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ABSTRACT 
Formalin-fixed, paraffin-embedded (FFPE) archival tissue is an important source of DNA 
material. The most commonly used technique to identify copy number aberrations from 
chromosomal DNA in tumorigenesis is array comparative genomic hybridization (aCGH). 
Although copy number analysis using DNA from FFPE archival tissue is challenging, several 
research groups have reported high quality and reproducible DNA copy number results using 
aCGH. 

Aim of the present study is to compare the commercially available aCGH platforms suitable 
for high-resolution copy number analysis using FFPE derived DNA. Two dual channel aCGH 
platforms (Agilent and NimbleGen) and a single channel SNP based platform (Affymetrix), 
were evaluated using seven FFPE colon cancer samples, median absolute deviation (MAD), 
deflection, signal-to-noise ratio (SNR) and DNA input requirements were used as quality criteria.

Large differences were observed between platforms; Agilent and NimbleGen showed better 
MAD values (0.13 for both) compared to Affymetrix (0.22). On the contrary, Affymetrix showed 
a better deflection of 0.94, followed by 0.71 for Agilent and 0.51 for NimbleGen. This resulted 
in signal-to-nose ratios that were comparable between the three commercially available 
platforms. Interestingly, DNA input amounts from FFPE material lower than recommended still 
yielded high quality profiles on all platforms. 

Copy number analysis using DNA derived from FFPE archival material is feasible using all three 
high-resolution copy number platforms and shows reproducible results, also with DNA input 
amounts lower than recommended.
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INTRODUCTION
DNA copy number aberrations (CNA) are a hallmark of cancer and are important to understand 
the mechanisms of disease and to identify clinical biomarkers, e.g. recurrence risk and 
response to therapy1-3. 

An important source of DNA for translational research is formalin-fixed, paraffin-embedded 
(FFPE) archival tissue. Pathology institutes across the globe store tissue using formalin-
fixation and generate large collections. Cross-linking, degradation and low yield of DNA are 
challenging factors for chromosomal copy number measurements using FFPE, especially for 
high-resolution copy number platforms4. These platforms can be roughly divided in: a) single 
channel, SNP based platforms with short probes (~25bp) that can detect allele specific, or 
genotype, data in addition to DNA copy number data and b) dual channel platforms with long 
oligonucleotides (50-60bp)4,5.

Several research groups have shown copy number analysis DNA from FFPE tissue on high-
resolution, dual channel oligonucleotide aCGH arrays6,7 and SNP based platforms8-10 is feasible. 
Despite these results, large series of high-resolution SNP data with DNA from FFPE archival 
tissue have thusfar not been reported. 

Affymetrix recently developed a high-resolution SNP platform, OncoScan FFPE, based on 
molecular inversion probes (MIP) for analyzing DNA obtained from FFPE archival tissue11,12. 
Also available for FFPE is the Illumina Golden Gate bead SNP array that has a resolution 
smaller than 1Mb and is therefore not included in the present comparison of high-resolution 
platforms13. Selection of the most appropriate platform for a given study will depend on multiple 
factors including quality, costs, the number of pipetting steps and the required amount of input 
DNA. 

Copy number analysis on high-resolution arrays preferentially uses matched normal as 
reference for accurate detection of CNVs and focal aberrations. On single channel platforms 
hybridization of tumor and matched normal of one patient doubles the costs whereas on dual 
channel platforms one array is sufficient. Various comparisons have been made between copy 
number platforms and show that platforms with long oligonucleotides outperform the SNP 
platforms when it concerns copy number analysis5,14-16. This however could be compensated 
for by the higher amount of SNPs. These reports all consider DNA from fresh frozen samples 
and/or cell lines whereas a detailed platform comparison with DNA from FFPE samples has to 
our knowledge not been presented. 
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In this paper we compare high resolution, chromosomal copy number array platforms from 
three leading vendors with DNA derived from FFPE archival tissue. We evaluate these platforms 
based on MAD value, deflection, signal-to-noise ratio and DNA input requirements. 

