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Abstract
It is currently unclear if next-generation sequencing (NGS) technologies can be implemented in the diagnosis setting at an
affordable cost. The aim of this study was to measure the total cost of performing NGS in clinical practice in France, in both
germline and somatic cancer genetics.

The study was performed on 15 French representative cancer molecular genetics laboratories performing NGS
panels’ tests. The production cost was estimated using a micro-costing method with resources consumed collected in
situ in each laboratory from a healthcare provider perspective. In addition, we used a top–down methodology for
specific post-sequencing steps including bioinformatics, technical validation, and biological validation. Additional
non-specific costs were also included. Costs were detailed per step of the process (from the pre-analytical phase to delivery
of results), and per cost driver (consumables, staff, equipment, maintenance, overheads). Sensitivity analyses were
performed.

The mean total cost of NGS for targeted gene panels was estimated to 607€ (±207) in somatic genetics and 550€ (±140)
in germline oncogenetic analysis. Consumables were the highest cost driver of the sequencing process. The sensitivity
analysis showed that a 25% reduction of consumables resulted in a 15% decrease in total NGS cost in somatic genetics, and
13% in germline analysis. Additional costs accounted for 30–32% of the total NGS costs.

Beyond cost assessment considerations, the diffusion of NGS technologies will raise questions about their efficiency when
compared to more targeted approaches, and their added value in a context of routine diagnosis.

Introduction

Molecular diagnostics in cancer have dramatically changed
in recent years [1]. For the past 30 years, Sanger sequencing
technology has been the gold standard for the detection of
germline genetic variants and has been accepted as a
reference for somatic genetic variants for which other very
sensitive methods have been developed (qPCR,

pyrosequencing…) [2]. Next-generation sequencing (NGS)
is a breakthrough replacing these conventional molecular
diagnostic technologies, allowing higher throughput ana-
lyses, improved cost effectiveness and speed, and gained in
both sensitivity and specificity [3, 4]. As cancer is a mul-
tiparametric molecular disease, the simultaneous screening
of a large number of genes should be intuitively more
effective than a gene-by-gene approach. While NGS tech-
nologies were originally developed in a research context,
their transfer to clinical diagnostics has been rapidly per-
formed with laboratory developed techniques [5, 6].
Therefore, it is difficult to correctly assess the gain in pro-
duction toward the cost.

Corrected

* Patricia Marino
patricia.marino@inserm.fr

Extended author information available on the last page of the article

12
34

56
78

90

http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-017-0081-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-017-0081-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-017-0081-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-017-0081-3&domain=pdf
https://doi.org/10.1038/s41431-018-0194-3


For more than 10 years, molecular diagnostic tests in
France have been performed nationwide in a setting of a
network of 28 platforms and 25 germline oncogenic
laboratories, supported by the French National Cancer
Institute (INCa) and the Ministry of Health. They are free of
charge for patients, giving equal access to genomic-based
cancer care throughout France. In 2015, 75,000 cancer
patients benefited from predictive molecular tests with 121
tests being performed in France, including 15,000 NGS
tests [7]. This network in place has eased the diffusion of
the NGS testing.

Implementation of NGS in clinical laboratories is chal-
lenging. Beyond the question of quality of these tests
compatible with its clinical use, these new techniques
emerge in the context of increasing concerns about health-
care costs because these tests are aimed to guide the pre-
scription of expensive targeted therapies or
immunotherapies [8–13]. The cost of sequencing per base
has decreased 5-fold in the last 10 years [14], and com-
mercial producers are actually performing whole-genome
sequencing for less than $1000 [15–17].

Whilst this has rendered NGS more affordable, the
deployment of NGS on existing molecular platforms with
a progressive shift toward targeted NGS for all patients
still needs economic evaluation before its national
diffusion.

Economic evaluation of genomic sequencing is however
challenging [18, 19]. Most of the studies evaluating the
economic impact of NGS [11, 20] only considered the
equipment and consumable costs for library preparation and
sequencing. Most of the time they did not include costing
for ‘non-production’ activities such as quality assessment or
the parallel development of tools for improving sequencing
pipelines and bioinformatic analysis. The reagents costs are
insufficient to really appreciate the real cost of this new
approach. Very few studies have estimated a complete cost
of NGS for routine clinical diagnosis using observational
multicenter data [21].

