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BACKGROUND: The accurate assignment of alleles em-
bedded within trisomic or duplicated regions is an es-
sential prerequisite for assessing the combined effects
of single-nucleotide polymorphisms (SNPs) and
genomic copy number. Such an integrated analysis is
challenging because heterozygotes for such a SNP may
be one of 2 genotypes—AAB or ABB. Established
methods for SNP genotyping, however, can have diffi-
culty discriminating between the 2 heterozygous tri-
somic genotypes. We developed a method for assigning
heterozygous trisomic genotypes that uses the ratio of
the height of the 2 allele peaks obtained by mass spec-
trometry after a single-base extension assay.

METHODS: Eighteen COL6A2 (collagen, type VI, alpha
2) SNPs were analyzed in euploid and trisomic individ-
uals by means of a multiplexed single-base extension
assay that generated allele-specific oligonucleotides of
differing Mr values for detection by MALDI-TOF mass
spectrometry. Reference data (mean and SD) for the
allele peak height ratios were determined from
heterozygous euploid samples. The heterozygous tri-
somic genotypes were assigned by calculating the z
score for each trisomic allele peak height ratio and by
considering the sign (�/�) of the z score.

RESULTS: Heterozygous trisomic genotypes were as-
signed in 96.1% (range, 89.9%–100%) of the samples
for each SNP analyzed. The genotypes obtained were
reproduced in 95 (97.5%) of 97 loci retested in a second
assay. Subsequently, the origin of nondisjunction was
determined in 108 (82%) of 132 family trios with a
Down syndrome child.

CONCLUSIONS: This approach enabled reliable genotyp-
ing of heterozygous trisomic samples and the determi-
nation of the origin of nondisjunction in Down syn-
drome family trios.
© 2011 American Association for Clinical Chemistry

Down syndrome (DS)5 is associated with a number of
subphenotypes, some of which, such as mental retar-
dation and the characteristic facial appearance, are
present in all affected individuals. Other subpheno-
types, such as leukemia and congenital heart defects,
are present in only a proportion of DS cases. Thus,
trisomy per se does not cause these phenotypes; a more
complex etiology must be responsible.

Accurate genotyping of single-nucleotide poly-
morphisms (SNPs) within regions of variant genomic
copy number, including aneuploidies such as trisomy
21 and common or rare genomic structural variants, is
essential to understand how SNP alleles and genomic
copy number interact to affect phenotype. Although
the phenotypic implications of copy number variants
(CNVs) have been studied extensively in recent years
(1 ), there has been little investigation into the com-
bined effects of CNVs and SNPs.

In addition to its potential applications in genetic
dissection of common complex traits, this approach
may allow identification of loci segregating with sub-
phenotypes within genomic or chromosomal disorders
(e.g., for investigation of congenital heart defects in
trisomy 21). A particular analytical challenge, however,
concerns the assignment of genotypes to heterozygotes

1 Department of Genomics of Common Disease, School of Public Health, Imperial
College London, London, UK; 2 Department of Clinical Medicine, University of
Bergen, Bergen, Norway; 3 Department of Paediatrics, Haukeland University
Hospital, Bergen, Norway; 4 Department of Epidemiology and Public Health,
Imperial College London, London, UK.

* Address correspondence to this author at: Department of Genomics of Common
Disease, School of Public Health, Imperial College London, Hammersmith
Hospital Campus, Du Cane Rd., London W12 0NN, UK. Fax �44-207-5946511;
e-mail a.blakemore@imperial.ac.uk.

Received January 16, 2011; accepted June 1, 2011.
Previously published online at DOI: 10.1373/clinchem.2010.159558
5 Nonstandard abbreviations: DS, Down syndrome; SNP, single-nucleotide poly-

morphism; CNV, copy number variant; PHR, peak height ratio; MAF, minor-
allele frequency; HMW, high molecular weight; LMW, low molecular weight;
PHRRef, mean heterozygote PHR for the euploid reference population; SDRef,
heterozygote SD for the euploid reference population; SES, standard error of the
skew; NDJ, nondisjunction; CHD, congenital heart defect.

Clinical Chemistry 57:8
1188–1195 (2011)

Molecular Diagnostics and Genetics

1188

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/57/8/1188/5620971 by guest on 19 April 2024



for SNPs in duplicated regions. These individuals will
have 2 copies of one of the alleles and 1 copy of the
other, and be of genotype AAB or ABB. The allele-
detection system must therefore have a quantitative el-
ement to be able to distinguish between the 2 geno-
types, since qualitative methods will report only an AB
genotype.

