
The DNA sequence along human chromosomes is con-
stantly changing, and this process enables humans to 
evolve and adapt1–3. We have long been aware of genetic 
variation at either size extreme — cytogenetically rec-
ognizable segments4 and single-nucleotide polymor-
phisms (SNPs)5,6. About 10 years ago, scientists began 
to recognize abundant variation of an intermediate size 
class known as structural variation7–10. Within this class, 
copy number variation (CNV), which involves unbalanced 
rearrangements that increase or decrease the DNA con-
tent, accounts for the largest component by far9,11. We 
now typically define the size of CNVs as larger than 
50 bp12, whereas smaller elements are known as inser-
tions or deletions (indels). These structural variations 
encompass more polymorphic base pairs than SNPs by 
an order of magnitude11,13–17.

There is a continuous spectrum of phenotypic 
effects of CNV, from adaptive traits to embryonic 
lethality2,18. The threshold over which the effect of a 
CNV may be associated with a disease is defined by 
clinicians and is arbitrary19. However, a trait can be 
adaptive or maladaptive in different environmental 
contexts; for example, CNVs in the gene encoding 
α-amylase enable adaptation to dietary starch con-
sumption20. Maladaptive CNVs have been associated 
with conditions such as autism21,22, schizophrenia23, 
Crohn’s disease24,25, rheumatoid arthritis24, type  1  
diabetes24, obesity26 and numerous developmental dis-
eases15,27–29. A special class of CNVs with rearrangement 
breakpoints mediated by non-contiguous stretches 
of repetitive DNA along chromosomes are grouped 
under the term genomic disorders30; mechanistically 

(and, in many cases, phenotypically), these are the best 
characterized imbalances in the genome31. Essentially, 
pathogenic CNVs continue to be described in differ-
ent classes of disease15. Clinical geneticists need to dis-
criminate pathogenic or high-risk variants from benign 
variants in patients, and they do so with information 
about CNVs found in apparently healthy individu-
als, which can include parents, siblings and popula-
tion controls14,15,27,32. A major challenge in the field is 
that there is a growing number of CNVs (known as 
‘variants of unknown significance’) that are suspected 
to be involved in disease susceptibility but for which  
additional population-level data are required33–35.

The Database of Genomic Variants (DGV) was cre-
ated in 2004 (REF. 7) as a comprehensive catalogue of 
human CNV and structural variation among ‘control’ 
individuals. Working with the community and other 
major databases35,36, DGV is continually updated and 
curated12. In many cases, ‘healthy controls’ have been 
defined in relation to a particular disease study, and 
other possible conditions may not have been ruled out. 
There are also studies that draw attention to the abun-
dance of somatic CNVs in healthy tissues37, the influ-
ence of age on CNV representation in populations38 
and the remaining technical challenges in the char-
acterization of complex CNVs1,39,40. Notwithstanding 
these limitations and with a decade of accumulated 
data and experience12, we believe that we are now in 
a position to use the abundance of existing informa-
tion to create a human CNV map (BOX 1) to document 
the extent and characteristics of this form of variation 
among healthy populations.
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Copy number variation
(CNV). A genomic segment of 
at least 50 bp that differs in 
copy number based on the 
comparison of two or more 
genomes.

Unbalanced 
rearrangements
Genomic variants that involve 
loss (deletion) or gain 
(duplication) of segments of 
the genome.
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Abstract | A major contribution to the genome variability among individuals comes from 
deletions and duplications — collectively termed copy number variations (CNVs) — which 
alter the diploid status of DNA. These alterations may have no phenotypic effect, account 
for adaptive traits or can underlie disease. We have compiled published high-quality data 
on healthy individuals of various ethnicities to construct an updated CNV map of the human 
genome. Depending on the level of stringency of the map, we estimated that 4.8–9.5% of  
the genome contributes to CNV and found approximately 100 genes that can be 
completely deleted without producing apparent phenotypic consequences. This map will 
aid the interpretation of new CNV findings for both clinical and research applications.
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Database of Genomic 
Variants
(DGV). A curated catalogue of 
copy number and structural 
variations in the human 
genomes of healthy control 
individuals.

Copy number variable 
regions
(CNVRs). Regions containing  
at least two copy number 
variations that overlap and  
that may have different 
breakpoints.

Next-generation sequencing
(NGS). A high-throughput DNA 
sequencing technology that 
typically generates shorter 
reads than Sanger 
sequencing-based methods 
and that can sequence billions 
of bases in parallel. NGS 
minimizes the need for 
fragment cloning.

Comparative genomic 
hybridization
(CGH). An array-based 
technique that interrogates the 
genome for signs of deletion or 
duplication in relation to a 
reference.

SNP-based arrays
Single-nucleotide 
polymorphism (SNP)-based 
microarrays that contain SNP 
probes to genotype human 
DNA at the single-base level. 
However, through dosage 
signals in adjacent regions, 
they can be used to recognize 
copy number variations.

