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Abstract

We have systematically compared copy number variant (CNV) detection on eleven microarrays to
evaluate data quality and CNV calling, reproducibility, concordance across array platforms and
laboratory sites, breakpoint accuracy and analysis tool variability. Different analytic tools applied
to the same raw data typically yield CNV calls with <50% concordance. Moreover, reproducibility
in replicate experiments is <70% for most platforms. Nevertheless, these findings should not
preclude detection of large CNVs for clinical diagnostic purposes because large CNVs with poor
reproducibility are found primarily in complex genomic regions and would typically be removed
by standard clinical data curation. The striking differences between CNV calls from different
platforms and analytic tools highlight the importance of careful assessment of experimental design
in discovery and association studies and of strict data curation and filtering in diagnostics. The
CNV resource presented here allows independent data evaluation and provides a means to
benchmark new algorithms.
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Genomes of healthy individuals vary substantially with respect to structural genomic
variation, of which CNVs represent the largest component!=4. The number of identified
CNVs has increased dramatically as the resolution of detection technologies has improved,
and there are now >15,000 CNV regions reported in the Database of Genomic Variants
(DGV, http://projects.tcag.ca/variation/)1> Detection of CNVs has become a discipline to
itself, and an important part of genetic studies of disease susceptibility, including cancer
research®-8, clinical diagnostics®19 and analysis of data from genome-wide association
studies1~14, A recent industry report estimates that in 2010, microarray-based molecular
diagnostics was a >$100 million market, primarily representing DNA-based arrays!®.
Although many methods, including DNA sequencing, can be used for CNV
identification16:17 microarray screening remains the primary strategy used in clinical
diagnostics and is expected to be the main approach for several years to comel8,

The two main types of microarrays used for CNV detection are comparative genomic
hybridization (CGH) arrays!® and single nucleotide polymorphism (SNP) arrays2°. Multiple
commercial arrays, with ever-increasing resolution, have been released in the last few years.
However, the lack of standardized reporting of CNVs and of standardized reference samples
make comparison of results from different CNV discovery efforts problematic?!. The
multitude of array types with different genome coverage and resolution further complicate
interpretation. Studies that have targeted the same subjects, using standard DNA collections
such as the HapMap?2, have yielded results with minimal overlap?11.23-25. CNV calls may
also differ substantially depending on the analytic tools employed to identify the
CNVs21.2627 Because of these factors, concerns have been raised regarding the reliability,
consistency and potential application of array-based approaches in both research and clinical
settings28-31,

A number of studies have evaluated CNV detection abilities across microarray
platforms31-38, However, published studies are quickly outdated as new platforms are
introduced, and therefore provide little guidance to array users. The performance of CNV
calling algorithms has also been investigated?6:27:39 put has been analyzed for CGH array
and SNP array data separately without an opportunity to compare the two. This dearth of
information means that we have a limited understanding of the advantages and
disadvantages associated with each platform.

In this study, we perform an exhaustive evaluation of 11 micro-arrays commonly used for
CNV analysis in an attempt to understand the advantages and limitations of each platform
for detecting CNVs. Six well-characterized control samples were tested in triplicate on each
array. Each data set was analyzed with one to five analytic tools, including those
recommended by each array producer. This resulted in >30 independent data sets for each
sample, which we have compared and analyzed. All the raw data and results are made
available to the community, providing an unprecedented reference set for future analysis and
tool development.

We processed six samples in triplicate using 11 different array platforms at one or two
laboratories. Each data set resulting from these experiments was analyzed by one or more
CNV calling algorithms. The DNA samples originate from HapMap lymphoblast cell lines
and were selected based on their inclusion in other large-scale projects and their lack of
previously detected cell line artifacts or large chromosomal aberrations. An overview of the
platforms, laboratories and algorithms is shown in Table 1, with additional details of the
arrays and their coverage in Supplementary Tables 1 and 2 and Supplementary Figure 1.
We assessed the experimental results at three different levels. First, we obtained measures of
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array signal variability based on raw data before CNV calling. Then, the data sets were
analyzed with one or more CNV calling algorithms to determine the number of calls,
between-replicate reproducibility and size distribution. In the third step, we compared the
CNV calls to well-characterized and validated sets of variants, in order to examine the
propensity for false-positive and false-negative calls and to estimate the accuracy of CNV
boundaries.