MATERIAL AND METHODS
Samples 
Colon cancer samples stored in FFPE from 7 patients were examined by an experienced 
pathologist and macro-dissection was performed to obtain resection regions with a tumor 
cell percentage above 70% and normal colon mucosa. DNA was isolated from tumor and 
normal mucosa enriched sections as previously described17,18. Briefly, DNA was isolated using 
a column based, proteinase K purification method, QIAamp DNA micro kit (Qiagen, Hilden, 
Germany), preceded by an overnight incubation with sodium thiocyanate (NaSCN). Sample 
1-6 were previously described19. All samples were used in compliance with institutional ethical 
regulations. DNA concentrations of the samples were measured using Quant –it Picogreen 
dsDNA assay (Invitrogen, Carlsbad, CA, USA). 

Array Comparative Genomic Hybridizations
Hybridizations were performed on three platforms; A) NimbleGen 135K aCGH (12x135k WG-T 
array) containing 134 937 in situ synthesized oligonucleotides (Roche NimbleGen, Madison, 
USA); B) Agilent 180K aCGH containing 180880 in situ synthesized oligonucleotides evenly 
distributed over the genome (space ~17kb) and 4548 additional unique oligonucleotides, 
covering 238 of the Cancer Census genes (4x180k array, Agilent Technologies, Palo Alto, 
CA, USA); and C) Affymetrix OncoScan FFPE chip containing 330,000 MIP probes on SNP 
locations (Affymetrix, Santa Clara, CA, USA). 

Labeling was performed as previously described by Buffart et al. for the NimbleGen and 
Agilent platforms using the Enzo Genomic Labeling kit (Enzo Life Sciences, Farmingdale, NY, 
USA) with 250ng of input DNA according to the manufactorers instructions17. Labeling for the 
Affymetrix OncoScan FFPE platform was performed as described12. Raw data are publicly 
available from the GEO database (GSE30123). 

Study design
DNA copy number platforms were tested using six samples hybridized on all three platforms 
with 250 ng of DNA for Agilent and NimbleGen and 80ng of DNA for Affymetrix (Wang et al., 
2009). In-silico hybridizations were made for male and female matched normal for samples 1 
and 3 and 2 and 4 for detection of deflection. 
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DNA input requirements were tested on Affymetrix using samples 4 and 6. In addition to the 
80ng of input DNA both samples were hybridized using 40ng. DNA input requirements for 
Agilent and NimbleGen were tested by means of a dilution range using 250, 150, 100, 75 
and 50 ng of input DNA. The samples used in this study are clinical archival samples and 
consequently limited, therefore an additional colon sample (sample 7) was introduced to 
generate the dilution range. 

Data analysis 
Analysis was performed and plots were made using the statistical programming language R 
version 2.11.1. Log2ratios of signal intensities between tumor and reference for every probe 
were median-normalized and after segmentation mode normalization was performed20. aCGH 
quality was assessed by means of the median absolute deviation (MAD) of the log2ratios. The 
median absolute deviation (MAD) values were calculated for chromosome 2, which shows 
least aberrations in colon cancer and is therefore most suitable to calculate MAD values on 
(Figure 1)21. Deflection was measured as the mean log2ratio value of an aberrated genomic 
region. Signal-to-noise ratios were calculated by dividing the deflection by the MAD value. 

Figure 1: DNA copy number profiles for sample 4 on all three platforms. DNA copy number profiles are shown for A) 
Agilent, B) NimbleGen, C) Affymetrix. Gain of chromosome 13 and 20 and loss of chromosome 18 are the most common 
aberrations in colon cancer and can clearly be distinguished (Carvalho et al. 2009). Additional copy number aberrations 
were found; loss of 8p, 10q23.1-25.2, 15 and 17 and gains of 7, 8q and 16.The y-axis represents log2ratios of the probes 
the x-axis the probes ordered according to genomic order.
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RESULTS
MAD and deflection
Detection of differences in copy number depends on two main array quality measures, 
median absolute deviation (MAD) and deflection. DNA isolated from 6 FFPE colon samples 
were hybridized on Agilent, NimbleGen and Affymetrix platforms (Figure 1 and Supplementary 
Figures 1-5). The MAD values were calculated for chromosome 2 of samples 1-6. The best 
MAD values were measured for the Agilent and NimbleGen platforms with 0.13 (0.09-0.16) 
and 0.13 (0.08-0.17) respectively. The Affymetrix platform showed a lesser MAD value of 0.22 
(0.18-0.29).

