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Background: Chromosomal imbalances are a major cause of developmental defects as well as cancer and
often constitute the key in identification of novel disease related genes. Classical cytogenetic methods are
limited in resolution and dependent on highly skilled labour, while methods with higher resolution, based
on molecular cytogenetics approaches such as matrix CGH, are not widely available.
Methods: We have developed and evaluated a method we term ‘‘molecular karyotyping’’, using readily
available and easy to handle oligonucleotide arrays originally designed for parallel genomewide analysis
of over 10 000 SNPs. We show that we can easily and reliably detect unbalanced chromosomal
aberrations of various sizes from as little as 250 ng of DNA on a single microarray, based on fluorescence
intensity information from clusters of SNPs.
Results: We determined the resolution of this method through analysis of 20 trios with 21 previously
confirmed subtle aberrations sizing between 0.2 and 13 Mb. Duplications and deletions of at least 5 Mb
in size were reliably detectable, but detection of smaller aberrations was dependent on the number of
SNPs they contained, thus seven of 10 different deletions analysed, with sizes ranging from 0.2 to 3.7 Mb,
were not detectable due to insufficient SNP densitiy in the respective region.
Conclusions: Deduction of reliable cut off levels for array peaks in our series of well characterised patients
allows the use of the GeneChip Mapping 10K SNP array for performing rapid molecular karyotyping from
small amounts of DNA for the detection of even subtle deletions and duplications with high sensitivity and
specificity.

hromosomal imbalances are a major cause of developmental defects and of cancer, and are often key to
identification of novel disease related genes. However,
the detection of smaller deletions or duplications is hampered
by the limited resolution of conventional karyotyping. To
overcome these limits, efforts have been made in recent
years to develop screening methods with different techniques such as fluorescent in situ hybridisation (FISH)1, loss
of heterozygosity (LOH) analysis with microsatellite markers,2 multiplex amplifiable probe hybridisation,3 or multiplex ligation dependent probe amplification.4 Because these
methods are labour intensive, they are mostly restricted to
subtelomeric regions, in which the high gene content and
recombination rate promises a significant rate of aberrations.
Although matrix comparative genomic hybridisation (CGH)
on probe arrays has recently been shown to have the
potential to detect trisomies as well as subtle aberrations
not visible by standard techniques, high resolution arrays
are not widely available.5–9 The readily available GeneChip
Mapping 10K SNP array was recently shown to allow detection of homozygous deletions, amplifications, and copy
number reductions of regions >10 Mb in polyploid cells
from tumour cell lines, using genotypes in combination with
copy number information from hybridisation intensities.10
Although single SNP resolution can be obtained in tumours
with SNPs that are homozygously deleted or amplified
greater than approximately fivefold, germline deletions and
duplications are more difficult to detect with high statistical
confidence, owing to their 1:2 and 2:3 ratios, respectively.
Therefore, we evaluated if the GeneChip Mapping 10K array
could also be used for high resolution karyotyping of
germline aberrations, by blindly analysing 20 individuals
with 21 previously characterised subtle aberrations and
their parents.
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MATERIAL AND METHODS
Patients
DNA from 20 patients with well characterised multiple congenital anomalies–mental retardation syndromes (such as
Angelman, ATR-16, DiGeorge, Leri-Weill, Miller-Dieker,
Mowat-Wilson, Smith-Magenis, Williams-Beuren, and WolfHirschhorn syndromes), harbouring 17 cryptic chromosomal
deletions, one double deletion (patient P20), one unbalanced
translocation (patient P5), and one monogenic disorder (patient
P6, negative control), and from their parents was extracted from
peripheral blood via a standard salt precipitation method. All
patients had at least one normal routine karyotyping. Six
deletions were detected by an experienced cytogeneticist (UT)
via conventional chromosomal analysis at approximately 500
bands resolution, while 10 deletions were only demonstrated by
specific FISH analysis after clinical suspicion. Two deletions and
one unbalanced reciprocal translocation were identified by
FISH screening of subtelomeric regions using the new generation panel as described by Knight et al.11 Larger deletions
were approximately sized via high resolution GTG banding,
while smaller deletion sizes were determined by FISH with
locus specific probes and microsatellite markers as described
elsewhere for deletions 1p36.3,12 2q22,13 4p16.3,14 5q35.3,15
7q11.23,16 and 22q11.217 (table 1). To avoid biasing of results,
we included all available families with different microaberrations who gave their consent to participate, without selection
for SNP coverage of respective sites of deletion or duplication.
Quantitative PCR was performed with an TaqMan assay as
described earlier.18

