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Abstract

Objectives Whole genome sequencing (WGS) is an

emerging tool in clinical diagnostics. However, little has

been said about its procedure costs, owing to a dearth of

related cost studies. This study helps fill this research gap

by analyzing the execution costs of WGS within the setting

of German clinical practice.

Methodology First, to estimate costs, a sequencing process

related to clinical practice was undertaken. Once relevant

resources were identified, a quantification and monetary

evaluation was conducted using data and information from

expert interviews with clinical geneticists, and personnel at

private enterprises and hospitals. This study focuses on

identifying the costs associated with the standard

sequencing process, and the procedure costs for a single

WGS were analyzed on the basis of two sequencing plat-

forms—namely, HiSeq 2500 and HiSeq Xten, both by

Illumina, Inc. In addition, sensitivity analyses were per-

formed to assess the influence of various uses of

sequencing platforms and various coverage values on a

fixed-cost degression.

Results In the base case scenario—which features 80 %

utilization and 30-times coverage—the cost of a single

WGS analysis with the HiSeq 2500 was estimated at

€3858.06. The cost of sequencing materials was estimated

at €2848.08; related personnel costs of €396.94 and

acquisition/maintenance costs (€607.39) were also found.

In comparison, the cost of sequencing that uses the latest

technology (i.e., HiSeq Xten) was approximately 63 %

cheaper, at €1411.20.
Conclusions The estimated costs of WGS currently exceed

the prediction of a ‘US$1000 per genome’, by more than a

factor of 3.8. In particular, the material costs in themselves

exceed this predicted cost.

Keywords Whole genome sequencing � Cost analysis �
German clinical practice

Introduction

Whole genome sequencing (WGS) is an emerging diag-

nostic tool, and it has the potential to generate an incom-

parable variety of genetic information. Individual genomes

and genetic variations within the population can be char-

acterized by genetic analyses [1]. In recent years, a better

understanding of the relationship between genotype and

phenotype has been achieved by conducting genome-wide

association studies [2]. Hence, this genetic research, in

concert with current technological progress, has provided

the prerequisites for a broad application of genetic diag-

nostics (e.g., WGS) in medical care.

On account of continuous technological progress, sig-

nificant cost reductions with respect to DNA sequencing

have been realized over time [3]. This cost degression has

been facilitated by the transition from the classic chain

termination method (‘Sanger method’ [4]) to next-genera-

tion sequencing (NGS) technologies [1, 5]. The massively

parallel sequencing inherent in NGS allows for high-

throughput sequencing at low costs [6]. A range of various

NGS technologies currently exist, from a number of dif-

ferent companies [7] (e.g., HiSeq, from Illumina; 454, from

Roche Applied Science; Solid, from Applied Biosystems).
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These platforms are characterized by different approaches

and can differ in terms of several technical specifications,

such as sequencing cost per gigabyte (Gb), run time,

reported accuracy, read length, observed raw error rate,

sequence yield per run, insert size, instrument cost, and

DNA requirements [8].

With this evolution in sequencing technologies, there has

beenongoingprogress in thefield of genomics [9].Hence, there

has been an exponential increase in the use of various WGS

applications in research and clinical practice [5], and it is

expected to become a standard diagnostic tool in clinical

practice [10, 11].WGShas two general diagnostic potentials—

namely, as a diagnostic instrument formanifested diseases [12]

and as a predictive tool for determining disease dispositions

[13, 14]. In many cases, WGS’s diagnostic and predictive

potentials enhance patient benefits. In oncology, for example, a

better understanding of cancer genetics, in tandem with

improved disease diagnosis, prognosis, and management, can

be achieved through the use of WGS. In the field of rare dis-

eases, or in patients with an abnormal or an unknown pheno-

type,WGSmayprovideadiagnosis [15] andhas thepotential to

end a diagnostic odyssey [16]. With a predictive approach,

WGSmay identify genetic variations, and predispositions to an

increased risk for specific diseases [17]; for example, BRCA I

and BRCA II are genetic mutations commonly linked to breast

cancer [18]. Knowledge of various predispositions—as well as

of incidental findings that are independent of previous diag-

nostic issues [19, 20] —can affect patient health through

screening; it can also help mitigate risk and act as a part of

various prevention measures [21]. Indeed, the results of WGS

analyses can have far-reaching implications for patients [22].