High-resolution CNV maps have been constructed 
to study the impact of CNVs on complex human traits, 
including diseases9,14,24,41. The aim of this Analysis is to 
create a CNV map of the human genome for variations 
that are not associated with adverse phenotypes. We per-
formed a meta-analysis for CNVs (deletions and dupli-
cations only) on publicly available high-quality data that 
were generated by systematic analyses of selected pub-
lications. Balanced structural variations, such as trans-
locations and inversions (which are often benign1), and 
mitochondrial chromosome variants are ascertained dif-
ferently and are not part of this Analysis. This is the first 
iteration of a genomic map that is intended for clinicians 
and scientists for diagnostic and research purposes. We 
documented the genomic losses (deletions) and gains 
(duplications) independently and also merged the two 
versions to generate a consensus map that represents all 
variations. We start with an overview of various meth-
odologies and studies that are aimed at CNV detection, 
and we then describe our approach for generating the 
CNV map. We present the structure and properties of 
the CNV map, and discuss the impact of copy number 
variable regions (CNVRs) on genes and gene function.

CNV discoveries
Microarrays and next-generation sequencing (NGS) are 
now the primary approaches used for CNV detection. 
The first studies to assay CNVs primarily used micro
arrays with large-insert clones (known as bacterial 
artificial chromosomes (BACs))7 and oligonucleotide 
arrays8. Subsequent microarrays have included both  
comparative genomic hybridization (CGH)9,10,14,41 and  
SNP-based arrays. With the advent of NGS technologies, 
new tools can detect CNVs from these data, and the use 
of these approaches has been particularly widespread 
during the past few years42–44.

Currently, no single discovery strategy can cap-
ture the entire spectrum of structural variations in 
the genome11,16,43, and ascertainment depends largely 
on the platforms and algorithms used40,45. Numerous 

platforms have a lack of probes in regions of the genome 
that contain segmental duplications46,47 — which predis-
pose to structural variation — and are thus unable to 
recognize many CNVs that have been implicated in 
human disease (for example, the β-defensin cluster  
in psoriasis and Crohn’s disease48). The array-based 
detection methods are suitable for studying quantitative 
variants39. Estimates of the total CNV content, as derived 
from earlier platforms such as BAC CGH, are typically 
inflated owing to low resolution and overestimation of 
the breakpoints49. These platforms miss many variants 
that are small. Deletions are generally easier to identify, 
and methods vary in their ability to detect deletions or 
duplications; for example, more duplications are missed 
by SNP-based array platforms and NGS approaches16,40 
than by array CGH. Phase I of the 1000 Genomes 
Project has probably missed variants that are private, or  
recurrent but rare44.

The size distribution of variants called by differ-
ent platforms varies40. Compared with array-based 
detection, studies that use sequencing-based methods, 
particularly NGS, call smaller variants and are biased 
towards the detection of deletions16,43. Sequencing-based 
approaches have both high sensitivity and the ability to 
provide accurate sequence-level breakpoint resolution, 
whereas array-based approaches have a limited resolu-
tion capacity. The highest-resolution array was used by 
Conrad et al.14, in which the minimum threshold for 
CNV detection was 450 bp. Duplications are more read-
ily detected by array CGH than sequencing, and this 
method is more sensitive for detecting small differences 
in copy number40.

Earlier sequencing studies that aimed to generate a 
comprehensive survey of structural variants either used 
targeted sequencing for specific genomic regions or 
undertook whole-genome sequencing of one individual 
at a time. The 1000 Genomes Project50,51 was among the 
first to perform whole-genome sequencing of multiple 
samples from many populations. With CNV data accu-
mulated over the past decade, we now provide the first 
comprehensive meta-analysis.

Evaluation of CNV studies
Study selection. DGV has collected and curated 
2,391,408 CNVs (comprising 202,431 CNVRs) that 
were discovered from 55 studies12. We selected a curated 
collection of CNVs from the entire DGV collection12,36, 
all of which were from peer-reviewed publications. We 
selected recent high-resolution studies, which were 
designed to maximize discovery and minimize false 
discoveries. On the basis of the approach used, we split 
these studies into three primary categories: (i) studies 
based on sequencing (NGS and Sanger approaches), (ii)  
assays based on oligonucleotide or SNP arrays and 
(iii) studies using other methods (for example, fluores-
cence in situ hybridization (FISH), polymerase chain 
reaction (PCR), multiplex ligation-dependent probe 
amplification (MLPA) and optical mapping). Genome-
wide assessment and accurate breakpoint resolution 
were the primary factors for inclusion of studies in the 
curated collection. Approaches based on oligonucleotide 

Box 1 | Copy number variation map

The copy number variation (CNV) map of the human genome catalogues benign CNVs 
among presumably healthy individuals of various ethnicities. The current map includes 
microscopic and submicroscopic variants from 50 bp to 3 Mb. We generated separate 
CNV maps for deletions and duplications, and a CNV map for both together. 
Duplications tend to be under less negative selective pressure than deletions because 
they usually have a milder phenotypic effect.

The CNVs that do not necessarily cause pathogenic effects were first described at the 
genome-wide level in 2004 (REFS 7,8). We have used the term CNV1 and CNV map9 
since 2006, but we also acknowledge the term ‘chromosome imbalance’, which was 
coined more than 50 years ago94. This term has mainly been used to define the 
dosage-sensitive regions of the genome that are associated with phenotypic 
abnormalities27,95–98.

Our CNV map was developed from data in the Database of Genomic Variants (DGV). 
Over the past decade, DGV has provided a publicly accessible, comprehensive curated 
catalogue of CNVs and structural variations that are found in the genomes of control 
individuals from worldwide populations. The content from DGV is regularly 
incorporated into other large-scale genome reference databases.

The new CNV map from this study is presented as a standalone track in DGV.
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Segmental duplications
(Also known as low-copy 
repeats). Highly homologous 
duplicated segments of DNA 
that are >1 kb in length  
and that show >90% 
sequence similarity.

