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ABSTRACT
Array Comparative Genomic Hybridization (aCGH) is a widely used technique to assess 
chromosomal copy number alterations. Chromosomal content however is often not uniform 
throughout cell populations. 

Here we evaluate to what extent aCGH can detect DNA copy number alterations in a 
heterogeneous cell population. Reported detection limits are a compound of analytical 
software and laboratory techniques and do not account for the number of probes in relation to 
sample homogeneity. Systematic evaluation is lacking, despite the importance in diagnostics 
and research. 

Detection limits were explored with DNA isolated from a patient with intellectual disability (ID) 
and from tumor cell line BT474. Both were diluted with increasing amounts of normal DNA 
to simulate different levels of cellularity. Samples were hybridized on CGH-arrays containing 
180880 oligonucleotides evenly distributed over the genome (space ~17kb).

Single copy number alterations, as small as 249 probes (4 Mb), present in 10% of a cell 
population can be detected. Alterations as little as 14 probes (~180Kb) were detected, but 
35% mosaicism or tumor cells is required.

In conclusion, alterations can be detected in low percentage of cells. Detection of very small 
alterations requires a higher percentage of cells but is still feasible using high-resolution arrays. 

Abbreviations
aCGH – array Comparative Genome Hybridization
WCP – Whole Chromosome Paint
CEP – Centromere Probe
FISH – Fluorescence In Situ Hybridization
GEO – Gene Expression Omnibus
CNV – Copy Number Variation
ID – Intellectual disability
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INTRODUCTION
Array comparative genomic hybridization (aCGH) is a widely used laboratory technique 
that allows genome-wide determination of chromosomal copy alterations. The technique 
is mostly applied in clinical genetics1,2 and cancer research3. Clinical specimens from either 
field are not always uniform in their DNA content. Mosaicism in germ-line samples as well 
as tumor heterogeneity, aneuploidy or invading normal cells in cancer samples can impede 
accurate detection of chromosomal copy numbers4-7. Despite a clinical need in diagnostics 

the percentage of cells required to detect a single copy number gain or loss in relation to the 
number of probes on the array has only been evaluated to a limited extent8-10. Some of these 
studies were performed on low-resolution BAC aCGH platforms that have now been replaced 
by the higher resolution oligonucleotide aCGH11. The studies on sensitivity and heterogeneity 
with high-resolution platforms have yielded a mixed message since aCGH platform 
performance and analysis software performance were invariably combined12,13. Consequently, 
the reported detection limits not only represent the quality and resolution of the platform but 
also the qualities of the analysis software. These differences have resulted in publications with 
various detection thresholds and probe requirements. One of these studies reported accurate 
detection of alterations in a sample with 20% mosaicism using a SNP platform combined with 
a dedicated algorithm13. Similar results have been reported for a region as small as 43 probes 
(5 Mb) detectable in 20% mosaicism using a dye reversal14 whereas as little as 10% was 
sufficient to detect copy number change of an entire chromosome. The lowest detection limit 
reported is 8% mosaicism for a region as small as 5.4Mb. Smaller mosaic alterations require 
custom arrays with a high probe density in the region of interest15,16.

DNA copy number changes are defined by the breakpoints between two copy number states. 
Detection of breakpoints by segmentation algorithms (e.g. circular binary segmentation, CBS) 
are mostly based on t-statistics17. Main factors to detect a breakpoint are the deflection (i.e. the 
log2ratio difference between 2 copy number states) and the noise (technical variation, mostly 
given in median absolute deviation (MAD) or standard deviation (SD))18.