The aim of this study was to measure the total cost of
performing NGS of routine clinical samples (both somatic
and germline cancer genetic analysis) from 15 representa-
tive cancer molecular genetic laboratories currently per-
forming NGS in France.

Materials and methods

Laboratories included in this study

Our study included data from 15 French genetics labora-
tories performing somatic and germline clinical NGS
tests. The laboratories were chosen because they

performed cancer diagnostics nationwide and presented
the full spectrum of clinical indications and technical
solutions.

Costing methodology

The production cost for all samples included in one NGS
run was determined using a micro-costing method [22].
Resources consumed were collected in situ for each
laboratory, using a prospective direct observation using a
standardized questionnaire.

Observations were investigated from March 2014 to
November 2015.

The production costs were calculated for the overall
process, from the pre-analytical phase (sample collection
and DNA extraction), enrichment/library preparation
(including technical failures), sequencing, bioinformatics
analysis, technical validation, and biological validation.
Technical validation referred to the tests performed to
confirm variants discovered by NGS. Biological validation
is the clinical interpretation of variants, that is classifying
the variants and reporting them in a way that is meaningful
for the clinician.

The time horizon was the period from registration of the
sample until the delivery of the results to the clinician. Costs
were not discounted. Costs were calculated from the per-
spective of each NGS platform involved in the study
(healthcare provider perspective).

In addition to micro-costing, we performed an activity-
based costing using top–down approach for specific post-
sequencing steps including bioinformatics, technical vali-
dation, and biological validation. Bioinformatics and its
related pipeline development costs were assessed by two
laboratories, and were considered as the minimum invest-
ment amount to develop and implement NGS routine tests.
DNA extraction micro-costing was calculated from data
collected from two laboratories.

We identified resources consumed for each step of the
NGS process: personnel (labor time), consumables (i.e.,
reagents and other consumables), and equipment (usage and
maintenance). Personnel costs were calculated using the
time spent on each task by each category of staff. This time
was valued using a mean gross wage of each category of
personnel involved. We assumed, according to the French
Labour Legislation, that the annual working times of per-
sonnel was 35 hours a week. Consumable costs were cal-
culated based on real consumption and real unit purchases
prices. Equipment costs were calculated based on their
utilization time multiplied by their hourly costs. Hourly
costs for equipment were calculated using the acquisition
price without discount, on the basis of 2016 h (252 days, 8
h/day) of use per year and 6048 h for MiSeq (252 days, 24
h/day) with a 5-year linear amortization. Hourly costs for
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maintenance were calculated using the annual contract
maintenance fee divided by 1820 h of use per year. If not
available, a fixed price of 10% of the unit price without
discount was applied.

We also measured the additional non-specific costs
associated with routine clinical sample NGS:

Cost of personnel time required, but not specifically
related to NGS activity (training, meeting to implement
NGS…). This was assigned at 35% of total personnel
cost.
Overhead costs (e.g., logistic expenses, water, energy,
administration expenses…) were assigned at 27% of the
total cost according to the French National Hospital
Accounting Unit (ENCC for Etude Nationale des Coûts à
Méthodologie Commune). It is a French hospital cost
database which provides detailed cost information for
hospital stays.
Other additional costs included the cost of routine
accreditation and certification, cost of R&D (Research
and Development) in clinical practice corresponding to
constant improvement in our technical application, and
other fees (waste treatment, sample shipping fees). This
was assigned at 3% of the total gross cost, estimated from
activity-based data from one laboratory.

Results are presented as a total cost per patient (cost per
sample) for each laboratory, by separating somatic and
germline applications, and are also detailed by steps. The
NGS production cost will first be presented (without over-
head) and then the total cost including overheads will be
computed.

Costs are expressed in 2014 euros (€ VAT). All statis-
tical analyses were performed using STATA software
(version 12.1). Uncertainty was captured using determinis-
tic sensitivity analyses.