Copy number aberrations in the tumor DNA result in a difference in log2ratio for the probes 
on the array on that chromosomal region. The amplitude of this difference is given as the 
deflection. To estimate the deflection for each platform without interference from invading 
normal cells, male and female matched normals were used to calculate log2ratios17. Male 
reference of samples 1 and 4 and female reference of samples 2 and 3 were used. The 
deflection between the x-chromosome and autosomes was measured and represents the 
deflection of one chromosomal loss; 2 copies in female versus 1 copy in male. The largest 
deflection was measured for Affymetrix with 0.94 for both samples. Deflection for Agilent was 
less, 0.70 and 0.72. The lowest deflection was measured for NimbleGen with 0.50 and 0.52 
(Figure 2). 

Both deflection and MAD value influence the detection of copy number aberrations aberrations. 
The signal-to-noise ratio (SNR), here defined as deflection divided by MAD, was used to 
calculate this association. Although the Affymetrix platform showed the highest deflection and 
the NimbleGen platform the lowest MAD value, Agilent shows the best SNR with 3.9 followed 
by Affymetrix with 3.6 and NimbleGen with 3.3. While MAD values and deflection differ greatly 
between platforms, the SNR are very similar. 

Detection of gains and losses 
Hybridization of six samples on all three platforms allows us to compare the detection of 
gains and losses. Agilent, NimbleGen and Affymetrix platforms were all able to detect whole 
chromosomal gains and losses with DNA isolated from FFPE material using 250ng of input 
DNA for both Agilent and NimbleGen and 80ng of input DNA for Affymetrix (Supplementary 
Figures 1-5). Gain of chromosome 13 and 20 and loss of chromosome 18 are the most 
common aberrations in colon cancer and can clearly be distinguished on all three platforms 
(Figure 1)21. Additional copy number aberrations were found; loss of 8p, 10q23.1-25.2, 15 and 
17 and gains of 7, 8q and 16.  
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Deflection results as described in the previous section were based on profiles from the male and 
female matched normal. Deflection and MAD was assessed again on tumor sample 4. Gain 
of chromosome 20 is the most common chromosomal copy number gain in sporadic colon 
cancer with a frequency of ~70-80%21. The highest deflection of chromosome 20 was found 
on Affymetrix of 0.50 followed by Agilent of 0.43 and NimbleGen of 0.33. As reported in the 
previous section the deflection and MAD values are negatively correlated. Lowest MAD value 
was found for the NimbleGen platform and was 0.10. MAD value for Agilent was 0.13 and 0.19 
for Affymetrix. Both deflection and MAD values on the tumor samples were in concordance 
with the results for sex mismatched of FFPE reference channels. 

Detection of sub-chromosomal and focal aberrations
Cancer genomes often harbor many sub-chromosomal and focal (<3MB) aberrations in addition 
to aberrations of complete chromosomes and chromosomal arms7,22. To assess the ability of 

Figure 2: Boxplots of deflection between autosomes and x-chromosome for sex mismatched reference channels. 
Log2ratios were calculated by dividing the probe intensities of a male and female matched normal of samples 1 and 2 (A) 
and samples 3 and 4 (B) and represent a log2ratio difference of 1 versus 2 copies of chromosome X. Difference in median 
log2ratio of chromosomes 1-22 and chromosome X, illustrated by the bold black horizontal bar in each box, was used to 
assess the deflection for Agilent (left), NimbleGen (middle) and Affymetrix (right). Best deflection was found for Affymetrix. 
Best MAD values, as represented by the height of the box, for NimbleGen. Boxplots of the log2ratios are drawn and 
indicate the median, 50% range and whiskers the minimum and maximum values. Outliers not shown. 
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the platforms to detect sub-chromosomal aberrations we concentrated on chromosome 7 for 
sample 3 (Figure 3). Chromosome 7 shows a small aberration at the 7q arm of approximately 
5MB which is clearly detectable on all three platforms (Figure 3). In addition to the segmental 
aberrations we focused on a part of chromosome 16 for sample 3, which shows a focal 
deletion that harbors the gene A2BP1 (Figure 4). A2BP1 (Ataxin 2 binding protein 1) is a gene 
located at 16p13.3-16p13.2 and previously identified as a frequent focal aberration in colon 
cancer7,23. On all three platforms the focal deletion of approximately 1.2MB including A2BP1 
could be detected (Figure 4). In concordance with the results described in the previous section 
the deflection of small chromosomal aberrations on the NimbleGen platform is slightly less 
compared to Agilent and Affymetrix. 