Here we systematically evaluate the minimal percentage of cells in relation to the number of 
probes (the size of the alterations) required for the detection of gains, losses and amplification 
based on t-statistics alone. All array tests and simulations performed are publically available 
and can thus be evaluated using dedicated array software implementations12. 
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MATERIALS AND METHODS
Sample selection 
To simulate mosaicism in dilution series 2 samples were included; a) a non-mosaic DNA 
sample of a patient with intellectual disability (ID) and b) DNA from cancer cell line BT474. 
Female DNA pooled from 100 healthy individuals, hereafter referred to as ‘normal DNA’, was 
used for the dilutions and male reference DNA pooled from 100 healthy individuals was used 
as a reference sample, hereafter called ‘reference DNA’ (Kreatech biotechnology, Amsterdam, 
the Netherlands). For clinical validation, germ-line DNA of another mosaic DNA sample from 
a patient with ID and DNA from a heterogeneous tumor sample from a patient with Chronic 
Lymphocytic Leukemia (CLL) was tested. DNA from BT474 and the patient with CLL was 
isolated as described19 using the Wizard Genomic DNA Purification Kit (Promega, Benelux, 
Leiden, The Netherlands). DNA from both patients with ID were isolated using chemagic MSM 
I according to the manufacturers protocol (Perkin-Elmer, Waltham, MA, USA). 

Sample of the non-mosaic patient with ID was diploid with a segmental duplication of 
13qter (~4.3Mb, 249 probes*) and a segmental loss of 6qter (~7Mb, 411 probes). BT474 
can be regarded as highly homogeneous and stable given the high concordance between 
(aCGH) experiments across time, laboratories and cultures20. This breast tumor cell line is 
near-tetraploid and characterized by many large and focal copy number alterations, including 
amplification of the monoclonal antibody responsive amplification of HER2/ERBB2, and gains 
at chromosome 8 have previously been characterized by high-resolution FISH mapping21,22. 
The mosaic ID sample has a gain of chromosome 1 (40 Mb, 583 probes on the 105K Agilent 
platform). The clinical CLL sample has an acquired mosaicism with a gain of chromosome 2p 
(32.8 Mb, 1978 probes) and multiple segmental duplication of chromosome 12 including the 
12p-arm (34 Mb, 2138 probes). 

* Probe numbers in brackets refers to the amount of probes on the 180K Agilent platform 
described below, unless stated otherwise. 

Dilution ranges and array Comparative Genome Hybridizations 
Dilution ranges to test the minimal percentage of cells for detection of alterations using aCGH 
were made by admixing normal DNA with either the non-mosaic ID sample or the cancer 
cell line. For both samples seven hybridizations were performed; undiluted and 35%, 30%, 
25%, 20%, 15% and 10% of sample DNA (Table 1). Dilution ranges of the non-mosaic patient 
with ID, BT474 and clinical mosaic CLL patient DNA were hybridized on 180K Agilent aCGH 
(4x180k array, Agilent Technologies, Palo Alto, CA, USA, GEO platform GPL8687 for BT474 
and GPL15397 for CLL patient) containing 180880 in situ synthesized oligonucleotides 
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representing 169793 unique chromosomal locations evenly distributed over the genome 
(space ~17kb). 

A dilution range of BT474 using undiluted, 90%, 85%, 80%, 75%, 70%, 60%, 50%, 40%, 
30%, 25%, 12.5% and 6.25% sample was also hybridized on the 135K NimbleGen aCGH 
(12x135k WG-T array) containing 134 937 in situ synthesized oligonucleotides (Roche 
NimbleGen, Madison, USA). DNA from the clinical mosaic ID sample was hybridized on a 105K 
aCGH (2x105k array, Agilent Technologies, Palo Alto, CA, USA, “Oxford design”, GEO platform 
GPL8693) representing 99429 unique chromosomal locations. 

All labelling and hybridization procedures were performed as previously described19. 
Experimental data has been made publicly available through GEO (GSE36993).

Data analysis
Image acquisition of the Agilent arrays was performed using the Agilent DNA Microarray scanner 
G2505C (Agilent Technologies) and image analysis was performed using Feature Extraction 
software version 10.5.1.1 (Agilent Technologies)19. Image acquisition of the NimbleGen arrays 
was performed using the NimbleGen MS200 microarray scanner (Roche NimbleGen) and 
image analysis was performed using Nimblescan software version 2.5.16 (Roche NimbleGen). 

Median normalized log2ratios were segmented using Circular Binary Segmentation (CBS)17. 
After segmentation log2ratios were mode normalized23. 