Results

Laboratories’ characteristics

The micro-costing analysis was performed for seven
somatic genetics (solid tumor and oncohematology) and
eight germline oncogenetic laboratories. Detailed char-
acteristics of the indications and technologic choices of the
laboratories are presented in Tables 1 and 2.

For somatic laboratories, there were considerable dif-
ferences between the laboratories with respect to the num-
ber of patients analyzed per run (ranging from 7 to 70), the
number of genes sequenced, the choice of the sequencing
platform, and the enrichment technique (homemade vs.
commercially purchased solutions/reagents). Enrichment
techniques based on PCR (ampliseq) and sequencing

platforms with PGM were used by the majority of labora-
tories performing somatic analyses.

For germline laboratories, we observed less hetero-
geneity in the technical choices, with five out of eight
laboratories using a Miseq platform. The choice of enrich-
ment technique was quite variable with five different tech-
nologies used.

Total NGS cost

A total cost per patient was calculated for each of the 15
laboratories. This cost is presented in Table 1 and Table 2
for somatic and germline genetic analyses, respectively.

Somatic genetic analysis

An overview of the total and individual component costs of
the seven laboratories analyzed are shown in Table 1. The
total costs ranged from 376€ to 968€ per patient, according
to the laboratory.

The enrichment step accounted for the largest part of the
NGS production cost for most of the laboratories, and was
mostly driven by consumables representing between 89%
and 97% of the cost of the step. The laboratory with the
lowest enrichment cost (104€) used “home-made” solutions,
whose cost was between 8% and 65% less expensive than
the commercial solutions (Ampliseq and Sentosa).

The sequencing step was less expensive than the
enrichment step for most laboratories, ranging from 24€ to
330€. This cost was also mostly driven by consumable costs
(from 59 to 97% of this step). The largest cost heterogeneity
between laboratories was observed in this step, the cost per
sample being lower for a Proton Sequencer when compared
to PGM. Acquisition equipment costs however accounted
for only a small percentage of the per-sample sequencing
cost (from 4 to 21% of the step).

The cost of bioinformatic analyses ranged from 33€ to
63€ per sample. This cost was mostly driven by equipment
and software costs, accounting for 51–97% of the step.

The cost of technical validation was quite different
between laboratories, ranging from 0€ (no validation) to 81
€ (Sanger sequencing, and/or other tests). Some laboratories
performed Sanger sequencing to confirm the variants
detected by NGS, while others did not.

The cost of biological validation, which ranged from 12€
to 41€, only consisted of labor costs. The variability
between laboratories was driven by the time spent by the
biologist to interpret the biological relevance before
reporting to the clinician. In some laboratories, a cross-
validation by two biologists was performed.

The additional costs consisted of those not directly
linked to NGS activity, including overhead costs and other
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additional costs (quality, R&D, and other fees). They
accounted for a large proportion of the total cost, repre-
senting around 30%.

Germline oncogenetic analysis

An overview of the total and individual component costs of
the eight laboratories analyzing targeted germline sequences
are summarized in Table 2. The costs ranged from 322€ to
727€.

The enrichment step accounted for the largest NGS
production cost for most laboratories, and was mostly dri-
ven by consumables required to prepare samples (from 81
to 95% of the step).

The sequencing step was less costly than the enrichment
step for most laboratories, ranging from 18€ to 114€. This
cost was also mostly driven by consumables costs (from 19
to 87 % of this step).

The cost of bio-informatic analyses ranged from 31€ to
62€ per sample, and represents between 6% and 11% of the

Table 1 Overall cost per patient (in Euro) of the NGS applications for targeted genes panel in seven somatic genetics laboratories

Laboratories Lab1 Lab2 Lab3 Lab4 Lab5 Lab6 Lab7

Protocol 1 2 3 4 5 6 7

Procedure 5–50 gene tumor panel

Indications Solid
tumors

Brain tumors Colon lung Solid
tumors

Solid tumors Hematology Solid tumors

Enrichment technic Sentosa Ampliseq Ampliseq Home
made

Ampliseq Ampliseq Ampliseq

Sequencing platform PGM PGM PGM Miseq Proton Proton PGM

Number of patients/run 7 8 10 28 60 70 25

Cost per process step (in €) Mean

0. DNA extraction 21 € 21 € 21 € 21 € 21 € 21 € 21 €

1. Enrichment /Library preparation 140 € 233 € 296 € 104 € 115 € 207 € 124 € 174€
(29%)Part of consumables* (%) 89 92 94 83 97 91 96