We present a simple postassay analysis of Seque-
nom� iPLEX™ data for accurately assigning genotypes
in such cases. The iPLEX assay is a multiplexed single-
base extension assay that generates allele-specific prod-
ucts for detection by MALDI-TOF mass spectrometry.
Although originally designed for SNP analysis, the as-
say has also been used for detecting trisomy (2– 4 ), as
well as high-throughput validation of CNVs (5, 6 ).
Therefore, the iPLEX assay has potential for integrated
high-throughput joint analyses of SNPs and CNVs.
SNP array platforms may also be used to generate
signal-intensity information, thereby permitting as-
signment of trisomic genotypes via CNV-prediction al-
gorithms (7 ). Genotyping with SNP array platforms
can be prohibitively expensive, however, compared
with the Sequenom technology, which allows cost-
effective targeted genotyping of selected SNPs.

The iPLEX genotype-calling algorithm assigns ge-
notypes by calculating the relative yield of each allele
peak. Genotype assignment with this algorithm, how-
ever, is inaccurate for SNPs embedded within regions
of increased copy number. On initial review of the as-
say data for trisomic heterozygotes (Fig. 1), it became
clear to us that the software could not assign genotypes
correctly to these samples because they gave unusual
relative-yield results. Trisomic samples are either as-
signed a euploid genotype or reported as a “no-call.”
We therefore developed an alternative method of data
interpretation for assigning genotype that uses the ratio
of allele peak heights—the peak height ratio (PHR). As
an example, we present data for SNPs within the
COL6A2 (collagen, type VI, alpha 2) gene in individu-
als with trisomy 21.

Materials and Methods

SAMPLES

Genomic DNA was extracted from peripheral-blood
samples that had been collected from family “trios”
(mother, father, and affected child) for research into
congenital heart defects at the Brompton Hospital,
London, UK, and the Haukeland University Hospital,
Bergen, Norway. Samples were available from 132 trios
in which the child had free trisomy 21 (confirmed by
karyotyping) and 33 trios in which the child was eup-
loid. An additional 20 samples from parents of trisomic
children and 55 samples from apparently healthy adult
controls were also available. A total of 405 adult sam-

ples were available for analysis. Research Ethics Com-
mittee approval was obtained for the study, and written
informed consent was obtained from each participant.

SNP SELECTION AND GENOTYPING

We used the Tagger Pairwise feature within the Inter-
national HapMap Project Website to select COL6A2
SNPs for analysis (http://hapmap.ncbi.nlm.nih.gov/).
An r2 cutoff of 0.8 and a minor-allele frequency (MAF)
of 0.05 were used to select SNPs. For analysis, we se-
lected 21 tag SNPs, which covered the entire coding
region plus 10 kb upstream and downstream. The
iPLEX Gold MALDI-TOF mass spectrometry system
(Sequenom) was used to genotype the samples. We de-
signed PCR and extension primers by using the “mod-
erate multiplex” setting in the Assay Design feature of
the Sequenom MassARRAY software. The details for all
primers are given in Table 1 in the Data Supplement
that accompanies the online version of this article at
http://www.clinchem.org/content/vol57/issue8. The
multiplexed PCR reactions were carried out with 2 �L

Fig. 1. Sequenom cluster plot.

The data points in boxes show results for euploid samples;
the 3 genotypic states are clearly distinguishable. The data
points in the circle are mostly trisomic heterozygotes that
were assigned inappropriate genotypes or for which no
genotype was called. This example illustrates the difficulty
the built-in Sequenom software has in interpreting nondi-
somic data. HOM(LM), LMW homozygote; HET, heterozy-
gote; HOM(HM), HMW homozygote. ©Figure reproduced
with permission from Sequenom, Inc.
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DNA solution, which contained 5.0 –10.0 ng DNA per
multiplexed reaction. The PCR primers were 19 or 20
bp in length and generated amplicons between 80 and
120 bp in length. The extension reactions yielded a
nested set of allele-specific products of increasing Mr

values from 5300 to 7800. Primers were synthesized by
Sigma-Aldrich. The PCR and primer-extension reac-
tions were carried out in 384-well polypropylene
plates.