Measures of array variability and signal-to-noise ratio

Before calling CNVs, we performed analyses on the variability in intensities across the
probes for each array. This way, we could identify outlier experiments for each platform and
also calculate summary measures of variability for the different arrays before CNV calling.
We inspected platform-specific quality control measures including (i) mean, median and s.d.
of log R ratio and B allele frequency for Illumina arrays, (ii) contrast quality control and
median absolute pair-wise differences for Affymetrix arrays and (iii) producer-derived
derivative log, ratio spread for CGH arrays. In addition, measures of variability were
calculated on the raw data for all platforms (Supplementary Methods), including the
derivative log ratio spread and interquartile range (Table 2). The derivative log ratio
spread statistic describes the absolute value of the log, ratio variance from each probe to the
next, averaged over the entire genome. The interquartile range is a measure of the dispersion
of intensities in the center of the distribution, and is therefore less sensitive to outliers. The
variability estimates include both biological and technical variability, but the effect of
biological variability should be small on global statistics.

The different quality measures were highly correlated. The data show a correlation between
probe-length and variability, with longer probes giving less variance in fluorescence
intensity. For the SNP platforms, we observed that besides sample-specific variability,
systematic effects between a sample and the reference can also greatly inflate per-chip
variability estimates, and consequently the ability to make reliable CNV calls. Specifically
for Affymetrix results, we found large differences in quality control values depending on the
baseline reference library used (Supplementary Fig. 2). Based on these results, subsequent
analysis of Affymetrix data from The Centre for Applied Genomics (TCAG) was based on
an internal reference library, whereas analysis of Affymetrix 6.0 data produced at the
Wellcome Trust Sanger Institute (WTSI) was done using the Affymetrix-supplied reference
library (no internal reference was available).

Next, we assessed how well a particular platform can be applied to detect copy number
changes as an indication of the signal-to-noise ratio, by comparing the intensity ratios of
probe-sets randomly selected from a male sample (NA10851) and a female sample
(NA15510) for chromosome 2 versus chromosome X0, based on the assumption of a 2:1
ratio in males compared to females (Supplementary Methods). To estimate the sensitivity
and specificity for each platform, we determined true- and false-positive rates and plotted
the results as receiver operator characteristic (ROC) curves for CGH and SNP arrays
(Supplementary Fig. 3a,b). The area under the curve (AUC) for the ROC analysis for each
array (Table 2) shows a strong correlation with the fluorescence intensity variance as
measured by derivative log, ratio spread and interquartile range. CGH arrays generally show
better signal-to-noise ratios compared to SNP arrays, probably as a consequence of longer
probes on the former platform. Older arrays tend to perform less well than newer arrays
from the same producer, with the exception of CNV focused arrays (lllumina 660W and
Agilent 2X244K) where the large fraction of probes located in regions deviating from a
copy number of two affects the global variance statistic. For all platforms, some
hybridizations were discarded under quality control procedures (Supplementary Methods).
For the Affymetrix 500K platform, experiments performed for the 250K Sty assay failed
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quality control, and we therefore used only results from the 250K Nsp assay for further
analyses.

There are multiple algorithms that can be used for calling CNVs, and many are specific to
certain array types. We decided to perform CNV calling with the algorithms recommended
by each array producer, as well as several additional established methods. In total, 11
different algorithms were used to call CNVs for different subsets of the data (Table 1). The
settings applied for these algorithms reflect parameters typically used in research
laboratories, with a minimum of 5 probes and a minimum size of 1kb to call a CNV (see
Supplementary Methods for settings used for each analysis tool).

The platforms with higher resolution, as well as those specifically designed for detection of
previously annotated CNVs, identified substantially higher numbers of variants compared to
lower resolution arrays. The total set of CNV calls for all platforms and algorithms is given
in Supplementary Table 3. To minimize the effects of outlier data on global statistics, we
created a set of high-confidence CNV calls for each data set, defined as regions with at least
80% reciprocal overlap identified in at least two of the three replicate experiments for each
sample (Supplementary Table 3). The size distribution of high confidence CNVs for each
array and algorithm combination is shown in Figure 1 and Supplementary Figure 4a,b.
Although the number of variants >50 kb is relatively even across platforms, the fraction of
variants 1-50 kb in size for each platform range from >5% for Affymetrix 250K to >95%
for Illumina 660W. As the arrays differ substantially in resolution and in distribution of
probes, it is also relevant to investigate the distribution of probes within the CNV call made
for each platform (Supplementary Fig. 5). This analysis shows that arrays that specifically
target CNVs detected in previous studies (e.g., Illumina 660W) have a very uniform
distribution of number of probes per CNV call compared to arrays such as Illumina 1M and
Affymetrix 6.0. Another aspect of the CNV calls that differ widely between platforms is the
ratio of copy number gains to losses. Certain arrays are very biased toward detection of
deletions, with the Illumina 660W showing the highest ratio of deletions to duplications
(Supplementary Figs. 4 and 5).