Part of equipment (%) 5.0 0.4 0.7 3.8 1.7 1.4 0

Part of labor (%) 5.7 7.3 5.1 13.5 2.6 7.7 4.0

2. Sequencing 153 € 330 € 104 € 39 € 24 € 44 € 146 € 120€
(20%)Part of consumables* (%) 76 90 87 82 67 59 97

Part of equipment (%) 16.3 4.5 5.8 15.4 20.8 11.4 1.4

Part of labor (%) 7.8 5.8 7.7 2.6 12.5 2.3 2.1

3. Bioinformatics analysis 33 € 61 € 63 € 38 € 39 € 37 € 38 € 44€ (7%)

Part of equipment & software
(%)

97 52 51 84 82 86 84

Part of labor (%) 3 48 49 16 18 14 16

4. Technical validation 0 € 0 € 39 € 31 € 81 € 78 € 11 € 34€ (6%)

Part of consumables (%) 0 0 33 68 83 0 0

Part of equipment (%) 0 0 5 3 12 5 9

Part of labor (%) 0 0 61 29 5 95 91

5. Biological validation 26 € 41 € 25 € 26 € 36 € 42 € 12€ 30€ (5%)

NGS production cost (0+1+2
+3+4+5)

373 € 686 € 548 € 259 € 316 € 429 € 352 €

6. Cost of time not directly linked
to NGS activity

16€ 27€ 25€ 18€ 16€ 51€ 11€ 23€ (4%)

7. Overhead cost 105€ 192€ 155€ 75€ 90€ 130€ 98€ 121€
(20%)

8. Other additional cost** 36€ 63€ 51€ 24€ 30€ 42€ 33€ 40€ (7%)

Total cost per patient (0+1+2
+3+4+5+6+7+8)

530 € 968 € 779 € 376 € 452 € 652 € 494 € 607€

Bold values indicated the mean of each step (from 0 to 8), and the mean total
* Failure included

** Quality cost, R&D cost, and other fees

P. Marino et al.
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NGS production cost. This cost was mostly driven by
equipment and software costs accounting for 50–100%.

The cost of technical validation was quite different
between laboratories, ranging from 10€ to 68€ depending
on the technical test performed to confirm the variant. Some
laboratories performed Sanger sequencing to confirm the
variants detected by NGS. Overall, the cost of this step was
equally divided between consumables and labor costs.

The cost of biological validation which ranged from 26€
to 105€ was only composed of labor costs. The variability
between labs was driven by the time spent by the biologist
to interpret the biological relevance before reporting to the
clinician. In some labs, a cross-validation by two biologists
was performed.

The additional costs accounted for a large proportion of
the total cost, representing around 32% of the total.

Mean cost per cost driver in somatic and germline cancer
genetics

The total NGS cost was on average 607€ (±207) for somatic
genetic analysis and 550€ (±140) for germline genetic ana-
lysis (Tables 1 and 2). Consumable costs represented 48% of
the total cost in somatic genetics and 41% in germline
oncogenetics (Table 3). Equipment and software costs were
8% and 9% for somatic and germline analyses, respectively.
Labor costs were 14% and 18%, respectively, in somatic
genetic and germline genetic analyses. Finally, additional
costs were between 30% and 32% of the total.

Sensitivity analysis

The results of the sensitivity analyses are presented in
Figs. 1 and 2 for both somatic and germline genetic ana-
lyses, respectively.