Deflection was defined as the mean deviation of the log2ratio from 0. The minimal number 
of probes to detect an alteration was tested using power calculations of the t-test. Number 
of probes, standard deviation (SD) and deflection were used to calculate the power of the 

Table 1: Deflection, expressed as delta log2 and the minimal number of probes to detect the alteration in the dilution 
range of BT474 and a patient with ID. 

BT474 (chromosome 8) ID patient ID patient

Heterogeneity Deflection # Probes Deflection # Probes Deflection # Probes

100% 0.98 3 -0.93 3 0.48 3

35% 0.25 10 -0.23 13 0.19 9

30% 0.21 13 -0.21 19 0.16 11

25% 0.16 23 -0.17 33 0.12 17

20% 0.14 29 -0.12 65 0.09 33

15% 0.1 54 -0.09 131 0.05 56

10% 0.07 133 -0.04 188 0.06 279
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t-test for each dilution. This t-test was performed for a decreasing number of probes with a 
minimum of 3 probes. Minimal detection level was based on a power of 95%. All calculations 
and plots were made in the statistical programming language R (version 2.12). These statistical 
procedures circumvent the use of dedicated aCGH analysis software and thereby we restricted 
us to the detection limits of the aCGH rather than the quality combined with such software. 

FISH analysis
FISH analysis was performed using the following DNA probes: probes for the centromeres (CEP) 
of chromosome 1 and chromosome 12 (Cytocell, Cambridge, UK) and whole chromosome 
paint (WCP) specific for chromosome 1 (Vysis Inc. Downers Grove, IL). All DNA probes were 
applied following standard procedures outlined by the manufacturers. FISH images were 
digitally generated using Cytovision FISH software (Genetix, Hampshire, UK). 

RESULTS 
Detection of chromosomal alterations in a sample of germ-line origin 
To determine the percentage of cells required for accurate detection of a single copy gain or loss 
using high-resolution CGH arrays, we generated a dilution range using DNA from a non-mosaic 
patient with ID. DNA was diluted with DNA from a normal reference as to mimic mosaicism. 
Deflection was tested for a deletion at chromosome 6 (6-qter, 7.5Mb, 411 probes) and a gain 
at chromosome 13 (13-qter, 4.3Mb, 249 probes). In the undiluted sample the log2ratio of the 
deflection was 0.478 for the gain, and -0.896 for the deletion (Table 1). Deflection of the gain 
further decreased from a log2ratio of 0.194 at a dilution of 35% to a deflection of 0.060 at 10% 
dilution (Figure 1). Deflection of the deletion decreased from -0.232 at a dilution to 35% to a 
deflection of -0.041 at a dilution to 10% (Table 1). 

Breakpoint detection with CBS, based on t-statistics, identified breakpoints in all dilutions 
for both the segmental gain and loss in the sample with ID except for the segmental loss at 
chromosome 6 which was still detected at 10% dilution but shifted by 144 probes (2.5 Mb) 
towards the centromere (Figure 1C). 

Detection of chromosomal alterations in a sample of somatic origin 
To determine the percentage of cells with chromosomal alterations required for accurate 
detection of gains and losses in a sample of somatic origin using high-resolution CGH arrays, 
we generated a dilution range using DNA from the breast cancer cell line BT474 diluted with 
normal DNA to mimic tumor cell heterogeneity or admixed normal cells. BT474 is tetraploid 
and chromosome 8 has three copy number levels; 4, 5 and 6 (2990 probes (53.7 Mb), 1470 
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probes (23.4 Mb) and 4177 probes (69.0 Mb) respectively) with breakpoints at 53.8Mb (q11.23) 
and 77.2Mb (q21.11) (Figure 2A and Supplementary_Figure 2)21. In the undiluted sample the 
deflection for 6 copies was 0.98. Deflection decreased to 0.25 at a dilution of 35% and further 
decreased to 0.07 at a dilution of 10% (Table 1). 

