and diabetes so frequently occur
together, they are sometimes collectively referred to as the
metabolic syndrome or syndrome X (MSX [5]). Because
MSX was initially defined for clinicians, the syndrome and
its various component traits were dichotomized, although
each is more informatively viewed as a quantitative trait.
While there have been many studies of each MSX trait separately [2,6], only a few studies have considered the syndrome itself, either as a whole or broken into factors, in
quantitative trait linkage or association analysis (e.g., [79]).
Our study utilizes genotype and phenotype data from the
Framingham Heart Study, made available for the Genetic
Analysis Workshop 13 (GAW13), to search for quantitative trait loci (QTL) underlying MSX in this large, carefully
followed sample. Specifically, we defined five MSXrelated quantitative traits across the life-span (systolic
blood pressure (SBP), triglycerides (TGL), high-density
lipoprotein cholesterol (HDL), blood sugar (BS), and
body mass index (BMI), calculated their heritabilities, and
performed whole-genome scans on each. We then combined the individual quantitative traits into a composite
quantitative trait, the metabolic syndrome score (MSS),
and calculated its heritability and scanned the genome for
linkage.

Methods
Description of the data set
From the data provided for Problem 1 in the GAW13 data
set (Framingham Heart Study), we selected the 1617 individuals between the ages of 30 and 69 with at least one
examination cycle in which there was complete data for
all five component measures (SBP, TGL, HDL, BS, and
BMI). These age limits were chosen because our preliminary analyses, consistent with the cardiovascular literature, suggested that heritability was greatest in this
interval, and because the data tended to be sparse at lower
and higher ages. We used all available complete observations (examination cycles with complete data on all 5
traits) from age 30 to 69 for each individual, and developed a life-span measure for each trait, as described
below. The number of complete observations available for
each subject varied from one (n = 116) to five (n = 524),
with a mean of 3.7 observations per subject. Of these
1617 individuals, 1313 also had genotype data available.
Estimation of the phenotypes
For each trait, we began by transforming as needed to
achieve an approximately normal distribution [10]. SBP,
HDL, and BMI (calculated as [weight (kg)/height2 (m)]
were approximately normally distributed, so we used the
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raw values. TGL was log-transformed to better approximate a normal distribution. BS was markedly skewed and
leptokurtotic, so we followed the procedure used by Meigs
et al. [11] (ranking the measurement across all observations, and then standardizing the resulting ranks by subtracting out their mean and dividing by their standard
deviation). Note that all available blood sugar measurements, whether fasting or not, were included in order to
maximize the number of individuals with complete data
in each family. We also ran all analyses using only those
measurements explicitly noted to be fasting (all measurements for Cohort 2, and measurements 10–12 [for which
we took the average in order to minimize missing data]
for Cohort 1). This resulted in only minor differences
from the results reported here, perhaps related to our use
of ranks rather than actual observed values. In addition, it
should be noted that the fasting BS values reported for
exams 10–12 for Cohort 1 were actually higher on average
than those reported for the other non-fasting exams.
For each of these variables, we then adjusted for alcohol
and smoking in linear regression analyses of each trait performed separately for males and females at each age. Age
was considered in 1-year bands to increase the precision
of our analyses, and to ensure that each subject contributed only once to these values. Alcohol consumption was
categorized as 0, 0.1–12, 13–25, 26–40, and >40 g/day to
allow for non-linear effects, while the number of cigarettes smoked per day was entered as a continuous trait.
The residuals from these linear regression analyses were
then standardized, again within groups defined by gender
and age, by subtracting the age and gender specific mean
and dividing by the age and gender-specific standard
error. Since the resultant residuals were approximately
normally distributed, the standardization process yielded
trait values that followed a N ~ (0, 1) distribution. We
then averaged each gender- and age-standardized phenotype over all available visits to obtain a "life-span" estimate for each subject. We also calculated a corresponding
average age at which subjects contributed data.
To generate an MSS for each of the subjects' available
observations, we combined the standardized residuals for
each component trait prior to the calculation of life-span
averages as follows: [MSS = SBP + TGL + BS + BMI - HDL].
HDL was subtracted from the score because it is protective
against CAD, and tends to be inversely correlated with the
other component traits; thus, lower HDL values correspond to a higher MSS. These resulting sums were then
averaged to create a lifespan MSS. The MSS as calculated
yields a lifetime score for each individual that is an indication of how his or her MSS deviates from the age and
gender mean.
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Table 1: Descriptive statistics of each of the component phenotypes.