METHODS
Chip hybridisation
We prepared the samples for chip hybridisation according
to the manufacturer’s instructions (Affymetrix Inc., Santa
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Patient

Aberration

Detection
method

Position (M)

SNP content
Del size
(M)
EA 10K
M 10K

P11
P1
P9
P14
P19
P17
P20a
P15
P5a
P13
P4
P16
P10
P2
P20b
P12
P18
P7
P8
P3
P5b

del(15)(q26.1)
del(2)(q37.1)
del(2)(q22q22)
del(7)(q36.1)
del(2)(q33.3q35)
del(X)(p22.31)
del(15)(q11.2q13)
del(15)(q11.2q13)
del(10)(q26.3)
del(17)(p11.2p11.2)
del(5)(q35.3)
del(17)(p13.3)
del(1)(p36.3)
del(22)(q11.2q11.2)
del(22)(q11.2q11.2)
del(4)(p16.3)
del(7)(q11.23q11.23)
del(16)(p16.3)
del(22)(q11.2q11.2)
del(4)(p16.3)
dup(22)(q13.3)

HRK
HRK
FISH
HRK
HRK
FISH
HRK
HRK
ST
HRK
ST
FISH
FISH
FISH
FISH
FISH
FISH
ST
FISH
FISH
ST

87/89–100
231/232–243
142.4–153.8
147–158
205/207–216/220
0–7.5
,19–26
,19–26
130–135
17–20.7
177.5–181
0–3.5
0–3
17–20
17–20
0–2.3
72.1–74.0
0–1.7
21.3–21.9
1.88–2.05
44–49

,13
,12
11.4
,11
,10
7.5
,7
,7
5.0
3.7
3.5
3.5
3.0
3.0
3.0
2.3
1.9
1.7
0.6
0.19
5.0

53
18
30
27
39
01
16
16
14
11
31
21
01
51
51
01
01
01
01
01
4–5

.58
20
38
31
.50
9
.30
.30
14
2
4
21
1
6
6
3
0
0
0
1
9`

100K*
.402
.130
563
319
.576
.107
.173
.173
.73
32
71
49
16
39
39
22
9
7–8
16
2
112**

HRK, high resolution karyotyping, confirmed by FISH analysis; FISH, specific fluorescence in situ hybridisation
analysis with single copy locus probes after clinical suspicion; ST, subtelomere FISH screening. *SNP content
estimated from pre-release information, which might differ from the finally available array; deletions tested and
identified with the EA or Mapping 10K array; `duplication tested and identified with the Mapping 10K Chip;
1aberrations tested and found to be not identifiable with the Early Access (EA) or GeneChip Mapping (M) 10K
array, patient not tested with EA or Mapping 10K array, but deletion or duplication expected to be identifiable
due to its SNP content; **patient not tested with the Mapping 10K Chip, but deletion or duplication expected to be
identifiable due to its SNP content.

Clara, CA, USA), using 250 ng DNA of each proband. We
used the GeneChip Scanner 3000 (Affymetrix Inc.) for
reading the hybridisation signals and analysed the data
using the GDAS program (version 2.0; Affymetrix Inc.).
In this study we initially used a pre-commercial release
version (Early Access; EA) of the GeneChip Mapping 10K
Array, and repeated some experiments with the commercial
GeneChip Mapping 10K Array.19 From the 10 043 SNPs on
the EA array, 9684 were autosomal, 178 were X linked, and
there was no unambiguous physical position available for
181. The physical map used was based on NCBI build 33
(April 2003). Of the 11 555 SNPs on the GeneChipTM
Mapping 10 K Array, 301 SNPs were X linked and 360 were
not physically mapped in NCBI build 34. The SNP annotation
files (available on http://www.affymetrix.com), include the
genetic positions of the SNPs related to the deCODE,
Marshfield, and SLIM1 maps.
Quality control of genotyping data
The correct relationships in families (parent/offspring) were
checked by the program GRR (Graphical Relationship
Representation),20 which used 9684 autosomal markers from
the 10 043 SNPs and calculated the identity by state mean
and SD for each pair in the sample set. Unrelated individuals,
monozygotic twins, sibling pairs, and parent/offspring
relationships could be easily distinguished from each other
and also from half siblings, grandparent/grandchild, uncle/
nephew, and other relationships, which show overlapping
clusters. Mendelian segregation errors were detected using
PedCheck.21
Statistical analysis
For each region, physical and genetic length and the number
of ME were determined. Changes in DNA copy number and
contiguous point analysis (CPA) p values were estimated for