International Standards for 
Cytogenomic Arrays
(ISCA). A consortium of clinical 
cytogeneticists who work 
together to standardize the use 
of array-based approaches in 
clinical genetic testing.

Database of Chromosomal 
Imbalance and Phenotype 
in Humans using Ensembl 
Resources
(DECIPHER). A database that 
documents phenotype 
information in patients with 
observed chromosome 
abnormalities and that aids the 
interpretation of genomic 
variants.

DECIPHER critical genes
Genes located in the critical 
regions that are associated 
with the 70 syndromes defined 
in Database of Chromosomal 
Imbalance and Phenotype in 
Humans using Ensembl 
Resources (DECIPHER).

and SNP arrays were included if the array platform had 
a minimum of one million probes or if the array was a 
targeted or custom CNV assay52. We discarded data sets 
from lower-resolution arrays, and if a study used more 
than one approach or platform, we used only those that 
met the minimum criteria. We also included custom and 
targeted CNV assays, as these provided high accuracy 
and breakpoint resolution, even if the representation 
was not genome-wide. We discarded other approaches 
that are not listed above (including PCR, FISH and 
MLPA) owing to low sensitivity and low resolution; 
most approaches were not genome-wide, nor were the 
breakpoints of the variants delineated well enough for 
inclusion. From the original 55 studies, we thus derived 
a subset of 26 studies, which are listed in Supplementary 
information (Figure S1; Table S1). The majority of CNVs 
in the resulting data set were called by NGS platforms, 
followed by the array methods. There were three studies 
that used Sanger sequencing as the primary detection 
method (see Supplementary information (Table S1)).

Single-study evaluation. We further evaluated the CNVs 
from each study selected, particularly for false-positive 
and rare variants called (see Supplementary information 
(Figure S2)). The variants of each study were stratified 
on the basis of the intra-study frequency (all frequencies, 
1% or greater and 5% or greater). We merged overlap-
ping variants into consensus variants with outermost 
coordinates. Frequency-based stratification was used 
to identify studies enriched in singleton CNVs (that is, 
those detected in a single individual in a single study) 
or low-frequency variants, which was interpreted as a 
sign of lower specificity (see Supplementary information 
(Figures S3–S15)).

The variants in each study were first assessed based 
on distribution by frequency. We compared the appar-
ent genomic variability when all variants were con-
sidered to that after the 1% and 5% frequency filters 
were applied to each study (see Supplementary infor-
mation (Figure S3)). In addition, we curated different 
lists of genes and other genomic elements that were 
expected to be under negative selection against CNV 
(see Supplementary information (Tables  S2–S5)). 
These lists included Mendelian disease implication, 
essentiality53, the International Standards for Cytogenomic 
Arrays (ISCA) dosage sensitivity map28, Database of 
Chromosomal Imbalance and Phenotype in Humans using 
Ensembl Resources (DECIPHER)27, and genomic 
indices of selective pressure and conservation (see 
Supplementary information (Table S4)). Significantly 
higher variability for constrained elements in one study 
than others was interpreted as a sign of lower specific-
ity (see Supplementary information (Figures S7–S15; 
Table S6)). We observed that all variants in one study 
overlapped with 14.6% of coding nucleotides of deleted 
DECIPHER critical genes27 (see Supplementary informa-
tion (Figure S7; Table S6)). By applying the 1% filter, 
the overlap was reduced to 2.5%, and the 5% frequency 
filter had a minimal effect. We observed a similar pat-
tern for the overlap of ISCA genes (see Supplementary 
information (Figure  S12)) and Online Mendelian 

Inheritance In Man (OMIM; see Supplementary infor-
mation (Figure S13)) genes with CNVs from two studies 
(see Supplementary information (Table S1)).

A total of 23 studies passed this quality con-
trol for the final curated collection of studies (see 
Supplementary information (Table S1)). This collection 
contains 2,057,368 variants — including 195,084 gains 
and 1,862,284 losses (see Supplementary informa-
tion (Figures S16–S23)) — called from 2,647 subjects 
(1,404 male, 1,219 female and 24 of unknown sex) from 
diverse ethnicities (see Supplementary information 
(Figure S16)).

The CNV map
The aim of the CNV map is to document the variabil-
ity of the human genome in healthy individuals from  
various populations. To capture the maximum extent  
of variability, we combined variants from different 
studies into a single map. Common variants would be 
detected in different individuals and ethnicities. Some 
variants were rare, private singletons or false discover-
ies; therefore, it is important to account for the presence  
of singletons. Different platforms have different degrees of  
accuracy for determining the beginning and end of the 
variants. For example, Sanger sequencing can detect CNV  
breakpoints with single-nucleotide resolution, whereas the  
array-based methods have lower precision. Thus,  
the coordinates of variants detected by different methods 
may not be identical.

We devised the following strategy to combine the 
high-confident variants from different studies into 
merged CNVRs. As CNVs called from different stud-
ies can estimate partially different CNV boundaries, we 
used a CNVR-clustering algorithm to identify sets of 
variants in which every possible variant pair had at least 
50% reciprocal overlap14. This requirement ensured that 
structurally distinct CNVs were not merged at this stage. 
Clusters were then filtered on the basis of the number 
of distinct subjects that carry the variant and the num-
ber of distinct studies with at least one variant in the 
cluster. These two indices were used to filter the clusters 
that were eventually merged into the final consensus 
CNVRs9 with the outermost coordinates. An alternative 
merging strategy that tests the average CNVR bounda-
ries was evaluated to determine whether the boundaries 
were being significantly overextended by the original 
process; however, this was not the case (TABLE 1; see 
Supplementary information).