Mass spectrometry analysis was carried out with
an Autoflex Mass Spectrometer (Bruker Daltonics)
on a 384-element bioarray. Fifteen nanoliters of
extension-reaction product was dispensed onto the
bioarray. The MassARRAY Workstation software (ver-
sion 3.3; Sequenom) was used to process and analyze
the bioarrays. Assay quality metrics were calculated for
the parental samples only, because these samples were
known to be euploid. Data were rejected if the geno-
typing success rate was �90%, the yield was �0.5, the
MAF was �0.05, or the loci were not in Hardy–
Weinberg equilibrium.

GENOTYPING TRISOMIC HETEROZYGOTES

Further analysis of the Sequenom data was carried out
by importing raw data files into Microsoft Excel 2000,
and an alternative method of analyzing the data was
developed to improve the success rate for genotyping
trisomic heterozygotes.

The ratio of the 2 allele peaks in each heterozygous
sample (the PHR, Eq. 1) is calculated as follows:

PHR �

Height of high molecular weight (HMW) allele

Height of low molecular weight (LMW) allele

(1)

The PHR yielded a measure of the relative quantities of
each allele product independently of assay recovery
and responded linearly to an increase in the height of
either peak (Fig. 2). Thus, the PHR method has sub-
stantial benefits over the relative-yield method because
it is more sensitive to differences in peak height and al-
lows better discrimination between trisomic heterozy-
gous genotypes. Ideally, euploid samples should pro-
duce a PHR result close to 1.0, whereas trisomic
samples should yield a PHR close to either 2.0 or 0.5,
depending on the genotype (i.e., AAB or ABB).

By way of convention to standardize the proce-
dure, we calculated the PHR as the HMW allele divided
by the LMW allele. Fig. 3 shows the distribution of
PHRs obtained for one of the analyzed COL6A2 SNPs
(rs7279347). The mean PHR for the parental samples
for this SNP (Fig. 3A) was 0.99, although that was not
the case for every SNP (see Table 2 in the online Data

Supplement). The PHRs obtained for the euploid chil-
dren and those obtained for trisomic children also
overlapped to a degree (Fig. 3B). Therefore, to interpret
a trisomic heterozygote PHR, we adopted the following
approach:

• The range of PHRs expected in a euploid reference
population was determined, and the mean heterozy-
gote PHR (PHRRef) and the SD (SDRef) for the refer-
ence population were calculated for each SNP for
samples in the reference group. We used parametric
statistics to analyze the PHR data, because we as-
sumed that any analytical error would be randomly
distributed. We tested this assumption by calculating
the skew coefficient for each SNP. The data were con-
sidered normally distributed (gaussian) if the skew
coefficient was �2 times the standard error of the
skew (SES).

• The expected euploid PHR interval (reference inter-
val) was determined by calculating the mean PHR �
2 SDs. This interval would yield a measure of the total
analytical error expected under normal circum-
stances (when the 2 allele peaks are expected to be of
the same height).

• To standardize and simplify the comparison of dif-
ferent SNPs when the PHRRef does not always equal
1, we calculated the z score (Eq. 2):

z � (PHRchild � PHRRef)/SDRef (2)

where PHRchild is the PHR of the child in the trio. This
procedure also allowed us to gain a measure of uncer-
tainty as to the trisomic genotypes, particularly those
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Fig. 2. Genotyping using the Sequenom iPLEX assay
and the skew value, compared with using the PHR.

As the height of allele peak 2 increases relative to allele
peak 1 (expected in a heterozygous trisomic sample), the
PHR produces a linear response, whereas the skew method
used by the iPLEX system has a nonlinear response.
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falling within the region of overlap. When the trisomic
PHR fell within �0.5 SDs of the PHRRef we considered
the genotype not determinable, owing to the extent of
overlap with the euploid samples. Conversely, when
the trisomic PHR fell outside of the reference interval
(i.e., PHRRef � 2 SDs), the trisomic genotype could be
assigned with the highest degree of certainty.

ASSIGNMENT OF THE ORIGIN OF NONDISJUNCTION

After determination of the genotypes of the trisomic
children and their parents, there are 2 steps involved in
determining the origin of nondisjunction (NDJ) that
must be considered in sequence: (a) identifying the
nondisjoining parent, and (b) identifying the meiotic
division (meiosis I or II) in which the NDJ occurred.

Determining the nondisjoining parent requires
the presence of a SNP in which one of the parents is
homozygous for one allele and the other parent is ho-
mozygous for a different allele (i.e., AA and BB). The
trisomic offspring will therefore be AAB or ABB,
thereby indicating which parent was the source of the
extra chromosome.