Trait
SBP (mm Hg)
HDL (mg/dl)
TGL (mg/dl)
BS (mg/dl)
BMI (kg/m2)

Mean

Std. Deviation

Minimum

Maximum

122
50
120
97
26

8
13
84
18
4.6

86
17
15
61
16

195
93
1205
302
49

Table 2: Heritability estimates, maximum multi-point LOD scores, and their location for each quantitative phenotype.

Trait

Heritability

Max LOD

Chr.

Location (cM)

MarkerA

MSS
SBP
HDL
TGL
BS
BMI

0.61
0.48
0.62
0.56
0.39
0.51

1.82
1.93
2.27
1.85
2.37
1.86

12q13
1p31
15p13-q11
3p26
5pter
12q21

63
97
1
9
0
85

GATA5A09
GATA61A06
GATA81F03
GATA22G12
028xb12
GATA26D02

AClosest

marker to the observed multi-point LOD score peak.

Estimation of heritability and linkage analysis
Heritability estimates were calculated, controlling for
average age and gender at which subjects contributed
data, for each of the component traits, and for the MSS
composite trait, using the variance-components methods
implemented in SOLAR [12]. We then performed twopoint and multi-point quantitative trait linkage analysis,
also using SOLAR. Individuals without genotype information were included in the linkage analyses, because the
proportion of marker alleles shared identically by descent
was estimated for both genotyped and non-genotyped
individuals in pedigrees.

Results
Descriptive statistics
Descriptive statistics for raw values of each of the component traits, prior to covariate adjustment and standardization procedures, are provided in Table 1. These figures
demonstrate a broad range consistent with published data
on the Framingham Study. MSS, as a sum of standard
deviations from the mean for each of the component
traits, is not readily interpretable beside these raw values,
so it is not included in Table 1: it exhibited a mean of 0.15,
a standard deviation of 2.7, and a range of -7.3 to 11.8.
Heritability estimates
Heritability estimates for the individual component traits
were all fairly high, ranging from 0.39 to 0.62, and MSS
was at the high end of this range at 0.61 (Table 2). All her-

itability estimates were highly statistically significant (p <
0.00001).
Multi-point linkage analysis
For each phenotype, the maximum multi-point LOD
score and its cytogenetic and chromosomal location are
presented in Table 2. While we observed no statistically
significant linkage for any trait, there were two locations
with suggestive linkage by Lander and Kruglyak's criteria
[13]: a LOD of 2.4 for BS on chromosome 5pter, and a
LOD of 2.3 for HDL on chromosome 15p13-q11. There
was also a LOD of 2.1 for HDL on chromosome 7p14.
There was essentially no linkage signal for MSS in any of
these locations, but MSS did give LOD scores of 1.82 on
12q13 (a signal also seen with BMI) and 1.79 on chromosome 1q42 (a signal also seen with SBP). The overall
results are summarized in Figures 1 and 2. The two-point
results (data not shown) were consistent with the multipoint findings.

Discussion
In our full-genome scan for novel QTLs underlying MSX
and its component traits in the Framingham Heart Study,
we found evidence for at least two 'suggestive' loci-a LOD
of 2.3 for HDL on 15p13-q11 and a LOD of 2.4 for BS on
5pter, and one locus just short of this threshold-a LOD of
2.1 for HDL on 7p14. Interestingly, these three peaks do
not map close to linkage signals observed in recent studies
of MSX, BS, or HDL in the Framingham data (e.g.
[11,14,15]) or in a variety of independent samples (e.g.
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Figure
Maximum
for
each1ofmulti-point
the phenotypic
LODtraits
scores on chromosomes 1–11
Maximum multi-point LOD scores on chromosomes 1–11
for each of the phenotypic traits.