We further investigated the overlap between CNVs and genomic features such as genes and
segmental duplications. For platforms with a higher resolution, a lower proportion of CNVs
overlap genes (Supplementary Fig. 6a). This effect is likely because lower-resolution
platforms primarily detect larger CNVs that are more likely to overlap genes owing to their
size (Supplementary Fig. 6b). These results indicate that higher resolution platforms more
accurately capture the true proportion of genic CNVs. A similar effect is seen for segmental
duplications (SegDups; Supplementary Fig. 7).

Between-replicate CNV reproducibility

The experiments were performed in triplicate for each sample, allowing us to analyze the
reproducibility in CNV calling between replicates. A CNV call was considered replicated if
there was a reciprocal overlap of at least 80% between CNVSs in a pair-wise comparison.
Reproducibility was measured by calculating the sample level Jaccard similarity coefficient,
defined as the number of replicated calls divided by the total number of nonredundant CNV
calls. We first investigated these parameters across the full size range, including all CNVs
>1 kb and with a minimum of five probes, representing cut-offs typically used in research
projects. The summary data of call reproducibility and the number of calls for each platform
and algorithm combination are shown in Figures 2a,b for high-resolution platforms and
Supplementary Figure 8a for lower resolution platforms. The reproducibility is found to be
<70% for most platform and algorithm combinations. In general, the most recently released
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arrays perform better, resulting in more CNV calls reproducibly obtained between replicates.
Of the CGH arrays, the Agilent (2 x 244K) platform produced the largest number of CNV
calls (an average of 377 and 387 calls per individual for the TCAG and WTSI sites,
respectively, using the ADM-2 algorithm, Fig. 2b) with a con-comitant high percentage of
CNV calls that were reproducible (67% and 62% for the two sites, respectively, Fig. 2a). For
SNP arrays, the largest number of CNVs was called for the new CNV-focused Illumina
arrays (an average of 263 and 240 calls per individual for Illumina 660W and OMNI,
respectively, for the site showing the highest replicate reproducibility). In terms of
reproducibility, the Affymetrix 6.0 and the three newest Illumina arrays (1M, 660W and
OMNI) showed very similar values, around 80%, when analyzed with the best performing
algorithms.

We observed that the variability in CNV calls was larger when using different CNV calling
algorithms on the same raw data, compared to when the same algorithm is used on the data
from different laboratories (Supplementary Figs. 8b,c). We find that results originating
from different laboratories tend to cluster together, indicating that the site where the
experiment was performed has less effect on resulting data than the choice of platform or
algorithm. Interlaboratory variability correlates with reproducibility, and platforms
exhibiting high reproducibility in replicates also seem more robust to interlaboratory
variability. The exceptions to this are the Affymetrix arrays, where CNV calls are highly
dependent on the reference data set used for analysis. We observe that the sample-level
concordance of CNV calls between any combinations of two algorithms is typically 25-50%
within a platform, and even lower for comparisons across platforms (Supplementary Fig.
9a). Larger CNVs would be expected to show higher concordance and we therefore divided
the data into CNVs of 1-50 kb and variants >50 kb. Although we see improvement, the
degree of concordance between platforms rarely exceeds 75% (Supplementary Fig. 9b,c).

Although detection of variants in the 1-50 kb range is important for research and discovery
projects, clinical laboratories generally remove or disregard smaller variants. To address the
question of reproducibility across different size ranges, all CNVs were divided into size
bins, and the replicate reproducibility was analyzed in each bin. We performed this analysis
separately for the different algorithms, platforms and sites (Supplementary Table 4a—c,
respectively). Contrary to our expectations, we found that reproducibility is generally similar
for large and small CNVs. We note that the reproducibility of large CNV calls is
disproportionally affected by genome complexity as they tend to overlap SegDups to a
larger extent than small CNVs: 55% of nonreplicated large calls (>200 kb) have at least 50%
overlap with SegDups, compared to 4% for small calls (1-10 kb) (Supplementary Table 5).
SegDups tend to complicate probe design, suffer from low probe coverage and cross-
hybridization, and they are therefore often refractory to CNV detection using array-based
techniques. Indeed, CNVs overlapping SegDups generally have fewer probes supporting
them (Supplementary Fig. 7) and their reproducibility is lower compared to CNVs in
unique sequence. Another contributing factor influencing the reproducibility of large CNVs
is call fragmentation, that is, a single CNV is detected as multiple smaller variants. After
lowering the minimum overlap required for a call to be considered replicated from 80% to
any overlap, the reproducibility of large calls increases (Supplementary Table 4). Taken
together, these factors likely offset the benefit of the increased number of probes in larger
CNVs for call reproducibility.