Determining whether the NDJ occurred in the first
or second meiotic division requires the presence of a
different SNP in which the NDJ parent is heterozygous
(e.g., AB) and the correctly disjoining parent is ho-
mozygous (e.g., BB). Thus, the child will be either ABB
for NDJ in meiosis I, or AAB or BBB for NDJ in meiosis
II.

A third method of determining the origin of NDJ
is possible in a few instances of meiosis II NDJ. If, for
example, the parental genotypes are AB and BB and the
child’s genotype is AAB, then the two A alleles must

have come from the heterozygous parent via a meiosis
II NDJ.

R SCRIPT

To facilitate the genotyping of trisomic samples and
determining the origin of NDJ, we developed a script,
which we wrote for use in the statistical programming
environment R (version 2.9.2) (8 ), to automatically
calculate z scores for heterozygous trisomic samples
and to subsequently assign genotypes and the parent
and origin of NDJ as previously described.

Where calculated z scores permitted, the trisomic
genotype was assigned for heterozygous SNPs, with
samples being assigned a genotype of “HMW trisomic”
for samples with a z score �0.5 or “LMW trisomic” for
samples with a z score ��0.5 for the SNP in question.

When the appropriate SNP could be identified, as-
signment of the nondisjoining parent and the meiotic
division in which the NDJ occurred was also auto-
mated, as described above.

The R script DS_Sequenom.R is available at http://
www1.imperial.ac.uk/medicine/people/a.blakemore/.

Results

GENOTYPING EUPLOID SAMPLES

Genotyping reactions (see Table 1 in the online Data
Supplement) were carried out on 405 adult euploid
samples (parents and normal adult controls). Six of
these samples failed to amplify or produce consistent
results and were excluded from further analysis. The
MAF obtained for each SNP was, on average, within
0.07 (range, 0.0 – 0.096) of that published in dbSNP on
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Fig. 3. Histograms showing the distribution of heterozygote PHRs for the COL6A2 SNP rs7279347.

The trisomic genotype was determined by establishing a reference interval of PHRs from the parental samples (A). The PHR for
the trisomic samples produced a bimodal distribution because of the co-occurrence of 2 distinct genotypes (AAB and ABB).
Because some trisomic PHRs and euploid PHRs showed a region of overlap (B), trisomic genotypes in this region could be
assigned only at a degree of certainty that was lower than that outside of the euploid reference interval.
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the NCBI website (9 ). Two SNPs (rs2236490 and
rs11908960) were monomorphic in our assays despite
reported MAFs �0.10 in the CEU population (Utah
residents with ancestry from northern and western Eu-
rope). The call success rate for these 2 SNPs was �90%,
suggesting that possible analytical problems were en-
countered with these assays. Another SNP (rs9982817)
both showed a low genotyping success rate and was not
in Hardy–Weinberg equilibrium. Data for all 3 of these
SNPs were excluded from further analysis (see Table 3
in the online Data Supplement).

Calculating the PHR for the reference samples re-
vealed a gaussian distribution of the data in the major-
ity of cases (see Table 2 in the online Data Supplement);
however, when the mean PHR was �1.0, the distribu-
tion tended not to be gaussian (i.e., a skew coefficient
�2 times the SES). Transforming the data by taking the
reciprocal of the PHR so that the mean PHR was �1.0
yielded a skew coefficient �2 times the SES (see Fig. 2
in the online Data Supplement). Therefore, as a general
principle, we subsequently calculated the PHR so that
the mean PHR was �1.0.

GENOTYPING TRISOMIC SAMPLES

The euploid PHR reference interval was determined
for each SNP by calculating PHRRef � 2 SDRef’s. One
would expect 95% of all euploid samples to fall within
these limits. To test the validity of the reference inter-
val, we calculated the PHRs for the samples from the
euploid children (PHRchild) and compared the PHRs to
each reference interval. For some of the SNPs, there
were relatively few heterozygous euploid children (me-
dian, 9.5; range, 1–21) who did not give all the expected
results; therefore, we calculated a mean (excluding
rs11554669 as an outlier), which showed that 92% of
these samples fell within the reference intervals for all
of the SNPs tested (see Table 4 in the online Data
Supplement) and which was close to that expected
theoretically.