The filter based on the number of subjects excluded 
singletons, and variants that are supported by a larger 
number of subjects are less likely to be false positives. The 
filter based on the number of studies ensured the exclu-
sion of potential study-specific artefacts. We evaluated 
50 pairs of thresholds for the number of subjects and the 
number of studies (for example, at least one subject and 
one study, and at least two subjects and one study, and so 
on), which generated a set of CNVRs for each threshold 
pair (see Supplementary information (Figures S24–S31; 
Table S7)). The CNVRs that were recognized with higher 
stringency have support from a higher number of sub-
jects and studies. The map supported only by at least one 
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Table 1 | Summary of copy number variation in the genome based on the inclusive and stringent maps

Copy number variation measures All variants Gains Losses

Inclusive map Stringent map Inclusive map Stringent map Inclusive map Stringent map

Total genome variable (%)* 9.5 4.8 3.9 2.3 7.5 3.6

Total genome variable (Mb) 273 136.6 111.5 64.7 215 102.4

Median interval length of CNVRs (bp) 981 1,237 3,334 9,741 956 1,137

Mean interval length of CNVRs (bp) 11,362 11,647 35,581 55,370 9,181 8,883

Number of CNVRs 24,032 11,732 3,132 1,169 23,438 11,530

CNVR, copy number variable region. *Numbers listed are based on the upper boundary size estimates of CNVRs. Average boundary sizes of the total genome 
include: all variants in the inclusive map (8.8%) and stringent map (4.1%), gains in the inclusive map (3.5%) and stringent map (1.9%), and losses in the inclusive map 
(6.9%) and stringent map (3.1%).

Properties of the CNV map
Our inclusive CNV map of the human genome com-
prises 3,132 CNVR gains and 23,438 CNVR losses 
(TABLE 1). At this level of stringency, 9.5% of the human 
genome seems to be involved with losses or gains (7.5% 
and 3.9%, respectively; see Supplementary informa-
tion (Figures S41,S42). Earlier studies estimated this 
statistic as 12%9 or 13%55 for all CNVs, or less than 5% 
of the genome for the large-scale (>50 kb) variants54. 
Based on validated CNVs, Conrad et al.14 reported that 
3.7% of the human genome is copy number variable, 
which is slightly lower than the estimate from our cur-
rent stringent map (4.8%), and this difference is prob-
ably due to the fact that only 40 samples of European 
and African ancestry were analysed. The higher per-
centage of apparent variability in our inclusive map 
could be explained by the fact that more samples from 
a wider range of ethnic backgrounds were included. 
Moreover, the present meta-analysis included variants 
that were derived from sequencing-based approaches, 
which capture smaller variants than those called in the  
array-based approaches14.

The stringent map found variants that are more 
common, with fewer population-restricted variants. 
Its more stringent requirement for variant calling 
reduced the platform biases, which account for about 
30% of discordant variant calls from the same method 
(platform and algorithm)40. However, it did remove a 
proportion of valid, rare variants from the map. The 
total genomic variability for this map was 4.8% (3.6% 
for losses and 2.3% for gains), which is 50% less than 
that of the inclusive map. The number of CNVs var-
ies inversely with length of the variant region50. We 
found most CNVRs to be 300–3,000 bp, with losses 
slightly smaller than gains (TABLE 1; see Supplementary  
information (Figures S43,S44)).

CNVRs were found to be unevenly distributed in  
the genome56 and among chromosomes (FIG. 1). From the  
inclusive map, the proportion of any given chromo-
some that is susceptible to CNV varied from 1.1% to 
16.4% for gains and from 4.3% to 19.2% for losses. 
For gains, chromosome 22 and the Y chromosome 
showed the highest proportion of variability, followed 
by chromosomes 16, 9 and 15, which were all above 
the genome average (FIG. 1a). Chromosomes 3 and 18 
showed the lowest proportion of variability in this 
map (FIG. 1a). On the stringent map of gains, a similar 

subject and one study (map with the stringency level 1) 
included all CNV and CNVRs (that is, every variant 
reported, including singletons and other variants) (see 
Supplementary information).