We further investigated to what extent the different platforms detect CNVs >50 kb. Results
of each platform were compared at the sample level, one platform at a time, to all variants
>50 kb that were identified by the other platforms. We also performed the same comparison
to variants detected by at least two other platforms (Supplementary Table 6). The results of
the latter analysis show that the fraction of calls missed by each platform (of the regions
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detected by at least two other arrays), ranges from 15% for Agilent 2x244K to ~73-77% for
Illumina SNP arrays. These differences between platforms may to some extent be explained
by overlap with SegDups. The Agilent 2x244K data set has a larger fraction of calls >50 kb
as well as a larger fraction of calls overlapping SegDups, compared to results from the
[llumina SNP arrays. Indeed, we find that 80-85% of such missing Illumina calls overlap
with SegDups (Supplementary Methods). We also find that many of the calls missed by
SNP arrays but detected by CGH arrays are duplications. We ascribe this effect to a
combination of differences in probe coverage and the type of reference used. Whereas SNP
arrays use a population reference, CGH arrays use a single sample reference. The CGH
arrays therefore have greater sensitivity to detect small differences in copy number (e.g.,
four versus five copies).

Comparison to independent CNV data sets

To estimate the accuracy of CNV calls, we compared the variants from each array and
algorithm to existing CNV maps (Fig. 2¢). We used four different “gold standard' data sets
for comparison to minimize potential biases (Supplementary Fig. 10). The first data set is
based on the Database of Genomic Variants (DGV v.9). We downloaded all variants in
DGV and filtered the data to yield a high-quality gold standard data set (Supplementary
Methods). The second data set we used was 8,599 validated CNV calls from a tiling-oligo
CGH array from the Genome Structural Variation consortium!l, The same study also
produced CNV genotype data for 4,978 variants in 450 HapMap samples, including five of
the six samples used in the present study (for sample-level comparisons, see
Supplementary Fig. 11). Finally, we also used data from paired-end mapping based on
fosmid end sequencing®L.

The overlap analysis with these gold standard data sets was performed using the high-
confidence CNV calls for each platform and algorithm combination. CNVs with a reciprocal
overlap of at least 50% with gold standard variants were considered validated (Fig. 2c). For
most platforms, at least 50% of the variants have been previously reported. There is better
overlap with regions previously reported by array studies than regions originating from
sequencing studies, which might be expected as all our CNV data stems from arrays. The
overlap with CNVs identified by fosmid-end sequencing®! is low as most CNVs called in
this work are below the detection limit of the fosmid-based approach . It is important to note
that all samples included in the current study have also been interrogated in other studies
represented in DGV using different platforms. This likely contributes to a higher overlap
than what would be found with previously uncharacterized samples.

Estimation of breakpoint accuracy

Another aspect of CNV accuracy is how well the reported start and end coordinates correlate
with the actual breakpoints, and how reproducible the breakpoint estimates are. To analyze
breakpoints, we first investigated reproducibility in the triplicate experiments. For every
CNV call set generated, we took the regions called in at least two of the three replicate
experiments for each sample and calculated the distance between the breakpoints on the left
and right side of the CNV call, respectively. The distribution of differences in breakpoint
estimates between replicate experiments reflects, in part, the resolution of the platform and
the reproducibility of the data (Fig. 3). To normalize for variable probe density between
platforms, we performed the same analysis based on the number of probes that differed
between replicate CNV calls, and the results are very similar (data not shown). One
observation from these analyses is that there are clear differences between analytic tools
when applied to the same raw data. Algorithms with predefined variant sets (e.g.,
Birdsuite??) and algorithms searching for clustering across samples (such as iPattern3)
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show substantially better reproducibility in breakpoint estimation for common CNVSs than
do algorithms treating each sample as an independent analysis.