We predicted that because the PHR for heterozy-
gous trisomic samples is determined from allele peaks
expected to be of unequal height, these PHRs would fall
outside of the euploid reference intervals. Fig. 4 shows
the distribution of z scores for 2 such SNPs. When the z
scores for all genotypes (including heterozygotes and
homozygotes) were plotted for all children, the tri-
somic heterozygote genotypes were clearly separated
from the euploid heterozygotes, which were clustered
around the x axis (i.e., z � 0). The trisomic heterozy-
gote genotype could be assigned as either TCC or TTC
by the direction of the z score (positive or negative)
relative to the homozygous samples (CC or TT) and the
euploid heterozygotes. Fig. 4A is an ideal plot that
shows clear demarcation between the different geno-
types. Fig. 4B shows a commonly encountered situa-

tion in which trisomic heterozygotes occur within the
euploid interval. We hypothesize that these atypical
PHRs may represent the occurrence of CNVs superim-
posed on the state of trisomy, thereby causing a nor-
malization of the PHR.

This method of interpreting the Sequenom data
allowed genotyping of �96% of heterozygous trisomic
samples, with the magnitude of the z score bestowing a
level of confidence on the genotype called (Fig. 5).
On average, �90% of trisomic samples were greater
than �1 SDRef from the disomic reference PHR. These
genotypes could be called with the highest degree of
confidence. When the trisomic z score was less
than �0.5, genotypes could not be called with a high
degree of confidence; this situation accounted for a
mean of �4% of the samples. Overall, the PHR method
of assigning genotypes achieved a success rate (96.1%)
similar to that of the original Sequenom method
(97.6%) (see Table 5 in the online Data Supplement).
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Fig. 4. The distribution of z scores for rs1980983 (A)
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z Scores for all of the children’s samples (including ho-
mozygotes and heterozygotes) are plotted. (A), Shown is
how the genotype of the heterozygous trisomic samples is
determined by comparing the sign of the z score (� or �)
with the sign of the z score for the homozygous samples.
(B), Shown is an additional group of samples with atypical
z scores for trisomic samples (circled). These scores may
indicate the existence of CNVs superimposed on a trisomic
state. A deletion CNV, for example, would restore the local
copy number to 2, whereas a duplication CNV would
produce a local copy number of 4. In either case, the PHR
would be 1:1, as for a euploid sample.
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The reproducibility of the technique was tested by
reassaying 21 trisomic samples in a second assay. Ten of
these samples were chosen because they were heterozy-
gous at �7 SNP loci and there was sufficient sample to
allow reassay. The other 11 samples were reassayed be-
cause one or more SNP assays had failed in the first anal-
ysis. A total of 97 heterozygous SNP genotypes were tested
in the repeat assay. The heterozygous trisomic genotype
obtained in the second assay was identical to that obtained
in the first assay in 95 cases (97.9%).

ASSIGNMENT OF THE ORIGIN OF NDJ

For studies of the transmission of loci segregating with
DS subphenotypes, it is essential to determine the ori-
gin of the nondisjoining chromosome in trisomy. To
be able to determine the origin of NDJ, it is critical that
the trisomic genotype be determined correctly. Using
the PHR method to genotype the 18 SNPs in COL6A2
in the trisomic samples in this study, we were able to
unambiguously assign the origin of NDJ in 76 (57.6%)
of the 132 trisomic children. Maternal NDJ was seen in

67 (88.2%) of those samples genotyped, and paternal
NDJ was seen in 9 samples (11.8%). Meiosis I NDJ was
seen in 45 (67.2%) of the trios that showed maternal
NDJ and in 6 (66.7%) of the trios that showed paternal
NDJ. This result was consistent with findings reported
in the literature (10 ), thus supporting the validity of
this method in assigning trisomic genotypes.

For the remaining 56 trios, the parental genotypes
were such that it was not possible to determine the
origin of NDJ. For example, if both parents had the
same SNP haplotype or if parental SNP genotype data
were missing, it was impossible to determine which
parent transmitted the extra chromosome to the tri-
somic child. Because one of the quality metrics of the
Sequenom assay was a genotyping success rate of at least
90% (which was calculated from the parental euploid
samples), some parental SNP genotypes were unassigned
because of assay failure. By assigning these missing geno-
types by phasing with fastPHASE 1.2 (11), we were able to
determine the origin of NDJ in another 32 trios (24%).
These additional data did not markedly affect the propor-

Fig. 5. Distribution of z scores for the PHR method of genotyping trisomic heterozygote samples for 18 COL6A2
SNPs.