Figure 3: DNA copy number profile of chromosome 7q of sample 3 for Agilent (A), NimbleGen (B) and Affymetrix (C). 
Chromosome 7 shows a gain of 5MB (116-121MB) on 7q31.31 followed by a loss of 20MB (121-141MB) from 7q31.32-
7q34 which can both be seen on all three platforms. The y-axis represents log2ratios of the probes the x-axis the probes 
ordered according to genomic location.

Input DNA requirements 
The amount of input DNA is one of the limitations when performing copy number detection 
using precious clinical specimens such as biopsies or trial material. To assess input amounts 
for the three platforms we have tested different dilutions of unamplified input DNA for 2 samples 
on Affymetrix and one sample on Agilent and NimbleGen. 
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Previous reports show Affymetrix OncoScan FFPE platform can generate high quality copy 
number data with 37ng of input DNA (Wang et al., 2009). For sample 2 and 4 we therefore 
tested in addition to the recommended 80ng of input DNA per channel, 40ng. For both 
sample 4 and 6 the deflection remains the same whereas the MAD values increase (Table 1). 
SNR decreased for sample 4 from 2.90 with 80ng to 1.75 with 40ng and for sample 6 from 
1.56 with 80ng to 1.03 with 40ng (Table 1). The SNR is much lower with 40 ng compared 
to 80 ng. Despite this decrease aberrations of whole chromosomes and chromosome arm 
can still be distinguished (Supplementary Figures 10-11). Deflection for sample 6 was much 
lower compared to the deflection of sample 2. This difference is probably due to a biological 
difference between the tumors (e.g. heterogeneity, aneuploidy) and does not reflect a technical 
difference. In general, with lower input amounts of input DNA the MAD values increase whereas 
the deflection remains similar. 

A dilution range of sample 7 was hybridized on both the Agilent and NimbleGen platforms with 
250, 150, 100, 75 and 50 ng of input DNA. In concordance with the results on Affymetrix both 
the Agilent and NimbleGen platforms show an increase on MAD values for lower amounts of 

Figure 4: DNA copy number profile of sample 3 for a 15 MB region containing a focal deletion at chromosome 16 for 
Agilent (A), NimbleGen (B) and Affymetrix (C). Chromosome 16 of sample 3 shows a focal deletion of approximately 1.2 
MB that harbors the gene A2BP1 (indicated by the black bar on top of the graph, 0.4MB). The y-axis represents log2ratios 
of the probes the x-axis the probes ordered according to genomic order
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input DNA. Deflection is not affected with DNA amounts as low as 50ng for Agilent with 0.39 
for 250ng and 0.41 for 50ng. For NimbleGen the deflection decreases slightly from 0.34 for 
250ng to 0.21 for 50ng (Table 1 and Supplementary Figures 6-9). 

These results indicate the Agilent platform is less affected by lower amounts of input DNA 
compared to NimbleGen (Figure 5). Input amounts as low as 50ng yield good quality copy 
number profiles on Agilent, for equal quality results on NimbleGen at least 100ng of input DNA 
is needed. 

DISCUSSION
The three commercially available genome-wide, high-resolution copy number platforms 
currently available were evaluated for the use of DNA from FFPE archival material based 
on median absolute deviation (MAD), deflection, signal-to-noise ratio (SNR) and DNA input 
requirements. 

Table 1: Dilution range DNA input amount. Overview of samples and dilution ranges for all three platforms. Columns de-
scribe the MAD value of chromosome 2, deflection and SNR. All platforms show an increase in MAD value with decreas-
ing DNA input amounts. Deflection for both Agilent and Affymetrix remain stable whereas the deflection on NimbleGen 
decreases with lower DNA input amounts.

ng MAD Deflection SNR

Agilent

Sample 7 250 0.12 0.39 3.25

150 0.12 0.41 3.42

100 0.14 0.39 2.79

75 0.15 0.40 2.67

50 0.18 0.41 2.28

NimbleGen        

Sample7 250 0.13 0.34 2.61

150 0.17 0.36 2.12

100 0.17 0.34 2.00

75 0.18 0.29 1.61

50 0.25 0.21 0.84

Affymetrix

Sample 4 80 0.20 0.58 2.90

40 0.32 0.56 1.75

Sample 6 80 0.18 0.27 1.56

40 0.33 0.32 1.03
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MAD values and deflection were strikingly different between the three platforms. Especially 
the single channel Affymetrix platform performed much less than the dual channel Agilent and 
NimbleGen platforms with regard to the MAD value. This however, was compensated by the 
deflection, which was much higher for Affymetrix than for the Agilent and NimbleGen platforms. 
These results probably reflect the different techniques used for printing the arrays, probe length 
and scanner software. Despite these differences the SNR, defined here as the deflection divided 
by the MAD, were very similar between the three platforms with Agilent slightly outperforming 
Affymetrix and NimbleGen. NimbleGen however allows for more oligonucleotides on the array, 
which could well compensate for this slight difference. 