8941 SNPs common to both the EA array and the
GeneChipTM Mapping 10K array using the method developed
by Huang.22 Chromosome copy number analysis jointly uses
the perfect match (PM) intensity and the discrimination ratio
(PM-MM/PM+MM) to estimate copy number and to assign a
probability to the reliability of the observation. For each SNP
and its genotype (AA, AB, BB) the log average intensity
follows a Gaussian distribution. Mean and variance of this
distribution were estimated from a set of normal reference
samples. Each test sample was compared with the distribution of the female reference set sample to obtain the
is assumed
significance. As the individual test statistic
to have a standard Gaussian distribution and SNPs are
assumed to be independent, the equation for any given
stretch in the genome starting at point m and ending at point
n, is:

This score
can be converted to a probability, which is
called the CPA p value. A candidate stretch is defined starting
at point m and ending at point n as:

The starting point is from the beginning of the chromosome, and a search is performed for such candidate stretches
until the end of the chromosome. CPA assumes that the
greater the number of consecutive SNPs displaying the same
type of alteration (gain or loss), the greater the confidence in
the significance of the changes.
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Table 1 Summary of investigated aberrations with reference to respective deletion size
and SNP content, and estimation of 100K array sensitivity deduced from its SNP coverage
and extrapolation of 10K results
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RESULTS
Mendelian errors
Initially, we evaluated whether Mendelian inheritance errors
(ME) in parent/offspring trios would be indicative of
chromosomal aberrations. Therefore, we analysed genotypes
of parents and patients from individual array hybridisation
experiments for apparent MEs. Isolated ME events within
stretches of homozygosity were common, occurring at an
average of 8.1 per patient with a range of 2–13, but coincided
with the disease related region in only one patient (P5)
(fig 1A). Likewise, only two of eight homozygous regions
with two ME identified the disease related deletion site (P1
and P20), while four stretches of homozygosity with at least
three ME each correctly identified the disease related deletion
(P9, P11, P14, and P19). In addition, we found a region
where exactly the same three adjacent SNPs showed ME in
two patients (P12 and P19). This region contains no known

Figure 1 Detection of
microaberrations by Mendelian
segregation errors (ME) in extended
homozygous regions. (A) Overview of
numbers of stretches of homozygosity
with 1–7 ME per patient (P1–P20). *,
Sites with known deletion; !, site with
newly discovered deletion. (B)
Genotyping data of the 8q24.23 region
with three ME in one stretch of
homozygosity in trios 12 and 19 (F,
father, M, mother, P, patient). Paternal
genotypes are blue, maternal red;
homozygous region in patients are
yellow. Red bar on the right side
represents location of BAC clone RP11356M23, showing only a very faint red
fluorescent signal on one homologue of
chromosome 8 by FISH analyses in
patients P12 and P19 (arrows), thus
demonstrating a true hemizygous
deletion of most parts of the BAC clone
used. A subtelomeric green labelled 8p
BAC was cohybridised as control. Black
bars represent flanking BACs RP11354A3 and RP11-356M23, revealing
normal signals on both chromosomes
(data not shown).
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Visualisation of data
The Chromosome Copy Number Tool (http://www.affymetrix.
com/support/developer/tools/affytools.affx) calculates the copy
number, LOH, and p values for either single SNPs or CPA p
value for neighbouring SNPs in which copy number is either
higher or lower than 2. The results can be plotted for each
chromosome separately. For a quick whole genome view of the
copy numbers, CPA p values, genotype calls (homozygote,
heterozygote, or no call), and ME, we wrote a Perl/TK script
(available from FR upon request). Copy numbers .2 are plotted
with green bars, copy numbers ,2 are represented by red bars.
Log10 CPA p values corresponding to an amplification are
plotted positively with green bars and corresponding to LOH
are plotted negatively with red bars. Mendelian errors are
plotted by diamonds. Genotype calls are plotted by dots
corresponding to homozygote (pink), heterozygote (blue), and
no calls (brown).

