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NDesign: software for study design for the detection of
rare variants from next-generation sequencing data
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We developed a software program, NDesign, for the design of a study intended for detecting rare variants from next-generation

sequencing (NGS) data. In this study design, the optimal depth of coverage and the average depth of coverage are first

evaluated, and then the ability of the designed experiment to obtain a desired power is determined. NDesign has been

developed to calculate both these depths, as well as to evaluate the power of the designed experiment. It has a simple

implementation in the JavaScript language, and is expected to enable researchers to design optimal NGS studies.
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INTRODUCTION

Genome-wide association studies (GWAS) have revealed numerous
associations between diseases and alleles of single-nucleotide poly-
morphisms (SNPs).1–4 While a comprehensive study of the genome
can detect an association with high sensitivity, studies are typically
limited to finding SNPs with common or moderate frequency in a
given population. Although variants with low frequency might also be
responsible for disease, detection of the variants is not realistic by
GWAS, because it is hard to obtain sufficient sample size for a desired
power, and it is hard to distinguish such results from experimental
errors. Recent advances in high-throughput sequencing technologies,
known as next-generation sequencing (NGS) technologies, can
potentially identify such associations, using a parallel short-read
strategy for DNA sequencing. A number of short reads are aligned
over each locus; therefore, the observed alleles are useful in
distinguishing the results from experimental errors. If an abnormal
allele is observed only in specific disease patients, it is considered to be
associated with the disease. This DNA sequencing approach can
detect variant loci having a low frequency of occurrence, as well as
those with a moderate or high frequency. As many common variants
have already been detected by GWAS, we focus on the detection of
rare variants in this study. With the emergence of commercially
available platforms, several associations have already been identified
by NGS;5–7 however, an issue remains in that the choice of depth of
coverage in the design of a study has not yet been discussed in
adequate detail.

A well-considered study design is necessary for conducting an
experiment successfully and economically. A number of reads are
required to be aligned at a locus for determining whether it is a
variant locus because of possible calling errors. To obtain sufficient

observation of reads at a locus, known as depth of coverage, to
identify the variant locus, a greater number of total sequences are
necessary, which would unfortunately increase cost. One of the ways
of obtaining results feasibly is to design the minimum indispensable
depth to identify the variant. An approach to study design has already
been proposed8 for this purpose; however, this approach is
complicated in that it introduces a negative binomial distribution
for the depth of coverage, and calculates power via a simulation.
Further, the method is not readily available, as it has not been
implemented in any software program. We herein introduce a simpler
model for power and a software implementation of the study design
method. The power to detect variants can be explicitly formalized in
terms of the significance level, the calling error probability and the
probability of observing variant alleles based on the binomial
distribution; consequently, the proposed study design can be
considered as the design of an experiment in which the average
depth of coverage exceeds the optimal depth of coverage derived from
the calculated power. We have developed a software program termed
NDesign to calculate the optimal and average depths of coverage, and
to evaluate the feasibility of the designed experiment. NDesign has a
simple implementation in JavaScript, and we believe that it will
benefit researchers attempting to detect rare variants from the
NGS data.

METHODS

Design of optimal depth of coverage

Rare variant detection within an individual. First, we derive an explicit

formula for the power to detect a rare variant at a locus within an individual.

Here, we assume that the carrier of the variant allele is a heterozygote of the

variant and normal alleles, because the frequency of the variant is assumed to
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be low. When we observe D alleles at a locus for the carrier, the number of

observations of the rare variant follows a binomial distribution B(D, p), where

p is the probability of observing the variant, which can be taken to be equal to

1/2 in the case of rare variant detection within an individual. For a non-carrier,

the number of observations follows a different binomial distribution B(D,

perror), where perror is the calling error probability of observing the variant allele

from the homozygote individual of the normal allele, which normally takes a

value lower than p. Upon setting the significance level as a, the power to detect

the variant can be described as

Power¼
XD

x¼ x�ðaÞ
Bðx;D; pÞ; ð1Þ

where x*(a) is the critical number of rare variant observations, and

x�ðaÞ¼ minfx j
XD
i¼ x

Bði;D; perrorÞpag:

Our first goal is to determine the optimal depth of coverage, doptim, as the

minimum depth exceeding the desired power derived from equation (1). This

depth is indispensable in identifying the variant allele with this desired power.