Decrease in DNA input amounts results in higher MAD values on all platforms. A decrease of 
deflection was observed only with the NimbleGen platform whereas both Agilent and Affymetrix 
deflection remained stable. Therefore the SNR decreases much more on NimbleGen. For 
Agilent 50 ng of input DNA yield high quality results. For results of similar quality NimbleGen 
requires 100ng of input DNA. 

A recent publication by Halper-Stromberg et al. compared DNA copy number platforms using 
spike-in experiments. Contrary to our results they showed the NimbleGen platform slightly 
outperforms Agilent, Illumina and Affymetrix in copy number detection based on cell line DNA16. 

Figure 5: Profiles of sample 7 on both Agilent (A) and NimbleGen (B) platforms using 100ng of input DNA. Hybridizations 
with 100ng of input DNA yielded quality DNA copy number profiles on both Agilent (A) and NimbleGen (B). The y-axis 
represents log2ratios of the probes, the x-axis the probes ordered according to genomic location.
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In most comparisons platforms show similar results based on DNA from fresh frozen samples 
or DNA from cell lines although platforms with long oligonucleotides slightly outperform 
platforms with short oligonucleotide probes4,14,16. This difference between platforms with short 
and long probes is more profound when DNA from FFPE samples is used4. Because of this 
difference Affymetrix developed the OncoScan FFPE platform described in this paper based 
on molecular inversion probes.  

An important advantage of SNP platforms over aCGH platforms is the detection of loss of 
heterozygosity (LOH) in addition to DNA copy number. SNP platforms also allow for better 
determination of absolute rather than relative copy number (Popova et al., 2009). LOH data in 
combination with the DNA copy number can detect copy number neutral Loss of Heterozygosity 
(cnLOH), also called acquired uniparental disomy (UPD). This has been reported frequently 
in many tumor-types like colon, breast and retinoblastomas and has been implicated in the 
development and progression of cancer24. One important example is tumor suppressor gene 
APC which is located at chromosome 5q, a genomic region showing a cnLOH in 20-30% of 
colon tumors25,26. In four out of the 6 samples that were performed on the Affymetrix platform 
cnLOH was detected at chromosome 5q (data not shown). Also incorporated on the platform 
are probes for the detection of known mutations. The use of these mutation specific probes 
however has currently not been thoroughly tested and validated. 

DNA copy number detection on FFPE archival tissue using low coverage massive parallel 
sequencing (MPS) can currently be performed at the same costs as an aCGH array27,28. 
However, in order to analyze mutation and LOH data with sequencing one needs high 
sequence coverage of the genome or targeted genomic locations and is therefore still relatively 
expensive. 

Affymetrix OncoScan FFPE is currently only available as a service from the Affymetrix laboratory 
and though the platform can generate profiles with low amounts of input DNA high amounts of 
DNA have to be sent. An important consideration and advantage of Agilent and NimbleGen is 
the flexible probe design and availability of different array resolutions.

Whether either option is an advantage or disadvantage will depend on the user. Where research 
groups with extensive knowledge and experience with array data would prefer running the 
samples in their own lab, groups without the knowledge or experience will prefer to outsource 
the hybridizations. This difference between platforms is also reflected in the price. Affymetrix 
is currently most expensive, especially when using matched normal as a reference for every 
tumor sample that need to be hybridized on separate arrays. On the other hand, Affymetrix 
does provide quality control and returns pre-processed data. 
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Despite the many differences between the three platforms, high-resolution copy number 
analysis with DNA derived from FFPE archival material is feasible and shows comparable and 
reproducible results on all three platforms. Our results show that DNA input amounts below the 
manufacturers recommendations can yield high quality profiles using DNA from FFPE archival 
blocks. 
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