Breakpoint detection with CBS identified the breakpoints between 4 and 5 copies and 5 and 
6 copies with tumor cell percentage down to as little as 25% sample DNA. With a tumor cell 
percentage of 20% only the breakpoint between 5 and 6 copies was detected but no longer 
the breakpoint between 4 and 5 copies (Figure 2B-E). The difference between detection limits 
of BT474 at chromosome 8 and the patient with ID is explained by the ploidy of the samples. 
BT474 is near-tetraploid and a copy number change from 4 to 6 resembles a single copy 
number gain in a diploid sample. A copy number gain from 4 to 6 with an intermediate copy 

Figure 1: aCGH copy number profile of chromosome 6 and chromosome 13 from a patient with ID with (A) 35%, (B) 
20% and (C) 10% mosaic cells. Chromosome 6 has a deletion of the 6 terminus (6q27) of 411 probes (7.5Mb), chromo-
some 13 has a gain of the 13q terminus (13q34) of 249 probes (4.3Mb). Both the gain on chromosome 13 and the loss 
on chromosome 6 can be detected in 35%, 20% and 10% mosaicism. The breakpoint for the loss on chromosome 6 
with 10% mosaicism was shifted 144 probes (2.5Mb) towards the centromere compared to the undiluted sample. X-axis 
represents the genomic location of the probes in Mb. Y-axis represents the log2ratio of the probes. Grey lines represent 
the CBS segments17.
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number of 5 complicates detection using CBS, or any other t-statistics based method, due to 
the smaller difference. 

Therefore we also investigated the detection limit on chromosome 5, which has a copy number 
change from 4 to 6 copies without an intermediate copy number level. Deflection of the gained 
region of 2739 probes (46 Mb) is 0.87, only slightly lower than that on chromosome 8. The 
dual copy number gain at chromosome 5 could still be detected with a tumor cell percentage 
of 15% (Supplementary_Figure 1). 

Figure 2: aCGH copy number profiles of BT474 whole genome (A) and for chromosome 8 (B-E) with 35%, 30%, 25% 
and 20% tumor cell percentage respectively. BT474 has three copy number levels at chromosome 8 (4, 5 and 6) with 
breakpoints at 53.8Mb (q11.23) between 4 and 5 copies and at 77.2Mb (q21.11) between 5 and 6 copies. Breakpoints 
were detected between 4 and 5 copies with as little as 25% tumor DNA and between 5 and 6 copies with as little as 20% 
tumor DNA. Y-axis represents the probes according to genomic location, x-axis the log2ratio of the probes. Grey lines 
represent the CBS segments17.
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Detection limits can differ between arrayCGH platforms, albeit small5,18,24. Nevertheless, we 
used an alternative aCGH platform (NimbleGen) to replicate and technically validate some of 
our findings. Both breakpoints on chromosome 8 were observed with a tumor cell percentage 
of 30% in the BT474 dilution range (Supplementary_Figure 2). With a tumor cell percentage 
of 25% only the breakpoint between the 5 and 6 copy regions was detected as previously 
observed with the Agilent platform. Gain of chromosome 5p was again detected with a tumor 
cell percentage of as low as 25%, but no longer with 12.5%. 

Detection of chromosomal alterations by increasing probe number
In addition to noise and deflection, the array resolution is an important factor for the detection 
of small alterations. To test the minimal amount of probes to detect a gain or loss we used 
again the power of the t-test and simulated sizes by varying number of probes. The minimal 
number of probes was tested for a power of 95% and standard deviation and deflection for 
each dilution (Figure 3, Table 1). This was performed for the gain and loss of the ID sample and 
the gain in the cell line.

Figure 3: Minimal number of probes to detect gains in BT474 (A) and gains and losses (B-C) in a sample of a patient 
with ID. For each dilution of DNA; 100%, 35%, 30%, 25%, 20%, 15% and 10% the minimal number of probes needed 
to detect an alteration was tested based on the power of the t-test. The x-axis represents the number of probes tested 
for each dilution, the y-axis the percentage of alterations that are detectable for each dilution and number of probes. The 
grey horizontal line represents the 95% cut-off. 