Rauch, Rü schendorf, Huang, et al

Molecular karyotyping using an SNP array

Copy number and contiguous point analysis
We investigated variation in fluorescence intensity of single
SNP hybridisations of individual patients compared with a
reference set derived from a control panel of about 100
healthy individuals. We used this information to calculate a
copy number value for each SNP. However, when scoring was
performed unaware of the patient’s karyotype, we were
unable to distinguish between general background noise and
areas of true deletions or duplications (fig 2A). To improve
discrimination, we introduced a statistical approach, CPA,
which uses intensity information from neighbouring SNPs to
assign a probability to the reliability of each copy number
observation (fig 2B,C). On the initially used pre-commercial
EA arrays we observed CPA p values of +20 to 220 log10, but
mostly within a range of ¡10. In eight patients we observed

Figure 2 Display of genomewide genotypes and respective copy
numbers (A) and amplified view of chromosome 15 copy numbers (B)
and contiguous point analysis (CPA) p values (C) in patient P15 as
obtained by hybridisation of a pre-commercial early access array.
Genotype calls are plotted by dots corresponding to homozygote (pink),
heterozygote (blue), and no calls (brown) in lower part of panels.
Although genomewide copy numbers were inconclusive, CPA p values
revealed a deletion on chromosome 15 (arrows).

a single site of adjacent SNPs with a CPA p value of 220,
encompassing between 14 and 53 SNPs, each indicating the
known deletion site (table 1). A total of five smaller deletions
ranging between 3 and 3.7 Mb could not be identified with
the EA array because their CPA p values were indistinguishable from background. These areas were less well covered by
SNPs, with 1–5 SNPs/deletion, respectively. In addition,
seven deletions were undetectable owing to lack of any
SNP within the respective deletion site. With reference to
duplications, we observed positive CPA p values of 5–20 on
average 3.35 times per patient (range 0–14). These sites,
however, did not include the known duplication site, which
was not distinguishable from background with the EA 10K
chip.
As the commercially released GeneChip Mapping 10K
array had improved SNP coverage and better signal to noise
ratio, we reanalysed six patients (P2, P4, P5, P12, P16, and
P17) to investigate whether we could detect the aberrations
with the new array. Performance of this array was indeed
much better, with common CPA p values of ¡5 and only 1–4
clusters of at least three SNPs per patient exceeding a CPA p
value of ¡8 (table 2, figs 3A,B and 4A). In one patient
showing generally lower CPA p values (¡3) we observed
only one cluster of four SNPs with a CPA p value .5. Clusters
of more than three SNPs with a CPA p value of >8 in
hybridisations with generally higher values and with a CPA

Figure 3 Genomewide CPA p values revealed with the GeneChipTM
Mapping 10K array in patients P5 and P17. Only peaks containing three
or more SNPs were considered true signals. (A) Genomewide plot of
CPA p values correctly identified disease related deletion on
chromosome 10 and a duplication on chromosome 22 in patient P5. In
contrast to the true signals, the peak on chromosome 4 was not
reproducible by a repeat hybridisation. (B) Genomewide plot of CPA p
values correctly revealing significant peak for a deletion on the X
chromosome in patient P17 (female). The peak on chromosome 9 was
not considered true, as it was not reproducible and contained two
heterozygous SNPs.
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transcript and lies within chromosomal band 8q24.23
(137.7 Mb, build 34) encompassing rs2256827, rs2256821,
and rs3844033, all contained in BAC clone RP11-356M23
(AC021621.9). To confirm a deletion, we performed metaphase FISH with this and two flanking clones (RP11-354A3,
RP11-610E3) and confirmed a true deletion in both patients
(fig 1B). In both cases, FISH analysis showed that this small
deletion was inherited each from one healthy parent
(paternal in P12 and maternal in P19). Therefore, we
conclude that this is a novel common ,150 kb deletion
polymorphism containing no known genes.
In summary, by analysing ME within stretches of homozygosity and scoring three or more ME as significant, we
would have identified the deletion in only four cases with
deletions >10 Mb. Nevertheless, we identified a previously
unknown common ,150 kb deletion polymorphism in two
patients and one each of their parents.
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Table 2

the reference dataset towards lower intensities, due to
presence of the deletion polymorphism in the control panel
used. Accordingly, the centre SNP, rs2256821, showed good
average hybridisation intensity but dispersed distribution
(data not shown).
Estimation of deletion size
Usually, the size of the aberration was overestimated by the
CPA p value, as this method includes information on
hybridisation intensities from neighbouring SNPs. However,
copy numbers of individual SNPs within a given CPA p value
peak allowed a more precise sizing of an aberration, as
illustrated in fig 4B.