Figure
Maximum
for
each2ofmulti-point
the phenotypic
LODtraits
scores on chromosomes 12–22
Maximum multi-point LOD scores on chromosomes 12–22
for each of the phenotypic traits

[1,6,16]). However, the location of the maximum signal
we found for MSS-a LOD of 1.82 on 12q13-mapped relatively close to locations found in other studies involving
type 2 diabetes-related phenotypes (e.g. [17-19]). In addition, we did observe more minor signals that were consistent with prior reports, particularly for BS (e.g., the LOD of
1.77 on chromosome 1q42 for BS coincides with earlier
results from the Framingham sample [11]). Discrepancies
between our findings and prior studies may be due to differences in defining the individual quantitative phenotypes (e.g., transformation, averaging of longitudinal
data), different methods of generating combined phenotypes (e.g., crude sum vs. factor analysis vs. other weighting schemes), different inclusion criteria (e.g., using a
broad but not complete age range and including only
examination cycles with complete data on all five traits),
or chance variation. Of note, while averaging across visits
within subjects was intended to incorporate some of the
richness of the longitudinal data, it may actually have led
to a decrease in some signals.

intermediate causes. If this approach is to succeed, it will
be critical to develop weighting schemes that more accurately represent the contribution of each trait to the overall syndrome.

Conclusions
Despite its high heritability, the relatively crude estimate
of a composite metabolic syndrome variable (MSS) did
not increase our ability to detect or localize linkage peaks
in this sample. Not surprisingly, the only two noteworthy
signals for MSS appear to be driven by linkages to its component traits (BMI and SBP on chromosome 12q13, and
BS on chromosome 1q42). Nonetheless, we feel that
similar strategies, bucking the current trend toward disaggregation of complex phenotypes, may merit further
exploration in this and other settings with complex causal
pathways marked by extensive correlation among

Acknowledgments
This work was sponsored by NIH grants R01MH60009 to Dr. R.E. Tanzi
(DB), R01MH59632 to Dr. N. Laird (DB), U10 13Y11309 to Dr. J. Seddon
(SLS), and CA-84719 to Dr. D. Abrams (SLS), as well as a March of Dimes
grant 12-FY99-257 to SLS. LB was a fellow of the Deutsche Forschungsgemeinschaft and is now a fellow of the Harvard Center for Neurodegeneration and Repair. MBM is supported by the National Research Service
Award, Training Program in Psychiatric Epidemiology and Biostatistics (T32
MH17119).

References
1.

2.
3.

4.

5.
6.

Broeckel U, Hengstenberg C, Mayer B, Holmer S, Martin LJ, Comuzzie AG, Blangero J, Nürnberg P, Reis A, Riegger GAJ, Jacob HJ, Schunkert H: A comprehensive linkage analysis for myocardial
infarction and its related risk factors. Nat Genet 2002,
30:210-214.
Comuzzie AG, Williams JT, Martin LJ, Blangero J: Searching for
genes underlying normal variation in human adioposity. J Mol
Med 2001, 79:57-70.
Duggirala R, Blangero J, Almasy L, Arya R, Dyer TD, Williams KL,
Leach RJ, O'Connell P, Stern MP: A major locus for fasting insulin
concentrations and insulin resistance on chromosome 6q
with strong pleiotropic effects on obsesity-related phenotypes in nondiabetic Mexican Americans. Am J Hum Genet 2001,
68:1148-1164.
Atwood LD, Heard-Costa NL, Cupples A, Jaquish CE, Wilson PWF,
D'Agostino RB: Genome-wide linkage analysis of body mass
index across 28 years of the Framingham Heart Study. Am J
Hum Genet 2002, 71:1044-1050.
Björntorp P: Metabolic implications of body fat distribution.
Diabetes Care 1991, 14:1132-1143.
Kissebah AH, Sonnenberg GE, Myklebust J, Goldstein M, Broman K,
James RG, Marks JA, Krakower GR, Jacob HJ, Weber J, Martin L,
Blangero J, Comuzzie AG: Quantitative trait loci on chromosomes 3 and 17 influence phenotypes of the metabolic
syndrome. Proc Natl Acad Sci USA 2000, 97:14478-14483.