Identification of single copy number gains and losses in DNA from the patient with ID 
requires 3 probes (~0.05Mb) in the undiluted sample, which is typical for CGH arrays25. In 
the dilutions to 35%, 30%, 25%, 20%, 15% and 10% sample DNA the number of probes 
needed to be increased to 13, 19, 33, 65, 131 and 188 probes for gains (~0.3 to ~3 Mb) 
and 9, 11, 17, 33, 56 and 279 probes for losses (~0.2 to ~4.7 Mb) respectively (Figure 3, 
Table 1). 
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The deflection for a copy number of 6 in BT474 yields slightly better results with again the typical 
3 probes in the undiluted sample and 10, 13, 23, 29, 54 and 133 (~51 Kb to ~2.3Mb) probes 
were required to reach statistical significance for 35%, 30%, 25%, 20%, 15% and 10% tumor 
cell percentage respectively (Table 1 and Figure 3). The lower number of probes needed for 
copy number detection in BT474 compared to the ID sample can be explained by the higher 
deflection (0.98) for a copy number of 6 in undiluted BT474 DNA compared to the deflection for a 
single copy number gain in (0.48) and a single copy number loss (-0.93) in the diploid ID sample.

Detection limits of focal alterations
To further verify these detection limits we evaluated the detection of small CNVs in the DNA 
of the non-mosaic patient with ID and focal alterations and CNVs in BT474. Copy number 
variants CNVR3771/2 (Database of Genomic Variants, http://projects.tcag.ca/) were found 
on chromosome 8 of the ID patient and comprises 21 probes (~1Mb). CNVR3771/2 could be 
detected in the undiluted sample (100% patient DNA) and in the 30% dilution (Supplementary_
Figure 3), but was no longer statistically significant in the 25% dilution (Figure 4). The simulation 
in the previous paragraph predicts that an alteration spanning 21 probes is detectable in 
samples up to 25% mosaicism (Table 1). 

Tumor cell line BT474 harbors multiple somatic focal alterations and germ-line CNVs on 
chromosome 4 (Figure 4). Four of these small alterations were used to determine the minimal 
percentage of tumor DNA required for detection (Figure 3A-C). The alterations span 229 
probes (2.5Mb), 74 probes (1.3Mb), 8 probes (130kb) and 14 probes (179kb). 

With a tumor cell percentage of 35% the three largest alterations could be detected whereas 
the smallest focal alteration of 8 probes (130 kb) was no longer detectable. The 74 probe 
(1.3 Mb) focal alteration was still detectable with 15% tumor cells (Figure 6A-C). The focal 
alteration of 229 probes (2.5Mb) was detected in 10%. Amplification of Her2/neu could be 
readily detected in the lowest BT474 dilution of 10% (Supplementary_Figure 4). 

Detection of chromosomal alterations in clinical samples with mosaicism
To validate whether results obtained with the simulations apply to clinical practice we 
analyzed 2 samples with mosaicism from our clinical routine diagnostics, one sample with 
constitutional and one with acquired mosaicism. DNA from the mosaic patient with ID has a 
gain of chromosome 1 of 583 probes by aCGH (40Mb on the 105K Agilent array, 1p13.3 – 
1q21.3) encompassing the centromere (Figure 5A). The gained region has a mean log2ratio 
of 0.27 using aCGH. FISH analysis using Centromere probe (CEP) and Whole Chromosome 
Paint (WCP) for chromosome 1 showed staining of an additional ring chromosome detected in 
approximately 20% (6/30) of the cells (Figure 5B and 5C). 
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DNA with somatic copy number alterations of a patient diagnosed with Chronic Lymphocytic 
Leukemia (CLL) showed a gain at chromosome 12, including the 12p13.3-q21.1 region (2138 
probes, 34 Mb) and a gain at chromosome 2 (1978 probes, 32.8 Mb) with aCGH (Figure 5D). 
The 12p gained region had a mean log2ratio of 0.12 (Figure 5E). FISH analysis using CEP12 
showed staining of three copies of chromosome 12p in 14% (31/227) of the cells. FISH results 
using a diagnostic CLL probe panel (for the detection of 13q-, 17p-, and 11q-deletion) were 
normal. Gain of 2p was not FISH verified.