In addition to reproducibility, we also sought to measure the accuracy of the breakpoints
called by each platform. To perform this analysis, we used two data sets providing well-
defined breakpoint information. First, we created a data set with nucleotide resolution
breakpoints by combining data from capture and sequencing of CNV breakpoints*3 with
breakpoints collated** from personal sequencing projects (Supplementary Fig. 12). The
distance between the sequenced breakpoints and the CNV call coordinates in the present
study was binned and plotted (Fig. 4a and Supplementary Methods). Only the more recent
high-resolution arrays had enough CNV calls to yield meaningful results for this analysis
(Supplementary Fig. 13). The data show that all platforms tend to underestimate the size of
CNVs. This might be expected as the results reported for each algorithm correspond to the
last probes within the variant showing evidence of a copy number difference. Arrays
targeting known CNVs show the highest accuracy, as a result of their high probe density at
these loci.

We also measured breakpoint accuracy at the sample level by comparing deletion calls in
this study with deletions from the 1000 Genomes Project>46. Four of the samples used in
this study were sequenced by that project, and those samples had 3,124—4,200 breakpoints
annotated. The data were compared at the sample level for each combination of platform and
algorithm. The results for a representative sample (NA18517) are displayed in Figure 4b
(remaining samples in Supplementary Fig. 14), showing the overlap and breakpoint
distance for each breakpoint from the 1000 Genomes Project. The results of these analyses
are similar to those above, where all platforms show underestimation of the variable regions.
Compared to other platforms the CNV-enriched SNP arrays (Illumina 660W and Omni)
detect a substantially larger number of variants, which are present in the data from the 1000
Genomes Project. The Agilent 2x244k array, which also targets known CNVs, performs
extremely well in relation to its probe density, especially when analyzed with the ADM-2
algorithm.

DISCUSSION

To our knowledge, this study represents the most comprehensive analysis of arrays and
algorithms for CNV calling performed to date. The results provide insight into platform and
algorithm performance, and the data should be a resource for the community that may be
used as a benchmark for further comparisons and algorithm development. Our study differs
from previous studies in that we have explored the full size spectrum of CNVs in healthy
controls, rather than relying on large chromosomal aberrations or creating bacterial artificial
chromosome (BAC) clone spike-in samples. As a result, we think this study provides better
benchmarks for research aimed at CNV discovery and association, while still providing
important insight for data interpretation in clinical laboratories.

As expected, the newer arrays, with a subset of probes specifically targeting CNVs,
outperformed older arrays both in terms of the number of calls and the reproducibility of
those calls. Analysis of the deviation in breakpoint estimates (based on number of probes)
shows that this difference is not only due to an increased resolution, but is also consistent
with increased individual probe performance in the newer arrays. These results highlight that
newer arrays provide more accurate data, whether the focus is on smaller or larger variants.

We investigated the effects of using different CNV calling algorithms and found that the
choice of analysis tool can be as important as the choice of array for accurate CNV
detection. Different algorithms give substantially different quantity and quality of CNV
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calls, even when identical raw data are used as the input. This has important implications
both for CNV-based, genome-wide association studies and for the genetic diagnostics field.
We show that algorithms developed specifically for a certain data type (e.g., Birdsuite for
Affymetrix 6.0 and DNA Analytics for Agilent data) generally perform better than platform-
independent algorithms (e.g., Nexus Copy Number) or tools that have been readapted for
newer versions of an array (e.g., dCHIP on Affymetrix 6.0 data).

Given the obvious variability between calling algorithms, we and others!347:48 have found
that using multiple algorithms minimizes the number of false discoveries. Based on our
experience this scheme allows for greater experimental validation by gPCR, which are
typically >95% for variants >30 kb13. Because the algorithms use different strategies for
CNV calling, their strengths can be leveraged to ensure maximum specificity. Nevertheless,
we still observe that up to 50% of the calls detected by only one of two algorithms can be
validated when compared to sample-level CNVs!! (Supplementary Fig. 15), indicating that
CNVs may be missed in this stringent approach and that merging call sets from multiple
methods could improve sensitivity. Our results also show that one single tool is not always
best for each array, but that the optimal algorithm for a data set is dependent upon the noise
specific to that experiment. As an example, iPattern was one of the best performing
algorithms for high-quality data from Affymetrix 6.0, but would not work properly for
noisier Affymetrix 6.0 data.