DISCUSSION
We have devised a new method for molecular karyotyping by
hybridisation of small amounts of genomic DNA onto SNP
containing microarrays. Using fluorescence intensity information from clusters of neighboring SNPs (CPA p value
method) to estimate copy number in individual patients
compared with a control panel proved to be an excellent tool
to detect known as well as novel subtle germline aberrations
in patients. The closer the SNPs showing reduced or
increased hybridisation intensities, the more significant the
CPA p value, thus increasing the probability for a true
deletion (monosomy) or duplication (trisomy). Through
investigation of well characterised patients with distinct
phenotypes caused by 21 subtle, previously identified
chromosomal imbalances of variable size, we were able to
delineate sensitivity and specifcity of this method. Based on
blinded analysis of our data we were able to define a peak as
significant when it contained at least three SNPs with a CPA
p value of >8. In hybridisations with generally very low CPA
p values, a cut off level of 5 was similarly conclusive. By using
this definition, CPA p value peaks obtained from single
hybridisations with the GeneChip Mapping 10K SNP array
proved highly sensitive and specific, allowing for detection of
aberrations as small as 700 kb. This exceptional sensitivity,
however, did not apply genomewide, as we found that the
number of SNPs covered by the aberration but not its size is
critical for detection. Thus, while all aberrations of at least
5 Mb could be reliably detected, 7 of 10 different deletions of
0.223.7 Mb in size were unidentifiable, owing to insufficient
SNP coverage. As the 100K SNP array, which will be available
soon, provides a much denser SNP distribution, we estimate
that by using this method, all aberrations in our test panel
would have been detected, with the only exception of one

Overview of peaks revealed with the GeneChip Mapping 10K SNP array

Chromosomal location P2

P4*

2 (77.4–79.5 M)
4 (0–2.1 M)
4 (79.8–80.4 M)
4 (118.8–119.3 M)
5 (145.7–146.0 M)
5 (178.4-TER)
9 (35.5–38.3 M)
10 (131.1–132.6 M)
11 (17.9–18.1 M)
22 (16.6–19.7 M)
22 (43.9–46.4 M)
X (PTER-7.5 M)

N
N
N
N
N
N
N
20 (4x)
N
210.4 (5x)1
25.2 (4x) N
N
N
N
220 (12x)
N
N
N
N
N
20 (12x)`
N
N

N
N
N
N
N
N
N
N
N
28.6 (6x)
N
Male (220)

P5

P12

P16

P17

20 (10x)
210.3 (3x)
N
N
N
N
N
N
28.7 (4x)
N
N
N

N
N
220 (9x)
N
N
N
N
N
N
N
N
Male (220)

N
N
N
N
N
N
28.8 (5x) het
N
N
N
N
211.7 (9x)