The acquisition of genetic information can not only lead to

behavioral changes in patients and their family members [23]

but also increase the useof further diagnostics andof preventive

and therapeutic procedures.

However, until recently, the diagnostic application of

WGS was unthinkable, given its high procedure costs [24].

The cost of first decoding a human genome amounted to

approximately US$3 billion [25]; even as of 2001, the cost

of WGS was estimated at about US$100 million [26].

Meanwhile, technology firms yield at performing a WGS

for less than US$1000 per genome [27–29]. However, the

literature lacks relevant cost studies [30]. Additionally, it is

necessary to consider and evaluate costs related to the

clinical implementation of, and reimbursements for,

undertaking WGS. Thus, in consideration of scarce

resources and increasing expenses in the area of German

healthcare, cost analyses in the run-up to WGS imple-

mentation as a diagnostic method are of significance. With

this in mind, we conducted analyses of the costs of exe-

cuting WGS, particularly in the context of German clinical

practice.

Methodology

The creation of a standardized quality-assured process for

WGS analysis, on the basis of procedures in the German

Cancer Research Center (DKFZ), Heidelberg, constituted a

starting point for the analysis described herein. The various

steps within this process are defined with the help of expert

opinions and clinical routines; thereafter, resources used in

support of the process are identified. The overall costs per

genome mainly depend on the applied sequencing platform

used; hence, two sequencing platforms by DKFZ’s

sequencing technology provider (i.e., Illumina, Inc.) were

chosen. The first of these is the HiSeq 2500 (Illumina Inc.;

San Diego, CA, USA), which is currently the standard

device for high-throughput sequencing in most clinical

facilities; the second—namely, the HiSeq Xten (Illumina

Inc.; San Diego, CA, USA)—is the latest development in

high-throughput sequencing, and it was studied to compare

the effects of higher throughput.

General methodology

Step 1: Resource identification

Drawing on standard DKFZ processes, a quality-assured

WGS process was generated. For this cost calculation, an

institutional perspective was selected; indirect personnel

costs were not calculated. Generally, single costs can be

directly allocated to WGS, whereas while overhead costs

are essential to the examination and organization of a

WGS, they cannot be initially assigned to a single

sequencing process. Hence, only direct medical costs and

site-specific costs for sequencing devices essential to WGS

execution were included; all other site-specific nonmedical

direct costs and overhead costs (e.g., water, energy,

administration expenses, and the use of IT infrastructure)

were excluded from the analysis. Moreover, personnel

costs were categorized as those pertaining to medical,

technical, and bioinformatics personnel.

Step 2: Resource quantification

In the second step, the identified resources were quantified.

It should be noted that complete utilization (i.e., 100 %) of

the sequencing platforms is implausible, owing to main-

tenance, failures, cleaning, and missing sequencing

assignments. Therefore, the effects of different utilization

levels were analyzed, via sensitivity analysis. In this step,

the influence of other levels of utilization (i.e., 90, 80, 70,

and 60 %) on costs was simulated. Taking into account

economies of scale and fixed-cost degression, the average
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costs of WGS were found to decrease with higher levels of

utilization. Moreover, the depth of sequencing (coverage)

is a substantial cost-influencing factor and correlates with

error rate, amount of data generated, as well as the amount

of genomes per run. In line with the desired level of

accuracy, the coverage rate was chosen, and this rate

influenced the amount of genomes per run; therefore,

sensitivity analysis was undertaken with regards to various

coverage values (i.e., 109, 159, 309, 609, and 759). An

increase in the average costs was found with increased

coverage and the accompanying reduction in the number of

genomes per run.

Step 3: resource evaluation

In this step, the identified and quantified resources were

assessed in terms of monetary value. These monetary

valuations were based on data and information provided by

human genetic experts, hospitals, and private cooperation

partners. Data used in the sequencing equipment and other

materials were provided by Illumina, Inc., and their costs

are based on the company’s list prices. The personnel

working time for a single task was estimated using data

from expert interviews. Subsequently, time estimations

were valuated through the use of monetary mean values.