There are limitations to our analysis that could be improved in future studies. The current
lack of a gold standard for CNVSs across the entire size spectrum makes it difficult to
accurately assess the false-discovery rate. We consider the “gold standard' data sets used in
the current analysis to be the best available to date, but the analysis should be updated once
higher quality sequence-based data for both deletions and duplications exist. Another
limitation of the data analysis is that we have not tested every algorithm across a large range
of parameters. Our settings are based on substantial experience analyzing the same type of
data from the same laboratories and on previous studies where optimal parameters have been
established. We note that Birdsuite (and possibly other algorithms) have been trained on
HapMap samples, raising the possibility of biased results. However, we see no clear
evidence of this in comparison of the HapMap and non-HapMap samples in our study. Not
all experiments passed quality control thresholds, but this was mainly the case for the lower
resolution platforms (Affymetrix 250K, lllumina 650Y). The quality control steps also
highlighted the problems of using an external reference set for analysis of Affymetrix data.
Both for the 250K array run at TCAG and the Affymetrix 6.0 arrays run at WTSI, the lack
of an internal reference led to poor signal-to-noise ratios. Finally, the different laboratories
involved may be more experienced processing certain array types, leading to relatively
better results, and the data inevitably contain subtle batch effects across sites and time points
that is present in all data sets*. Nevertheless, we believe that the current study is
representative of the results being obtained at different laboratories processing these arrays.

Our data highlight a number of factors that should be considered when designing array
studies. For large cohort studies, it is important that all experiments are processed in one
facility. Even though the data from different sites can be quite similar, they still differ
enough to create problems in association analyses. It is also clear that comparison of data
sets resulting from different platforms and/or different analytic tools will cause problems in
association analyses and may create false association signals.

Our results are also important for the clinical diagnostics field. Typically, the assessment of
data in clinical laboratories is focused on larger CNVs (different thresholds are used in
different laboratories). We therefore performed a more detailed analysis of CNVs >50 kb.
To our surprise, we found that the lack of overlap between platforms, algorithms and
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replicates that was found in the full data set similarly applied to large CNVs. A closer look
at these regions indicates that most can be explained by overlap with complex regions and
call fragmentation. In standard clinical assessment of patient data, curation of results and
filtering of polymorphic regions would lead to removal of these variants. We therefore do
not think that our data contradict previous reports of high accuracy in detecting clinically
significant rearrangements in patients across different laboratories and array types.
However, our results bring light to the problems of clinical interpretation of variants in
complex regions and highlight the risks of incorporating less stringent filtering of data in
diagnostics.

We expect that the use of microarrays will continue to grow over the next few years and that
they will be a mainstay in genome-wide diagnostics for some time. Our study represents a
comprehensive assessment of the capabilities of current technologies for research and
diagnostic use. By making these data sets available to the research community, we anticipate
that they will be a valuable resource for further analyses and development of CNV calling
algorithms and as test data for comparison with additional current and future platforms.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/nbt/index.html.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Size distribution of CNV calls. The size distribution for the high-confidence CNV calls (that
is, CNV calls made in at least two of three replicates) is shown for all combinations of
algorithms (Table 1, CNV analysis tools) and platforms. Each bin represents a different
range of CNV lengths and the bars show the percentage of CNVs falling into each size bin.
Representative results are shown for one genotyping site only, where the average number of
CNVs per sample for that site is given in parentheses. The size distribution is therefore not
representative of a sample. Instead, it represents the sizes of CNV calls detected in a total of
six samples. Results for all sites and further breakdown into gains-only and losses-only can
be found in Supplementary Figure 4. *For Affymetrix 250K-Nsp, dChip detects on
average one CNV per sample. Affy, Affymetrix; Illmn, lllumina; AG, Agilent; BAC,
bacterial artificial chromosome; cnvPart, cnvPartition; NG, NimbleGen; PCNV, PennCNV;
QSNP, QuantiSNP.
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Figure 2.

CNV calling reproducibility. (a—c) Call reproducibility was evaluated by either comparing
calls obtained from triplicate experiments (a,b) or by a comparison to various independent
reference data sets (c). The percentage of concordant CNV calls between replicates for each
combination of array, algorithm and site (a). The corresponding average number of CNVs
per sample is given in b. The results for the lower-resolution arrays can be found in
Supplementary Figure 8. (c) The percentage of high-confidence CNV calls for each set of
results that overlaps (minimum of 50% reciprocal overlap) with data from DGV, and
references 11 and 41. The DGV data were divided into array-based CNVs and sequence-
based CNVs, and for the reference 11 data we independently considered a set of 8,599
validated variants as well as a subset of 4,978 CNVs that were genotyped. The poor
performance of the BAC array is explained by the fact that the DGV data set was filtered so
that low-resolution studies (including BAC array data) were removed. Site abbreviations:
see Table 1 legend.