Peaks were defined as a minimum of three contiguous SNPs with a CPA p value of at least ¡8. *Hybridisation with
generally low signal intensity showing only one site with four contiguous SNPs with a CPA p value of (25. Peak
values correctly identified as significant peaks: deletion, `duplication; 1reproducible peak considered not disease
related, because it was mainly produced by a very low copy number of a single SNP within a region without known
genes; false positive peaks, not confirmed by either repeat hybridisation, quantitative PCR or FISH. N, normal;
het, peak not considered because two SNPs within the peak region were heterozygous (peak also not
reproducible). Number of SNPs showing respective CPA p value are shown in parentheses.
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p value of >5 in hybridisations with lower values were
therefore defined as ‘‘peaks’’. By this definition we received a
total of 12 peaks; nine suggesting a deletion and three a
duplication. Six of these 12 peaks encompass the disease
related aberrations (five deletions and one duplication).
To test the reliability of the unexplained peaks we repeated
two hybridisations (P5 and P17). Two of the three unexpected peaks were not reproducible in these repeat experiments (P5, chromosome 4; P17, chromosome 9). In addition,
one of these deletion peaks (P17, chromosome 9) had two
heterozygous SNPs well within the peak region (data not
shown). One duplication peak was investigated by quantitative PCR (P12, chromosome 2) and showed normal copy
number results. A further deletion peak (P12, chromosome
11) was investigated using FISH, which showed also normal
copy numbers. Thus, we considered these to be false
positives. One unexplained peak in patient P5 (chromosome
5), although reproducible, was mainly produced by a single
SNP with a very low copy number within a region without
known genes, and were thus considered unlikely to be
disease related and was not investigated further (table 2).
The remaining peak disclosed a previously unknown deletion
of about 700 kb in patient P16, which was confirmed by
metaphase FISH with several BAC clones (fig 4A,B). This
deletion contains two known genes of unknown function
(PACR3 and BMP2K) and a pseudogene (GK2). However, as
this deletion was inherited from the patient’s healthy father,
we regard it as a deletion polymorphism. Thus, using this
peak definition, we could correctly identify all subtle
deletions and duplications covered by at least three SNPs
(table 1) and two presumed or confirmed deletion polymorphisms, while only four peaks proved to be false positives
(table 2).
Sensitivity was not only dependent on size of aberration
but on SNP content. While the known 3.5 Mb deletion on
chromosome 17 in patient P16, covered by only two SNPs,
was not identifiable (CPA p = 21.3), a previously unknown
deletion of about 700 kb containing six adjacent SNPs within
300 kb (CPA p = 220 in 9 SNPs) on chromosome 4q21.23
was readily detected (fig 4A). It is noteworthy that the
common deletion polymorphism on chromosome 8 identified
through ME analysis, although showing relatively negative
CPA p values in deleted individuals (EA array: deleted P12
(27.2), deleted F12 (28.7), M12 (3.1), deleted P19 (24.9),
deleted M19 (26.3), F19 (20.3)), generally did not reach
significance level according to our definition. This could be
explained by skewing of the hybridisation intensity values in

Molecular karyotyping using an SNP array

numbers. This difference is probably due to the fact that our
method compares test DNA against normal data derived from
a control panel of about 100 individuals, while CGH based
methods use only single individuals co-hybridised with the
test DNA. This broad reference panel has the added
advantage that common deletion polymorphisms, such as
the one we detected through analysis of Mendelian inheritance errors in patients P12 and P19, are filtered out, as
evidenced by insignificant CPA p values in this region. Thus
this approach reduces the number of signals unrelated to
disease, reducing the effort required for validation of
potentially significant peaks with other methods. A further
advantage of our method is that some of the false positive
signals can be easily identified without further experiments,
because of the genotype information available with the same
experiment.
Nevertheless, not every true signal in our patients corresponded to disease related aberrations. The high sensitivity of
this method still allows detection of less frequent genomic
Figure 4 Identification of a previously
unknown 0.7 Mb deletion
polymorphism in patient P16 by
GeneChip Mapping 10K array. (A)
Genomewide display of CPA p values
clearly reveals male sex (monosomy X)
as well as a new deletion polymorphism
on chromosome 4 at 80 Mb. (B) Left
panel: scheme of deleted region
illustrating that the copy numbers (Cno)
within a CPA value peak give a better
deletion size estimate than the number
of SNPs with a significant CPA value.
Black bars represent genes, circles and
rectangles represent SNPs (yellow
circles, CPA p = 0.3–0.5; red circles,
CPA p = 220; yellow rectangles, copy
number value .1.4; red rectangles,
copy number value ,1.2), yellow and
red bars represent BACs from the RP11
library (yellow, normal signal on both
chromosomes 4; red, deletion on one
chromosome 4; yellow/red,
significantly reduced signal on one
chromosome 4). Right panel:
representative FISH result confirming
newly discovered deletion
polymorphism on chromosome 4. Note
significantly reduced signal of the red
labelled BAC probe RP11-109G23 on
one homologue of chromosome 4
(arrow) confirming a deletion in
4q21.23 in patient P16, which was
inherited from his father (data not
shown). Remaining tiny signal indicates
partial deletion of the BAC used. A
subtelomeric green labelled 4p BAC
was cohybridised as control.
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very small deletion (192 kb) in a region of relatively low SNP
density (table 1). However, as studies to detect subtelomeric
aberrations have shown that the average size of aberrations
undetected by routine karyotyping is about 10 Mb, with 15%
of rearrangements ,1 Mb and 15% .20 Mb,23 molecular
karyotyping with the GeneChip Mapping 10 K array already
exceeeds both conventional karyotyping and high resolution
metaphase CGH methods.24
For large scale use of molecular karyotyping, specificity of
peaks has to be high, to minimise the workload necessary to
confirm results by alternative methods. This prerequisite is
fulfilled with our molecular karyotyping approach using our
peak definition, as it resulted in an average of only 0.5 false
positive signals per patient with a single hybridisation. In
contrast, the only matrix CGH array for which specificity has
been investigated produced an average of six false positive
signals per proband with a single hybridisation and 0.1 with
two hybridisations.8 Therefore, each patient required two
hybridisations with different control samples to reduce peak
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Humboldt University, Berlin, Germany
Research funding for J Huang and K Jones was provided by Affymetrix,
Inc.