Rare variant detection within pooled sample. The extension of this discussion

to pooled sample data is simple. If we assume that n carriers of the variant

allele exist in the pool, we simply replace the probability of observing rare

variants, p¼ 1/2, with p¼ n/2N, where N is the pool size. The optimal depth of

coverage for pooled sample data at a particular desired power can also be

evaluated.

Design of experiment
Our second goal is to calculate the average depth of coverage for the designed

experiment, after which the experiment can be evaluated by examining

whether the average depth exceeds the obtained optimal depth of coverage.

For simplicity, we assume that all reads are uniformly aligned over the genes or

regions targeted in the study. Therefore, the average depth of coverage can be

explicitly expressed as

davg ¼
L

lN
;

where L is the total sequence for the employed sequencer and sequencing

method, and l is the length of the target genes. In the Discussion section, we

discuss the case in which we assume a non-uniform alignment of the reads.

The total sequence L can be expressed as L¼ br, where b is the number of

beads (or clusters) per experiment (one run) and r is the read length. The

parameters for well-known commercially available NGS platforms are sum-

marized in Table 1. The total sequences are also listed in this table. The

feasibility of conducting the designed experiment can be evaluated by

comparing the obtained average depth of coverage with the optimal depth

of coverage.

AVAILABILITY AND IMPLEMENTATION

We have developed a software program, NDesign, to determine the
optimal depth of coverage with desired power and the average depth
of coverage for the designed experiment. NDesign and its user guide
are available free of charge at http://www.stagen.co.jp/ndesign.html.
This program is written in JavaScript and can therefore run on several
standard Web browsers that can interpret this language.

DISCUSSION

We have proposed a binomial-distribution-based study design
method for the detection of rare variants from NGS data. A good
approximation for the power may be provided by using another
probability distribution; however, we obtained an exact formula using
the binomial distribution without considering any approximation
conditions. The probability of observing rare variants may fluctuate,
owing to several well-known biases (for example, duplication bias for
read, alignment error or GC contents). However, the expected power
can be computed without any such biases, because the employed
probability corresponds to the expected one.

We have assumed that the alignment of reads is uniform over the
target genes or regions. However, the actual alignment is not uniform;
that is, the depth has a distribution over the target genes. An optimal
experiment is, of course, one in which the depth of coverage at every
locus exceeds the evaluated optimal depth of coverage; in other words,
the experiment with b(d)¼ 1 is the optimal one, where

bðdÞ¼ 1

l

X
t;target genes

1fdðtÞXdoptimg;

d(t) is the depth of coverage at locus t, and

1fdðtÞ�doptimg ¼
1 if dðtÞXdoptim

0 otherwise
:

�

The summation runs over the target genes of the experiment. The
experiment having a uniform distribution, d(t)¼ davg, would there-
fore be optimal, provided davg44doptim. In the case that is difficult to
assume the distribution before the experiment, the criterion davg4
doptim may provide a feasible evaluation of the designed experiment. It
will be better to use an empirical distribution instead of a distribution
based on a probabilistic model if it is available, because there are
sequence-specific biases affecting the distribution, which depend on
the characteristics of the reagents used and platform-specific chem-
istry. In the case that an experiment with low b(d) has already been
conducted, this information can be used as the basis for design of an
additional experiment to improve b, using the obtained empirical
distribution. The introduction of an empirical distribution into
NDesign may be considered in the future work. Currently, we have
developed this software by assuming a uniform distribution to realize
a simple implementation; this assumption is presently adequate for
planning an experiment in the early stages of a study.

ACKNOWLEDGEMENTS
We thank the anonymous referees for their valuable comments and suggestions

to improve the quality of the manuscript. We are also grateful to Dr Ian

Saunders at the Commonwealth Scientific and Industrial Research

Organisation for careful reading our manuscript and helpful comments.

Table 1 Summary of read length, number of beads and total

sequence for four well-known commercially available NGS platform

Hiseq2000 GAIIx 5500 SOLiD GS FLX

Read length

Single-end read 100 35 75 400

Paired-end read 100�2 75�2 75þ35 400

No. of beads (or clusters)

per run

3.00Eþ09 3.20Eþ08 7.50Eþ08 1.00Eþ06

Total sequence

Single-end read 3.00Eþ11 1.12Eþ10 5.63Eþ10 4.00Eþ08

Paired-end read 6.00Eþ11 4.80Eþ10 8.25Eþ10 4.00Eþ08

Total sequence is calculated from read length and number of beads.
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