Nat Biotechnol. Author manuscript; available in PMC 2012 February 2.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Pinto et al.
Afiy6, TCAG
dChip (61) . =& limn 1M, TCAG
Partek (147) . anvPart (118)
GTC-CN (295) | I QSNP (165)
iPattern (456) | PCNV (303)
Bidsute (44¢) | I Pater (256)
100% 0% 100% 100% 0% 100%
Left bript Right brkpt Left brkpt Right brkpt
{imn Omni, TCAG limn 660W, TCAG
cnvPar (1,100) | cnvPart (1,167)
QSNP (1,347) - I QSNP (840)
PCNV (1,250) | PCNV (1,761)
iPattern (1,209) | iPattern (1,605)
100% 0% 100% 100% 0% 100%
Left brkpt Right brkpt Left brkpt Right brkpt
NimbleGen Agilent 244K vs. 2x244K, TCAG
720K Nexus. WS (282) T— 244K Nesus (1.277) .
2.1M Nexus_WTSI (832) — 2x244K_ADM-2 (1,972) T =
2.1M Nexus_HMS (312) 8 244K_Nexus (79) L
100% 0% 100%  244K_ADM-2 (126) T
Left brkpt Right brkpt
100% 0% 100%
Left brkpt Right brkpt
1imn 650Y, TCAG
cnvPart (28) O Affy 250K Nsp, TCAG
QSNP (32) . dChip (8)
PONV (48) . GTC-CNA (71)
100% 0% 100% 100° 0% 100
Left brkpt Right brkpt Left bript Right brkpt
BAC, WTSI Legend
Nexus (136) ] [ —— T
cnvFinder (167) | SRHER S TN AN RN S
¢ SRARIREIPE BN REDIANALIEN
100% > 100% ol
Left bript Right brkpt

Figure 3.
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Reproducibility of CNV breakpoint assignments. The distances between the breakpoints for
replicated CNV calls were divided into size bins for each platform, and the proportion of

CNVs in each bin are plotted separately for the start (red, left) and end (blue, right)

coordinates. The total number of breakpoints is given in parentheses. The data show that

high-resolution platforms are highly consistent in the assignment of start and end

coordinates for CNVs called across replicate experiments. Affy, Affymetrix; BAC, bacterial
artificial chromosome; brkpt, breakpoint; HMS, Harvard Medical School; limn, Illumina;

TCAG, The Centre for Applied Genomics; WTSI, Wellcome Trust Sanger Institute.
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b NA18517: array-based vs. 1000G deletions
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Figure 4.

CNV breakpoint accuracy. (a,b) The breakpoint accuracy for CNV deletions on each
platform was assessed in a comparison to published sequencing data sets of nucleotide-
resolution breakpoints compiled from various studies*344 (a), or detected in the 1000
Genomes Project#>46 (b). Only a subset of platforms is included in this figure, as the lower
resolution arrays did not have enough overlapping variants to make the comparison
meaningful. In b, a total of 3,544 deletion breakpoints for sample NA18517 were collected
from the 1000 Genomes Project and compared to the CNVs detected in each of the analyses
in this study. Every row in the diagram corresponds to one of the 3,544 deletions and the
color indicates whether that deletion was detected in the present study. Each row represents
the distance between array versus sequencing-based breakpoints (‘left' + “right' breakpoints
for the same event are listed in adjacent rows). Schematic below shows sample-based
comparisons between deletion breakpoints obtained with array versus sequencing methods.
Gray means the deletion was not detected, whereas a color on the red-green scale is
indicative of the accuracy of detected breakpoints. 1000G, 1000 Genomes Project.

Nat Biotechnol. Author manuscript; available in PMC 2012 February 2.



Page 16

Pinto et al.

“abprigquied ‘ainnsuj Jabues 1sni] awod||sn ‘ISLM (01u0I0] ‘solwouas) paljddy Jo) a1jusd ayl ‘OWIL ‘u0isog ‘|o0yds [edlpalA pJeAleH ‘SINH :pawloylad sem Juswiliadxa aiaym a)s

'sISAJeue [euly ur papnjoul sem Aeure [dsN-M0Sz 8yl Ajuo ‘|osuod Aienb Bt<o

q

's|1elap 1o} z pue T sajqe Areluswsjddns pue spoyisy Adejuswajddng osje mmwm

"adA) Aelse yoea Wouy S}NSal JO SISAeUR 10J PasN a1emyos ayl 81edIpul X . UM s]130 “(suondiiosap pajielsp aiow 1oy SPoylsiN Atejuswisiddns aas) swyiobie Buljjed AND aJow Jo auo Ag pazAjeue atem wlojie|d yaes 1oy synsal ay L