REFERENCES
1 Knight SJ, Horsley SW, Regan R, Lawrie NM, Maher EJ, Cardy DL, Flint J,
Kearney L. Development and clinical application of an innovative fluorescence
in situ hybridization technique which detects submicroscopic rearrangements
involving telomeres. Eur J Hum Genet 1997;5:1–8.
2 Wilkie AO. Detection of cryptic chromosomal abnormalities in unexplained
mental retardation: a general strategy using hypervariable subtelomeric DNA
polymorphisms. Am J Hum Genet 1993;53:688–701.
3 Hollox EJ, Atia T, Cross G, Parkin T, Armour JA. High throughput screening of
human subtelomeric DNA for copy number changes using multiplex
amplifiable probe hybridisation (MAPH). J Med Genet 2002;39:790–5.
4 Rooms L, Reyniers E, van Luijk R, Scheers S, Wauters J, Ceulemans B, Van Den
Ende J, Van Bever Y, Kooy RF. Subtelomeric deletions detected in patients with
idiopathic mental retardation using multiplex ligation-dependent probe
amplification (MLPA). Hum Mutat 2004;23:17–21.
5 Veltman JA, Schoenmakers EF, Eussen BH, Janssen I, Merkx G, van Cleef B,
van Ravenswaaij CM, Brunner HG, Smeets D, van Kessel AG. Highthroughput analysis of subtelomeric chromosome rearrangements by use of
array-based comparative genomic hybridization. Am J Hum Genet
2002;70:1269–76.