For further study, we selected thresholds of: (i) at 
least two subjects and one study for each variant (strin-
gency level 2 (inclusive map); see Supplementary infor-
mation (Table S9)) and (ii) at least two subjects and 
two studies (stringency level 12 (stringent map); see 
Supplementary information (Table S10)). Other strin-
gency levels, additional information about the ethnic 
origin, number of studies and number of variants repre-
sented in each CNVR, and an alternative algorithm for 
construction of maps are presented in Supplementary 
information (Figures S32–S40; Table S8). This choice 
was based on previous estimates of genome copy num-
ber variability, overlap with reference variants from 
different platforms and minimal variability of highly 
constrained genomic elements (see Supplementary 
information). For example, DECIPHER critical genes 
did not overlap with CNVR gains, whereas CNVR 
losses affect 11.2% of the nucleotides of these genes at 
stringency level 1, and 2% or 0.5% for the inclusive and 
stringent maps, respectively (see Supplementary infor-
mation (Figure S26)). The gene sets for essential genes 
(see Supplementary information (Figure S27)), OMIM 
genes (see Supplementary information (Figure S30)) 
and cancer genes (see Supplementary information 
(Figure S31)) overlapped with both gain and loss maps, 
and the overlap was significantly less in the inclusive 
map than at stringency level 1. Moreover, in the same 
comparison, the proportion of the genome that appar-
ently contains CNVs decreased from 16.8% to 9.5% (a 
change of almost 43%), and then to 4.8% in the stringent 
map (see Supplementary information (Figure S24)). The 
marked change between the map with stringency level 1 
and the inclusive map could be explained if a proportion 
of the singleton variants were false positives and the rest 
were rare events. Earlier studies have confirmed that a 
high proportion of the singleton CNVs deposited in the 
DGV are extremely rare or are due to false discovery54, 
which justifies their omission from a CNV map. The 
consequences of some of these rare variants are likely 
to be of late onset and recognized as pathogenic at the 
time of study. By removing these singleton variants, we 
are confident that we have reduced the number of false 
positives and potentially rare pathogenic variants.

Essential genes
Orthologues of mouse genes 
for which homozygous 
loss‑of‑function mutations 
cause embryonic or neonatal 
lethality. They are necessary 
for cellular viability and 
organism development. They 
are evolutionarily more 
conserved than non-essential 
genes.
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Copy number stable
(CNS). Pertaining to regions of 
the genome without any 
detected copy number 
variation in healthy individuals.

pattern was observed with the exception that the entire 
Y chromosome seemed to be copy number stable (CNS). 
This is because it is difficult to design probes for the 
Y chromosome owing to the highly repetitive nature of 
its sequence, and many commercially available arrays 

do not assay it57. For losses, the highest proportion 
of variable sequence was in chromosomes 19 and 22 
and the Y chromosome on both inclusive and strin-
gent maps (FIG. 1b). The lowest proportion was found 
in chromosomes 5 and 8 for the inclusive map, and 
chromosome 18 for the stringent map. This pattern 
was also seen for gains and losses that were com-
bined together (FIG. 1c). We also observed that CNVs 
were unevenly distributed along the chromosomes. 
The pericentromeric regions had a higher propor-
tion of CNVs58, as did the subtelomeric regions9,14,50,58 
(FIG. 2), albeit with a lower than expected confidence 
assignment owing to the often complex nature of the 
sequence in these regions and the difficulty in properly 
assaying them.

Functional impact of CNV
Different genomic elements are expected to be  
under different degrees of constraint for variation in 
copy number. We focused our assessment on the vari-
ability of gene exonic sequence. However, we also inves-
tigated the variability of transcripts59–61, the coding DNA 
sequence and introns (see Supplementary information 
(Figures S45–S50; Tables S11–S13)). Genes were organ-
ized into different sets on the basis of: (i) the distinc-
tion between protein-coding and non-coding, (ii) their 
known phenotypic outcome in humans and mice, or 
Mendelian disease implication, and (iii) their genomic 
conservation and evolutionary constraint indices. We 
also assessed genomic sequences that were grouped 
on the basis of: (i) their conservation, (ii) their role in 
gene expression regulation (core promoters, enhanc-
ers and CpG islands) and (iii) their structural criteria 
(centromeres, telomeres, segmental duplications and 
repeats).

Losses contributed more than gains to the overall 
variation that was associated with various gene classes 
(FIG. 3), which is probably due to the underlying detection 
biases. The exons of all genes (as defined by RefSeq62) 
were more variable than the genome average (that 
is, the background) (FIG. 3). The exons of non-coding  
genes had the highest proportion of copy number 
variable sequence, which is higher than the exons  
of protein-coding genes. By contrast, exons of many of 
the constrained gene sets — particularly those associ-
ated with diseases (OMIM, ISCA and cancer) or other 
fitness-altering phenotypes — were less variable than 
the genome average (FIGS 3,4). Cancer-related genes43,63 
and particularly DECIPHER critical genes were under 
strong negative selection. The latter were the least 
affected by deletions. After DECIPHER critical gene 
exons, the least variable for both gains and losses were 
genes that were predicted by the genic intolerance score64 
and the haploinsufficiency index65 (see Supplementary 
information). Exons in OMIM genes had relatively less 
overlap with CNVRs (gains or losses)9,18,66,67 in both the 
inclusive map and the stringent map, and they were as 
constrained as the ISCA genes (FIGS 3,4). The variabil-
ity of exons in essential genes was comparable to that 
of the OMIM genes. Exons in dominant genes showed 
no significant differences in variability compared 
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Figure 1 | Proportion of each human chromosome that is copy number variable 
based on the inclusive and stringent maps.  Copy number variation (CNV) gains for 
each chromosome (part a), CNV losses for each chromosome (part b), and CNV gains and 
losses for each chromosome (part c) are shown. The horizontal dashed lines indicate the 
genome average for the inclusive map (upper line) and the stringent map (lower line). 
Assembly gaps, including centromeres and heterochromatic regions, were not included 
in the calculation of variable proportions. The y axes indicate the percentage of 
nucleotides of each chromosome that may be involved in CNV.
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Figure 2 | Distribution of copy number variable regions in 
pericentromeric and subtelomeric regions of human chromosomes. 
Copy number variable region (CNVR) gains (part a), CNVR losses 
(part b), and CNVR gains and losses in the inclusive map (part c) are 
shown for pericentromeric regions (left panels) and subtelomeric 

regions (right panels).  The y   axes indicate the percentage of 
nucleotides in each window that may involve copy number variation. 
We used sliding windows of 5 Mb with steps of 0.5 Mb for this purpose 
(see Supplementary information (Figures S57,S58) for the stringent 
map).
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Genic intolerance score
An index of intolerance to rare, 
non-synonymous variation.