The sensitivity analysis showed that a 25% reduction of
consumables unit prices resulted in a 15% decrease in total
NGS cost in somatic genetics, and 13% in germline ana-
lysis. Conversely, purchase equipment prices had a little
impact on the total NGS cost (<1% for both somatic and
germline genetics). A decrease of 25% in the cost of
equipment’s would reduce the total cost per patient by €4
(€607−€603) and €5 (€550−€ 545) in somatic and germ-
line genetics, respectively. A reduction in wages by ±25%
altered the average costs by about 7% and 5%, respectively,
in somatic genetics, and 7% and 9%, respectively, in
germline genetics.

Discussion

Biologists and clinicians are now in an era where innovative
technologies such as NGS can provide rapid high-

throughput interrogation of complex germline and somatic
alterations from clinical cancer patient samples. Due to the
increasing demand for such tests and to reduce the time
required to report results [23, 24], it has become important
to provide a clear cost estimation associated with genome
sequencing as a component of the total clinical care costs.

Our prospective study estimated the cost of NGS
sequencing for targeted gene panels at 607€ (±207) on an
average in somatic genetics and 550€ (±140) on an average
in germline oncogenetics, in 15 laboratory settings.

In both somatic or germline genetic analyses, the
enrichment phase is the most costly stage (29% and 34% of
the cost of the sequencing process, respectively), whereas
the sequencing phase itself represents only 20% and 9% of
the process costs, respectively (Tables 1 and 2). This con-
firms that the enrichment step of generating the genomic
DNA librairies is traditionally the most time-consuming and
costly, and constitutes the major cost of DNA sequencing
[11, 25].

Consumables were the highest cost driver of the
sequencing process: 48% of the total NGS cost in somatic
genetics and 41% in germline genetics. The additional
costs, which consisted overhead cost, cost of time not
directly linked to NGS activity, quality cost, R&D cost, and
other fees, represented the second highest cost driver with
30% and 32%. This figure is high, and mainly explained by
the fact that all institutions concerned are tertiary care
centers which have an estimated 13% added cost for
research and teaching. Labor costs were the third cost driver
with 14% and 18% of the total cost in somatic and germline
genetics, respectively. Importantly, the labor cost compo-
nent is projected to increase significantly in the future due to
more time being spent analyzing and interpreting the data.
Conversely, it can be realistically expected that both
equipment and consumable costs would decline due to
economies of scale and competition. The sensitivity analy-
sis indicated that the mean NGS cost was most sensitive to a

Table 3 Overall mean cost per patient (in Euro) of the NGS
applications for targeted genes panel in somatic and constitutional
genetic

Cost drivers Somatic laboratories Constitutional
laboratories

Mean % of
total cost

Mean % of total
cost

Consumables 291€ 48% 224€ 41%

Equipment and
software

47€ 8% 50€ 9%

Labor 85€ 14% 100€ 18%

Additional costs 184€ 30% 176€ 32%

Total NGS costs 607
(±207)

100% 550 (±140)
€

100%

P. Marino et al.



variation of unit consumables prices, with a 25% reduction
of consumables resulting in a 15% decrease in the total
NGS cost in somatic genetics, and 13% in germline
analysis.

Several studies have addressed the economic analyses of
targeted gene panels [11, 17, 21, 25–27]; however, it has
been difficult to compare studies which do not include the
same cost components.

The majority of available economic studies have con-
centrated on the costs of the enrichment and sequencing
steps alone, neglecting the other stages of the process.

The main strength of our study is to assess a complete,
transparent, and up-to-date cost per patient, from DNA
extraction to delivered results. Our study has taken into
account additional costs which are not directly linked to
NGS sequencing such as overhead costs, cost of time spent
not directly linked to NGS activity (meeting, training,
administrative time), additional cost of quality (certification,
accreditation…), and cost to develop methods for clinical
practice. These costs are rarely integrated in published cost
analyses, except in the study by Sabatini et al. [21]. Our
study demonstrates that these additional costs represent a
significant part of the total NGS cost (30% and 32% in
somatic and germline genetics, respectively). This means
that specific infrastructure requirements (dedicated

installations, skilled staff, up-to-date equipment, efficient
software,…) and a high learning curve are needed to
achieve NGS production.