www.jmedgenet.com

6 Pinkel D, Segraves R, Sudar D, Clark S, Poole I, Kowbel D, Collins C, Kuo WL,
Chen C, Zhai Y, Dairkee SH, Ljung BM, Gray JW, Albertson DG. High
resolution analysis of DNA copy number variation using comparative genomic
hybridization to microarrays. Nat Genet 1998;20:207–11.
7 I Ishkanian AS, Malloff CA, Watson SK, DeLeeuw RJ, Chi B, Coe BP,
Snijders A, Albertson DG, Pinkel D, Marra MA, Ling V, MacAulay C, Lam WL.
A tiling resolution DNA microarray with complete coverage of the human
genome. Nat Genet 2004;36:299–303.
8 Vissers LE, de Vries BB, Osoegawa K, Janssen IM, Feuth T, Choy CO,
Straatman H, van der Vliet W, Huys EH, van Rijk A, Smeets D, van
Ravenswaaij-Arts CM, Knoers NV, van der Burgt I, de Jong PJ, Brunner HG,
van Kessel AG, Schoenmakers EF, Veltman JA. Array-based comparative
genomic hybridization for the genomewide detection of submicroscopic
chromosomal abnormalities. Am J Hum Genet 2003;73:1261–70.
9 Lucito R, Healy J, Alexander J, Reiner A, Esposito D, Chi M, Rodgers L,
Brady A, Sebat J, Troge J, West JA, Rostan S, Nguyen KC, Powers S, Ye KQ,
Olshen A, Venkatraman E, Norton L, Wigler M. Representational
oligonucleotide microarray analysis: a high-resolution method to detect
genome copy number variation. Genome Res 2003;13:2291–305.
10 Bignell GR, Huang J, Greshock J, Watt S, Butler A, West S, Grigorova M,
Jones KW, Wei W, Stratton MR, Futreal PA, Weber B, Shapero MH,
Wooster R. High-resolution analysis of DNA copy number using
oligonucleotide microarrays. Genome Res 2004;14:287–95.
11 Knight SJ, Lese CM, Precht KS, Kuc J, Ning Y, Lucas S, Regan R, Brenan M,
Nicod A, Lawrie NM, Cardy DL, Nguyen H, Hudson TJ, Riethman HC,
Ledbetter DH, Flint J. An optimized set of human telomere clones for
studying telomere integrity and architecture. Am J Hum Genet
2000;67:320–32.
12 Zenker M, Rittinger O, Grosse KP, Speicher MR, Kraus J, Rauch A,
Trautmann U. Monosomy 1p36—a recently delineated, clinically
recognizable syndrome. Clin Dysmorphol 2002;11:43–8.
13 Zweier C, Temple IK, Beemer F, Zackai E, Lerman-Sagie T, Weschke B,
Anderson CE, Rauch A. Characterisation of deletions of the ZFHX1B region
and genotype-phenotype analysis in Mowat-Wilson syndrome. J Med Genet
2003;40:601–5.
14 Rauch A, Schellmoser S, Kraus C, Dorr HG, Trautmann U, Altherr MR,
Pfeiffer RA, Reis A. First known microdeletion within the Wolf-Hirschhorn
syndrome critical region refines genotype-phenotype correlation. Am J Med
Genet 2001;99:338–42.
15 Rauch A, Beese M, Mayatepek E, Dorr HG, Wenzel D, Reis A, Trautmann U.
A novel 5q35.3 subtelomeric deletion syndrome. Am J Med Genet
2003;121A:1–8.
16 Heller R, Rauch A, Luttgen S, Schroder B, Winterpacht A. Partial deletion of
the critical 1.5 Mb interval in Williams-Beuren syndrome. J Med Genet
2003;40:e99.
17 Rauch A, Hofbeck M, Cesnjevar R, Koch A, Rauch R, Buheitel G, Singer H,
Weyand M. Search for somatic 22q11.2 deletions in patients with conotruncal
heart defects. Am J Med Genet 2004;124A:165–9.
18 Thiel CT, Kraus C, Rauch A, Ekici AB, Rautenstrauss B, Reis A. A new
quantitative PCR multiplex assay for rapid analysis of chromosome 17p11.2–
12 duplications and deletions leading to HMSN/HNPP. Eur J Hum Genet
2003;11:170–8.
19 Matsuzaki H, Loi H, Dong S, Tsai YY, Fang J, Law J, Di X, Liu WM, Yang G,
Liu G, Huang J, Kennedy GC, Ryder TB, Marcus GA, Walsh PS, Shriver MD,
Puck JM, Jones KW, Mei R. Parallel genotyping of over 10,000 SNPs using a
one-primer assay on a high-density oligonucleotide array. Genome Res
2004;14:414–25.
20 Abecasis GR, Cherny SS, Cookson WO, Cardon L. GRR: graphical
representation of relationship errors. Bioinformatics 2001;17:742–3.
21 O’Connell JR, Weeks DE. PedCheck: a program for identification of genotype
incompatibilities in linkage analysis. Am J Hum Genet 1998;63:259–66.
22 Huang J, Wei W, Zhang J, et al. Whole genome DNA copy number changes
identified by high density oligonucleotide arrays. Hum Genomics
2004;1:287–99.
23 Flint J, Knight S. The use of telomere probes to investigate submicroscopic
rearrangements associated with mental retardation. Curr Opin Genet Dev
2003;13:310–16.
24 Schoumans J, Nielsen K, Jeppesen I, Anderlid BM, Blennow E, BrondumNielsen K, Nordenskjold M. A comparison of different metaphase CGH
methods for the detection of cryptic chromosome aberrations of defined size.
Eur J Hum Genet 2004;12:447–54.

J Med Genet: first published as 10.1136/jmg.2004.022855 on 9 December 2004. Downloaded from http://jmg.bmj.com/ on August 7, 2022 by guest. Protected by copyright.

polymorphisms not commonly represented in the control panel.
We detected a hitherto unknown 0.7 Mb deletion containing
two known genes in patient P16. As this deletion was inherited
from his healthy father, we conclude that it is unrelated to any
malformation or mental retardation, at least in the heterozygote
condition. We anticipate that this method will allow the
identification of further genomic regions that show no
haploinsufficiency but that may nevertheless contribute to
human pathology when both copies are deleted.
In summary, we have produced a reliable method to
perform molecular karyotyping with high sensitivity and
specificity, which can be easily used by many laboratories
worldwide. This is not only an important prerequisite of a
screening tool for detection of novel disease related structural
defects or single gene disorders, but also for its use in routine
karyotyping when testing material is limited or when speed
of analysis is essential. Finally, array hybridisation techniques such as this have vast potential for automation. We thus
envision that this procedure may revolutionise both research
and diagnostics of genomic disorders.
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