Haploinsufficiency
Reduction in the amount  
of gene product owing to 
functional loss of an allele  
that leads to an abnormal  
or a disease state.

Long intergenic non-coding 
RNAs
(lincRNAs). Non-coding RNAs 
that are thought to be key 
regulators of diverse cellular 
processes. Their expression 
seems to be more 
tissue-specific than that of 
coding genes.

PhastCons elements
Evolutionarily conserved 
elements that were identified 
by modelling substitution rates 
in multiple genome alignments.

Ultra-conserved elements
Regions of DNA that are 
conserved across mammalian 
genomes and that mostly 
consist of non-protein-coding 
regions (that is, regions with 
little or no evolutionary 
changes since the divergence 
of mammals and birds).

with those in recessive genes. An earlier study showed 
that dominant and recessive genes have relatively few 
CNVRs43. Long intergenic non-coding RNAs (lincRNAs) 
were enriched in CNVRs. Promoters were enriched in 
CNVRs (FIG. 3) compared with the entire genome14,43. 
This might be related to previously observed indel 
enrichment at both ends of genes68. Enhancers were 
impoverished in CNVRs (FIG. 3). PhastCons elements 
were found in relatively few CNVRs (FIG. 3), as were 
ultra-conserved elements, which are under strong selec-
tion against mutation9,63,69. CpG islands were more  
variable than the genome background14.

Previous studies have indicated a positive correla-
tion between CNVs and gene density63,67,70. Our analysis 
indicated that this is not universal. Deletions are biased 
away from certain categories of genes owing to negative 
selection9,71, whereas duplications are less likely to be 
pathogenic and are often under positive selection, which 
drives evolution of many gene families66. In particular, 
the common deletions affect the protein-coding genes 
less than the rare variations51.

Segmental duplications and CNVs
The role of segmental duplications in genomic stabil-
ity and disease has previously been reviewed72,73. These 
elements are enriched at pericentromeric and subtelo-
meric regions, and their correlation with CNVRs has 
been shown7,9,10,14 (see Supplementary information 
(Figures S51–S56)). Chromosomes vary in this respect 
— chromosome 19 showed the highest correlation 
with the evolutionarily older segmental duplications  
(with low sequence identity of around 90%), and chro-
mosome 14 showed the highest correlation with the 
evolutionarily recent segmental duplications (with high 
sequence similarity of around 99%) (see Supplementary 
information (Figure S56)). Approximately 60% and 
45% of nucleotides of segmental duplications were 
CNVs in the inclusive and stringent maps, respec-
tively (see Supplementary information (Figure S51)). 
The substantial overlap and association between CNVs 
and segmental duplications highlights the dynamic 
nature of these regions, which blurs the distinction 
between CNV7,9 and ancestral duplications that are 
presumed to be fixed in a specific population72. The 
segmental duplications with low sequence identity 
showed slightly higher genome-wide correlation with 
the CNVRs than the elements with high sequence simi-
larity, which probably reflects a technical bias for better 
probe coverage in the low-identity repeats rather than 
a true mechanistic correlation40 (see Supplementary 
information (Figure S56)).

Homozygous deleted genes
We generated a null CNV map of the human genome 
by compiling all CNVs in the DGV that were identi-
fied as being homozygously deleted and restricting 
them to regions that were shared with CNVR losses in 
the inclusive and stringent maps (see Supplementary 
information (Tables S14,S15)). These CNVRs were 
mildly, but not significantly, enriched in genes with 
paralogues compared with stringent loss CNVRs 

(see Supplementary information (Figures S59,S60)). 
The null CNVs were limited to 0.75% of the genome 
in the stringent map (see Supplementary informa-
tion (Table S16)). From the inclusive map, we iden-
tified 107 human protein-coding genes (99 genes 
were from the stringent map), for which at least 85% 
of the exons were deleted in the null CNVRs (see 
Supplementary information (Table S18)). These genes 
would seem to be non-essential, as they could be miss-
ing from the genomes of apparently healthy individu-
als. These genes have more gene family members (see 
Supplementary information (Tables S17,S18)), which 
is common among duplicated genes74, and are more 
prevalent in segmental duplications than all genes on 
average (see Supplementary information). The func-
tion of non-essential genes may be redundant (14 have 
paralogues), or they may be related to late-onset pheno-
typic consequences that do not substantially reduce the  
fitness. Some of the non-essential genes from our list 
are described in OMIM as age-related phenotypes 
(UDP glucuronosyltransferase 2 family polypeptide 
B17 (UGT2B17) for osteoporosis75), Rh‑negative blood 
type (RHD76), delayed AIDS from HIV‑1 infection 
(KIR3DL1 (killer cell immunoglobulin-like receptor, 
three domains, long cytoplasmic tail, 1)77), susceptibil-
ity to multiple sclerosis (the major histocompatibility 
complex gene HLA‑DRB1 (REF. 78)), autoimmune dis-
ease (HLA‑DQA1 (REF. 79) for coeliac disease), and pla-
cental function and fetal wellbeing (pregnancy-specific 
beta-1-glycoprotein 1 (PSG1)80). Interestingly, our list 
of non-essential genes is non-overlapping with the 
loss‑of‑function genes reported by MacArthur et al.81.