Page 4 of 5
(page number not for citation purposes)

BMC Genetics 2003, 4

7.

8.

9.

10.

11.

12.
13.
14.

15.
16.

17.

18.

19.

http://www.biomedcentral.com/1471-2156/4/s1/S96

Imperatore G, Knowler WC, Kobes S, Bennett PH, Hanson RL:
Genome-wide linkage analysis of factors characterizing the
metabolic syndrome among Pima Indians [abstract]. Diabetes
1999, 48(suppl 1):A182.
Meigs JB: Invited commentary: Insulin resistance syndrome?
Syndrome X? Multiple metabolic syndrome? A syndrome at
all? Factor analysis reveals patterns in the fabric of correlated metabolic risk factors. Am J Epidemiol 2000, 152:908-911.
Arya R, Blangero J, Williams K, Almasy L, Dyer T, Leach R, O'Connell
P, Stern M, Duggirala R: Factors of insulin resistance syndromerelated phenotypes are linked to genetic locations on chromosomes 6 and 7 in nondiabetic Mexian-Americans. Diabetes
2002, 51:841-847.
Allison DB, Neale MC, Zannolli R, Schork N, Amos CI, Blangero J:
Testing the robustness of the likelihood-ratio test in a variance component quantitative trait loci-mapping procedure.
Am J Hum Genet 1999, 65:531-544.
Meigs JB, Panhuysen CI, Myers RH, Wilson PW, Cupples LA: A
genome-wide scan for loci linked to plasma levels of glucose
and HbA(1c) in a community based sample of Caucasian
pedigrees: the Framingham Offspring Study. Diabetes 2002,
51:833-840.
Almasy L, Blangero J: Multipoint quantitative trait linkage analysis in general pedigrees. Am J Hum Genet 1998, 62:1198-1211.
Lander E, Kruglyak L: Genetic dissection of complex traits:
guidelines for interpreting and reporting linkage results. Nat
Genet 1995, 11:241-247.
Shearman AM, Ordovas JM, Cupples LA, Schaefer EJ, Harmon MD,
Shao Y, Keen JD, DeStefano AL, Joost O, Wilson PWF, Housman DE,
Myers RH: Evidence for a gene influencing the TG/HDL-C
ratio on chromosome 7q32.3-qter: a genome-wide scan in
the Framingham study. Hum Mol Genet 2000, 9:1315-1320.
Levy D, DeStefano AL, Larson MG, O'Donnell CJ, Lifton RP, Gavras
H, Cupples LA, Myers RH: Evidence for a gene influencing blood
pressure on chromosome 17. Hypertension 2000, 36:477-483.
Vionnet N, Hani El-H, Dupont S, Gallina S, Francke S, Dotte S, De
Matos F, Durand E, Lepretre F, Lecoeur C, Gallina P, Zekiri L, Dina
C, Froguel P: Genomewide search for type 2 diabetes-susceptibility genes in French whites: evidence for a novel susceptibility locus for early-onset diabetes on chromosome 3q27qter and independent replication of a type 2-diabetes locus
on chromosome 1q21-q24. Am J Hum Genet 2000, 67:1470-1480.
Bektas A, Supenant ME, Wogan LT, Plengvidhya N, Rich SS, Warram
JH, Krolewski AS, Alessandro D: Evidence of a novel type 2 diabetes locus 50 cM centromeric to NIDDM2 on chromosome
12q. Diabetes 1999, 48:2246-2251.
Ehm MG, Karnoub MC, Sakul H, Gottschalk K, Holt DC, Weber JL,
Vaske D, Briley D, Briley L, Kopf J, McMillen P, Nguyen Q, Reisman
M, Lai EH, Joslyn G, Shepherd NS, Bell C, Wagner MJ, Burns DK,
American Diabetes Association GENNID Study Group: Genomewide search for type 2 diabetes susceptibility genes in for
American populations. Am J Hum Genet 2000, 66:1871-1881.
Bektas A, Hughes JN, Warram JH, Krolewski AS, Alessandro D: Further mapping and mutation screening of two candidate
genes. Diabetes 2001, 50:204-208.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 5 of 5
(page number not for citation purposes)