Genotypes were called with the highest degree of confidence when the PHR was �2. Only when the z score was between �0.5
and 0.5 could the genotype not be called. The SNPs are listed in the inset in the order that they occur in the figure proper.
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tions of maternal and paternal NDJ in the sample studied
(88.9% and 11.1%, respectively).

Discussion

The plethora of publicly available data regarding ge-
netic variation across the genome is an exciting devel-
opment in the quest to identify genes segregating with
phenotype, and the accurate genotyping of samples is
essential to this end. This consideration is particularly
important when investigating CNVs and the effects of
gene dosage imbalance.

The final effect of gene dosage imbalance will ulti-
mately depend on the gene product and the interac-
tions between it and other gene products. If the prod-
uct of an affected gene is a transcription factor, the
expression of downstream genes might be affected. Al-
ternatively, if the gene product is a subunit of a multi-
meric protein, then it may adversely affect the interac-
tions with the related gene products and lead to
structural and/or functional abnormalities. The effect
of gene dosage imbalance, whether due to trisomy or
subchromosomal duplications, may be compounded
by the presence of a functional SNP variant or a dele-
terious allele, which could lead to increased or de-
creased activity of the relevant gene.

When genotyping trisomic samples (or those with
regions of genomic duplication), one of the main chal-
lenges to overcome is in discriminating between AAB
and ABB heterozygous genotypes. The genotyping
technique adopted for this study used a well-defined
protocol capable of accurately genotyping samples un-
der normal circumstances. We used this method to an-
alyze 18 tag SNPs in the COL6A2 gene for trisomic and
euploid samples. The assay successfully genotyped the
euploid samples but produced a high failure rate with
samples from trisomic individuals. Visual inspection of
the data allowed us to assign some of the trisomic hetero-
zygote genotypes, but the 2 heterozygote states (AAB and
ABB) were poorly discriminated. The data-analysis algo-
rithms required for genotype assignment have been opti-
mized for disomic samples and do not assign correct ge-
notypes to heterozygous trisomic samples. We therefore
devised a novel method for interpreting the data acquired
from the mass spectrogram specifically for assigning ge-
notypes to trisomic samples.

The PHR method we have described enabled ac-
curate assignment of one or the other of the 2 possible
trisomic heterozygote genotypes (AAB or ABB) by
comparison to a reference interval established for dis-
omic AB genotypes. The PHR method was successful in
genotyping �96% of trisomic heterozygous samples
for all SNPs analyzed, and these results were reproduc-
ible in a repeat assay. When we used the standard Se-
quenom genotyping algorithm, we were able to assign

trisomic heterozygote genotypes correctly only by vi-
sually inspecting the data. The PHR method has 2 ad-
vantages over the Sequenom method: It allows better
discrimination between the 2 possible trisomic
heterozygous genotypes, and it assigns a numerical
value to the genotype, which confers some degree of
certainty to the result. Subsequently, we were able to
determine the origin of NDJ in 81.8% of the family
trios. Analyzing more SNPs will allow the determina-
tion of the origin of NDJ for the entire sample cohort.
This method therefore has potential value for carrying
out subsequent association studies, because it enables
SNP genotyping and the determination of NDJ origin
within the same high-throughput assay.

This information could have many applications in
the future. Analysis of polymorphic variation on chro-
mosome 21 might lead to the identification of loci pre-
disposing to the subphenotypes in trisomy and provide
markers for predicting the occurrence of clinically se-
rious phenotypes, such as congenital heart defects
(CHDs) (12 ). This potential application could add an
extra dimension to antenatal screening programs by
contributing to the process of “informed choice” by the
potential parents of a DS child, as well as well as aiding
the long-term management of these patients. In addi-
tion, genes involved in CHDs in trisomy 21 may also be
implicated in CHDs in euploid individuals. Knowledge
of which genes are involved and how they interact with
other gene products could have future implications for
managing CHDs in the nontrisomic population. New
therapeutic approaches that target pathways control-
ling cardiogenesis and that use stem cell– guided car-
diac repair are now being developed [reviewed by
Passier et al. (13 )] and will be realistic therapeutic op-
tions for these patients in the future.

From a wider perspective, there is a high level of in-
terest in the phenotypic implications of genomic struc-
tural variations (12, 14). Although new methodologies
are being developed for the computational imputation of
CNVs (7, 15), the fact that techniques for high-
throughput laboratory analysis are still lacking has ham-
pered efforts to assess the contribution of CNVs to human
disease (16). The approach we have described adds an-
other tool to our armory, one that allows integrated SNP
and copy number analysis of complex human disease.
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