Figure 3 | Copy number variations that involve 
regulatory elements or exons of specified gene lists. 
From the inclusive maps, the proportion of nucleotides 
from each category involved in copy number variation 
(CNV) gains (part a), CNV losses (part b), and CNV gains 
and losses (part c) is shown. The horizontal dashed lines 
indicate the genome average for the inclusive map. The 
y axes indicate the percentage of total nucleotides of 
exons of each gene set or genomic element that may 
contain CNVs. Numbers in parentheses show the total 
number of genes included in the analysis for each set, and 
the percentages in parentheses are the percentages of the 
sequenced genome of the element. We considered a 
result significant when the one-sided empirical P value 
(calculated by a 10,000 randomized data set) was less than 
0.01 (no mark), whereas borderline significance was 
defined as empirical P value between 0.01 and 0.1 (marked 
with *), and P values greater than 0.1 (marked with **) are 
considered insignificant. The permutation was not 
performed for cancer and Database of Chromosomal 
Imbalance and Phenotype in Humans using Ensembl 
Resources (DECIPHER) critical genes for CNV gains, as 
they did not overlap with any CNVs. See Supplementary 
information (Tables S2–S5,S8). CGD, Clinical Genomic 
Database; GI, genic intolerance; HI, haploinsufficiency; 
ISCA, International Standards for Cytogenomic Arrays; 
lincRNA, long intergenic non-coding RNA; OMIM, Online 
Mendelian Inheritance In Man.
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Functional enrichment analysis
We tested Gene Ontology82 and pathway-based gene 
sets for enrichment in variable and stable genes. The 
enriched gene sets are similar for losses (FIG. 5) and gains 
(see Supplementary information (Figure S61)) in the 
inclusive and stringent maps; the stringent map showed 
a more significant enrichment, particularly for func-
tional gene sets in stable regions. Gene-set enrichment 
results were visualized as a network in order to group 
highly overlapping gene sets into functional clusters83. 
Xenobiotic, drug and steroid metabolism, immune 
response84–86, olfactory receptors84–87, starch and sucrose 
metabolism, pregnancy-specific adhesion molecules, 
endoplasmic reticulum, vesicle and Golgi apparatus 
were the functions enriched in the CNVRs in both 
inclusive and stringent maps (FIG. 5; see Supplementary 
information (Figure S61)). Protein phosphorylation, 
signal transduction, protein degradation, transcrip-
tional machinery and regulation, intracellular transport, 
organ and system development, cell differentiation, cell  
cycle and nucleus compartment were the functions 
enriched in the CNS regions of the genome. Genes 
that belong to each functional category are shown in 
Supplementary information (Table S19). Gene families 
with members that overlap with segmental duplications 
were enriched for CNVs; for example, the human sali-
vary amylase genes, which encode enzymes that catalyse 
the digestion of dietary starch, showed extensive CNV20.

Discussion and future work
Our CNV map demonstrates and quantitates the extent 
of heterogeneity within the human genome in terms of  
CNV. The human genome is continually shaped by 
ongoing modifications of its structure that are reflected 
in both healthy individuals and those with disease. The 
presence of CNVRs in and among functional sequences 
— including those associated with disease — makes 
it challenging to discriminate between benign and 
pathogenic CNVs. The CNS regions of the genome  
in the inclusive map (that is, of control genomes) may be  
the most dosage-sensitive regions of the genome, in 
which CNVs are likely to be associated with disease 
or reduced fitness. A CNV found in the inclusive and 
stringent maps that overlaps with a disease-associated 
gene may reflect reduced penetrance of the variant with 
respect to the disease phenotype15,19,32.

This map is particularly valuable, as the highest-
resolution sequencing or array-based studies still have 
limitations that can be overcome by pooling resources 
from multiple studies. For example, Conrad et al.14 
examined the genome with the highest-resolution 
array-based platform but was still unable to reli-
ably detect variants smaller than 450 bp. Moreover, 
this study included a limited number of samples for 
CNV discovery, which captured only two different 
populations. By contrast, the 1000 Genomes Project 
studies44,50 analysed a larger number of samples from 
a wider range of populations but used low-coverage 
sequencing, which limited CNV detection; therefore, 
the majority of CNVs discovered were smaller than 
400 bp, and both duplications and larger variations 
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were under-represented. By combining CNVs from 
23 studies (including the latter three14,44,50 in the CNV 
map), we are able to overcome issues seen in indi-
vidual studies. Although this meta-analysis has gener-
ated the most complete map (to date) of CNV in the 
human genome, variants of 50–500 bp need further 

characterization with single-nucleotide resolution and 
by sequence-based approaches, such as NGS16. This 
CNV map can be used as a standard for comparison 
in studies of the genetic basis of phenotypic variation. 
It will be a tool for using CNV genome annotations 
to discriminate pathogenic CNVs from benign CNVs, 
and for identifying those CNVs that are associated 
with evolutionary fitness in the population. Moreover, 
this map can be used to guide the development of  
CNV-specific genotyping assays.