X X X OVOL ‘SIWH 05 6TY'OVT'T 1w eulwn||
X X X OVOL ‘'SWH 05  99€'/59 099 ButwN(||
X X X OVOL ‘SIWH 05 028'2.0'T INT eutwn||
X X X X X ISLM ‘OVOL Gz 009'2S8'T 09 XuRWAYY  sagosd AND + dNS
X X OVvoL 05  816'099 A0S9 eutwny||
9
X X X OVoL sz gog00g 1005 XUHWALY dNS
X ISLM ‘SINH 09 6/9'T9T'Z  INT'CU9D9IqUIN
X ISLM 09  ZTF'0Z.  MO0Z. Ue9e|quiN
X X ISLM ‘OVOL 09  609°29Y Mygxez weiby
X X B\l 09  18g'9eT iz s 1By
X X ISLM 0000LT £70'62 d.LOM Jsebues H9O
SUnS saqo.d
SOILLIOURD) JaquinN (019) ajosuod (sonAreuy uoniued  Japuld s (dq) yibus) ® adfAy
dNSnuend  ANODuued  daued  AdoDsnxeN  usemedt  BuidAiouss  wNaQ)zZ-WAV  dIHOP AUD AUD  BuNspaIg q > 8qosd By 40 ON wJogreld wuojeld

1003 sisAjeue AND

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

S]001 sIsAeue AND pue swojrejd AelreoldiN

Nat Biotechnol. Author manuscript; available in PMC 2012 February 2.



Page 17

Pinto et al.

"X 8WOSOWOIYD SNSIBA Z SLOSOWO.Yd uo sagotd Buisn TG8OTVN SNSIaA OTSGTWYN Ussmiaq uostiedwod syl Uo paseq ale sainseaw DN 00y,

"aAINd 3y} Japun eale DOY ‘ONV 0¥ :abues ajienbisiul ‘Y| ‘pealds onel Z60| aAlRALIBP ‘SYTQ "AJUo $3(0Jd [eLOSOINE UO Paseq aJe Sainseai

760 1600 6520 LET0 €20 €20 ovoL IUWO BuIwNy||
660 800 v0E0 €TT0 902°0 L02°0 SWH IUWO euIwNy||
956°0 200 ¥SZ'0 LST0 €02°0 020 ovoL aIBUIS-INT BUIWNY||
9560 200 120 €LT0 22z v2z0 SIWH 8IBUIS-INT BuIWNY||
7160 1500 69€°0 orT°0 520 5520 ovoL MO099 BuIWNY||
€160 .00 68€°0 1600 822°0 0€Z°0 SIWH 099 BUIWN||
2260 €€0°0 0920 8210 €610 v6T'0 ovoL A0S BUIWNY||
0280 200 ZEr°0 vrT0 LLT0 062°0 ISLM 09 XLIBWARY
688°0 T€0°0 0820 85T°0 02z°0 02z°0 9VoL 0'9 XH1BWARY
0TL0 5200 vez0 €210 SLT0 GIT0 OVOL  1AS+IASN-Y00S XHIBWALY
6680 960°0 9Ev°0 1500 0520 0520 ISLM INT'Z U99DB3IqUIN
080 €90°0 vLE0 €210 A SvZ°0 SINH INT'Z USDBIqUIN
1860 ¥10°0 0ST0 9600 2210 22T ISLM Y02/, UBDBIqWIN
560 9€0°0 692°0 1210 L6T°0 96T°0 ISLM 8688T0-Mpzx WaIby
L1960 €00 €52°0 €10 ZLT0 08T°0 ISLM L688TO-Mrexz aliby
896°0 0€0°0 9vZ'0 8210 2810 6.T0 ovoL 8688T0-Mprex WalIby
L1960 €200 9020 €TT0 9vT°0 LST0 9voL 1688T0-Mprzxg Waiby
166°0 €00 LETO TTT0 T.T0 2T 0 9VoL Mz a1y
8960 000 SYT0 9e1°0- S¥0'0 Sv0'0 ISLM d1OM Jssbues

ONVO0H 10-ed uDIxGT+ED UOIxST-TO (uepsw)syia (Pae)syia  sus woyteld

sjuswiiadxa [[e Joy sainseaw Ajijenb e1ep mes Jo M3IAIBAQ
¢ 9lgqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Nat Biotechnol. Author manuscript; available in PMC 2012 February 2.