Figure 4: aCGH profiles for focal alterations and CNV in BT474. Chromosome 4 of BT474 harbors several focal altera-
tions and CNV’s as detected with 100% tumor DNA (A). Four were used to determine the minimal percentage of tumor 
required for detection; a (gain of 74 probes, 1.3Mb), b (gain of 299 probes, 2.5 Mb), c (gain (CNV) of 14 probes, 179Kb) 
and d (loss of 8 probes, 130Kb). All four alterations were detected with 100% tumor DNA (A), alterations a,b,and c were 
detected in a dilution to 35% tumor DNA and a and b could be detected in a dilution to 15% tumor DNA. X-axis represents 
the genomic location (in Mb), the y-axis represents the log2ratio for each probe. Grey lines represent the CBS segments17.
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DISCUSSION
The use of (high-resolution) aCGH has greatly improved cytogenetic clinical practice but 
detection limits of alterations in mosaic samples remains challenging. We evaluated aCGH 
detection limits with dilution ranges of congenital and tumor samples. Single copy number 

Figure 5: aCGH copy number profiles and FISH images of two clinical mosaic samples. In 20% of the cells of a patient 
with an ID an additional ring-chromosome 1 was observed using aCGH (A) and FISH (B-C). Fish images show a cell with 
three centromeres of chromosome 1 indicated with white arrows (B) and a cell with two normal copies of chromosome 1 
with an additional ring chromosome of 40Mb (C), indicated with a white arrow. In DNA from a tumor of a patient with CLL 
a low-level gain of chromosome 12 p-arm was detected using aCGH (D) and confirmed by FISH (E) and found in 14% of 
the cells. Grey lines in the copy number profile represent the CBS segments17.
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gains and losses, as small as 249 probes (4 Mb on a 180K array platform) and present in 10% 
of a cell population can be detected with aCGH. Alterations spanning as little as 14 probes 
(~180Kb) were detected, but at least 35% mosaicism or tumor cells is required. 

These detection thresholds are smaller and require less probes than previously reported13-15 and 
show that the detection of focal alterations and copy number variants (CNV) of sub-megabase 
dimensions in admixed samples is feasible given the use of high-resolution arrays12,26-28. 
Detection of even smaller alterations in mosaic samples can be achieved by further increasing 
probe density. An alternative method to overcome the challenges of copy number detection in 
mosaic samples, tumor cell heterogeneity and high percentage of admixed normal cells would 
be massive parallel sequencing. In theory sequencing allows for the detection of alterations 
up to base pair resolution in a small fraction of the cells, provided there is sufficient sequence 
depth29.

Detection of alterations in aneuploid samples, which is the case for a large proportion of cancer 
samples, poses additional challenges. Nevertheless, a single copy number gain could still be 
detected with as little as 20% tumor cells as demonstrated using the tetraploid breast cancer 
cell line BT474. 

For inclusion of samples in cancer research studies we, and others, have invariably used 70% 
tumor cellularity or higher30,31. This percentage is reached by selection of resection regions 
with a tumor cell percentage above 70%32. The use of these criteria may introduce a selection 
bias; samples for which the threshold is not met are refrained from analysis and only resection 
regions with a high number of tumor cells are selected. In fact, normal invading cells play an 
important role in tumorigenesis33. Recent reports demonstrate that the proportion of tumor 
cells can be an independent predictor of survival in breast, colorectal and gastric cancer34-37. 
Since our results show that samples with less than 70% tumor cells are suitable for detection of 
alterations with aCGH, selection bias can be reduced whilst increasing the number of suitable 
samples. 

To further compensate for the reduced deflection of alterations in samples with a high level of 
normal admixed cells statistical procedures have been developed23,38. It is however important 
to recognize that the sample with the highest percentage of admixed normal cells determines 
the detection limit in a series. 

In conclusion, detection of single copy number gains and losses by high-resolution aCGH is 
feasible with as little as 10% of aberrant cells and allows for detection of focal alterations and 
copy number variants in clinical specimens. 
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