Clinical applications of the CNV map. This map can be 
used as a tool in the investigation of CNVs for medical 
applications9,15,32. To assess the clinical importance of a 
CNV found in a case subject, the criteria could include: 
(i) whether it is found among the CNVRs of the CNV 
map and (ii) whether it overlaps with medically rel-
evant genes. We manually curated a list of 935 medi-
cally relevant genes that have been shown to involve 
CNVs (see Supplementary information (Table  S5 
and References)). This comprehensive list of disease-
associated genes was derived from 407 peer-reviewed 
publications and includes the ISCA dosage-sensitive 
map genes, the Baylor College of Medicine 105K oligo-
nucleotide array disorder list, the DECIPHER critical 
genes and cancer genes. A CNV found in a patient that 
overlaps with any of these genes while not being found 
in the CNV map would suggest medical importance; in  
particular, CNVs that are associated with the more 
stringent gene sets, such as DECIPHER critical genes 
and embryonically lethal genes, would have a higher 
likelihood of pathogenicity. Comparisons between 
inclusive and stringent maps could allow consideration 
of conditional phenotypes, such as age-related pheno-
types. The genes in which mutations cause late-onset 
disorders are less conserved than those that are associ-
ated with earlier-onset disorders (which have a greater 
effect on genetic fitness)88 and might be better filtered 
by the stringent map.

There are no solid boundaries between what we rec-
ognize as traits and diseases, nor between variants that 
are classified as benign or neutral and variants that are 
classified as predisposing risk factors or disease-related. 
Genomic background, including ethnicity, can influ-
ence the thresholds. For example, the low copy number 
of the amylase gene is a disadvantage in Asian popula-
tions, particularly in the Japanese, but it has no effect in 
African populations20.

Future research direction. This CNV map has been 
generated with certain constraints. First, information 
about CNVs in healthy individuals is incomplete. The 
CNVRs of the genome defined in the current inclusive 
map are those detected in at least two different inde-
pendent samples among 2,647 subjects. We will con-
tinue to generate maps as new CNV data sets become 
available but, for Europeans, the CNV map may 
approach saturation because our testing of 3,000 addi-
tional samples from this group24 only slightly increased 
the total genomic variability (from 9.5% to 9.7%) (see 
Supplementary information (Figures S41,S42)).
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All singleton findings were assigned to the CNS 
regions of the map (see Supplementary information 
(Figure S24)); however, some of these variants may 
indeed be true variants because low-frequency vari-
ants can show an increased level of population dif-
ferentiation51,54,89,90 and because CNVs segregate at 
different frequencies in different populations9,14,20. For 
example, the CNVs in regions of segmental duplica-
tion are more likely to be population stratified than 
CNVs in regions of unique sequence45. Campbell 
et al.45 showed that CNVs involving bitter taste recep-
tor genes (TAS2R46 and TAS2R48) are more prevalent 
in non-Africans than in Africans. These authors also 
found that a CNV overlapping the occludin (OCLN) 
gene is at a lower copy number in East Asian indi-
viduals than in African individuals. The chemokine 
(C-C motif ) ligand 3‑like 1 (CCL3L1) gene is one 
of the most differentiated exonic CNVs14. There can 
also be sex-influenced modifiers91 and CNVs that 
express phenotypes at different ages92,93, and many 
other complex phenomena, such as pleiotropy, could 
be involved2. These points highlight the breadth of 
phenotypic effects and that some of the currently 
excluded singleton variants may be included at a later 

time when additional samples are available. Moreover, 
larger and broader sample collections would enable 
us to generate population-specific CNV maps, which 
could capture geographically segregated variants89, 
and also to generate maps that include only rare vari-
ants. The identification of population-specific CNVs 
could be important for studying the role of positive 
and negative selection on these variants, and how 
they relate to diseases or beneficial traits in specific 
populations13,19. The interaction between CNV size 
and genomic feature variability needs to be bet-
ter investigated (see Supplementary information  
(Figures S62–S66)). For example, certain genomic fea-
tures may be prone to large gains that encompass their 
full length, but they are constrained for small gains 
that alter their structure.

We also note that the copy number level for each 
CNVR is not specified in the current map, as many of the 
underlying data sets were not genotyped to capture this 
information. With improved algorithms and the transi-
tion to genome sequencing approaches, we will have 
a more comprehensive catalogue of genotyped vari
ants that enable us to accurately report the population  
frequencies at each CNVR.
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The DGV curates published variants on an ongo-
ing basis and has become the primary repository for 
CNVs to be used both in research studies and for 
the annotation of variants in clinical settings. The 
DGV documents variants from presumably healthy 
controls, but the amount of phenotypic documenta-
tion available is often limited. For example, a control 
sample in a cancer study may not have been assessed  
for health status with respect to blood pressure or 
other health problems. Moreover, health is not static, 
and the status of a research participant could change. 
The DGV does not exclude variations with late-onset 
phenotypes; therefore, caution is needed in its use for 

prediction of health outcomes19. By contrast, databases 
such as DECIPHER aim to catalogue the highly pen-
etrant variants that cause overt phenotypes. In our 
previous work9,19, we noted some overlap of content 
in control and disease databases, such as DGV and 
DECIPHER, respectively, and such overlap requires 
an explanation either by improved resolution of the 
CNVRs and more-detailed phenotyping or, more gen-
erally, through a better understanding of the phenom-
enon of penetrance. Ultimately, our latest CNV map 
of the human genome provides a reference for under-
standing the effect of genomic imbalance on evolution, 
health and disease.
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