Our study is also one of the few that includes develop-
ment costs for bioinformatics pipeline analysis. We have
estimated the time required for staff working in bioinfor-
matics to analyze data and develop bioinformatic tools
(resources for data storage, mining, and processing). The
cost of bioinformatics is not often included in economic
studies. This is despite numerous authors [28, 29] arguing
that it is no longer possible to ignore this cost, and pre-
dicting that by 2020 the main cost associated with NGS will
be generated by data analysis rather than data generation
[30]. Muir et al. outlined that efforts to better incorporate
detailed and realistic accounting for downstream bioinfor-
matics analysis is important to the development of accurate
model of full economic evaluation of sequencing projects.

Our study also measured the cost of technical validation.
These validations were conducted only if relevant genetic
alterations were identified by NGS. These variants were
verified using traditional Sanger technology, which is the
current gold standard.

Another strength of our study is that it is an observational
and multicentric study and therefore reflects NGS practices
in clinical cancer genetic applications. The national network
of 28 regional platforms dedicated to molecular genetics
was autonomously implemented in France. This has resul-
ted in a large variety of technical solutions and practices, as
well as differing levels of technical maturity and expertise
between laboratories that we accounted for. However, one
challenge is the difficulty in estimating a cost per sample in
the context of wide differences and the non-consensus
between laboratories (technology and investment in
laboratory development or commercial bioinformatics,
technical protocols, development, validation, …).

This results in the main methodological limitation of this
work. In particular, the heterogeneity encountered in tech-
nical validation is due to the lack of consensus in the
absence of national and/or international recommendations at
the time of our study.

In the future, costs for technical validation are expected to
decrease. This cost is currently high as the technique is newly
implemented and there will be a minimal amount required to
cover specific NGS validation requirements to ensure a high
level of validation and quality control measures.

Assessment of the bioinformatics validation steps in the
various laboratories also demonstrated a strong hetero-
geneity: between turnkey industrial solutions, academic
solutions, and mixed solutions. The valorization of this stage,
in particular, highlighted the difficulties of separating clinical
routine activities from those of research development, as well
as various activities of bio-informaticians involved.

603 €

577 €

514 €

615 €

649 €

699 €

507 € 557 € 607 € 657 € 707 €

Equipments

Staff

Consumables

- 25% + 25%

Fig. 1 Sensitivity analysis in somatic genetics

545 €

511 €

480 €

555 €

600 €

624 €

450 € 500 € 550 € 600 € 650 €

Equipments

Staff

Consumables

+ 25%- 25%

Fig. 2 Sensitivity analysis in germline genetics
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In order to reduce inter-laboratory technical hetero-
geneity and to standardize in very large data sets, a network
for high-throughput genome sequencing with a national
data analysis center to perform data analysis and ensure
consistency across the network of sequencing sites is being
developed in France. It is projected that this network will be
able to handle 235,000 genomes a year by 2020. A first
relevant step will probably be to develop national guidelines
and standardizing gene panels at the national level.

Despite the difficulties encountered by various practices
and the level of technical maturity of the laboratories, it's
very interesting to evaluate a process at a very early stage of
development. As highlighted by our study, innovation is
often analyzed in the context of non-stabilization from the
process itself, and argues for upstream economic assessment
to provide decision-makers first-hand data to guide early
decisions in a constrained economic and budgetary context
[31]. Early-stage economic analyses are essential for Gov-
ernments and allied stakeholders to support coverage and
determine reimbursement levels [32, 33]. This is somewhat
complex in the case of NGS technologies because the
healthcare system should be able to cope with the fast
evolution of these tests [34].

While the number of routine clinical biomarkers is cur-
rently quite limited, NGS technologies have enormous
potential, with future NGS applications most likely relying
on wider analysis such as whole-exome and whole-genome
sequencing.

The panels assessed in our study are currently limited to
hotspot mutations for somatic panel and validated genes for
germline panel. The cost of the interpretation is today quite
limited. The extension of the number of target should
increase the NGS cost.

Beyond cost assessment considerations, the diffusion of
these new sequencing technologies will raise questions
about their efficiency when compared to more targeted
approaches, and their added value in a context of routine
diagnosis [35, 36]. This work is a first step to provide an
input for future cost-effectiveness analyses.
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