Personnel costs for chemical–technical assistants (CTA)

and bioinformaticians were calculated on the basis of the

German civil service collective agreement of the federal

state (TV–L) of Baden–Württemberg. Different pay-scale

levels were used in these calculations: for bioinformati-

cians, a weekly working time of 39 h and an annual gross

salary of €55,902.84 (€0.50 per minute) were assumed, and

for CTAs, a weekly working time of 39 h and an annual

gross salary of €40,809.33 (€0.36 per minute) were

assumed. The payroll expenses for specialized clinical

geneticists were based on the civil service collective

agreement for physicians at the university clinics of the

federal state of Baden–Württemberg; hence, a weekly

working time of 39.30 h and an annual gross salary of

€87,543.96 (€0.77 per minute) were assumed. For obtain-

ing a blood sample, costs of €5.65—according to the uni-

form value scale, the basis of pricing of ambulant services

(EBM)—were assumed. For an adequate calculation of the

annual costs of acquisition and maintenance, we used the

annuity method [31]. In this way, annual payments con-

sisting of interest and redemption were calculated. For this

purpose, an interest rate of 3 % was assumed.

Base case scenario

The cost of a single WGS analysis is influenced by sev-

eral aspects, including the examination aim, clinical set-

ting, technical aspects, data generation, and the use of

sequencing platforms. In addition, depending on the aim

of the examination, divergences emerge in diagnostic

settings (in-patient vs. out-patient), scope of genetic

counseling (general genetic screening vs. specific clinical

issue), and genetic material acquisition (operation vs.

blood test). For this reason, we defined a base case sce-

nario. WGSs are typically performed when a rare disease

is suspected. An out-patient setting in which genetic

material is obtained via a blood sample is assumed. The

clarification of secondary findings (e.g., according to the

gene list of the American College of Medical Genetics

and Genomics (ACMG)) was not included. Furthermore,

the base case scenario is hallmarked by certain technical

aspects, such as a sequencing platform utilization setting

of 80 % and 30-times coverage.

Results

Process structure

The cost analysis was based on the identification of rele-

vant process steps. The process chart is illustrated in Fig. 1.

A three-step process structure was created that com-

prised pre-sequencing (direct patient contact and adminis-

tration), sequencing (mechanical and biochemical

processing of genetic material), and post-sequencing pro-

cess (evaluation and final clinical genetic consultation).

Step 1: identification of necessary resources

The pre-sequencing process is characterized by direct

patient contact. The first step prior to the diagnostic

examination is patient administration. The pre- and post-

sequencing clinical genetic consultation is, unlike

research, an indispensable component of patient-centered

quality management in clinical genetic care. The informed

consent process, regarding opportunities and risks as well

as the arrangement of relaying findings, is an important

part of clinical genetic consultation. The time required for

these medical consultations depends on the aim of the

medical examination and the consequences of the patient

results. In addition, genetic material is generally extracted

from blood samples, smear tests, or during surgical

interventions, so they incur costs at a variety of levels.

The included costs of the pre-sequencing process com-

prise the personnel costs for the clinical geneticist and

administrative employees, as well as the costs related to a

blood sample.

During the sequencing process, the costs of diagnostic

examinations emerge. The essential work steps are the

mechanical and biochemical processing of genetic mate-

rial, followed by the setting up of sequencing devices and
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cleaning. Additional costs in the sequencing process

include personnel cost for technical staff, sequencing

material and allocated costs for the acquisition, and

maintenance of sequencing platforms.

The post-sequencing process is divided into the analysis,

interpretation, and validation of acquired data, and final

clinical genetic consultation, which includes conveying the

findings to patients. In this step, the included personnel

costs are those associated with clinical geneticists and

bioinformaticians.

Steps 2 and 3: quantification and monetary

valuation of resources

Costs of the pre-sequencing process

The pre-sequencing process is mainly characterized by

personnel costs for initial clinical genetic consultation.

With a time exposure of 45–60 min for this clinical

genetic consultation, costs of €40.43 per WGS at an

average time exposure of 52.5 min arise. Furthermore,

costs of €5.65 for obtaining a blood sample were incur-

red; hence, the total cost for the pre-sequencing process

amounts to €46.08.

Costs of sequencing process

The sequencing process costs consist of those for personnel

such as technical staff and sequencing material, as well as

costs allocated to the acquisition and maintenance of

sequencing platforms.

Personnel costs CTA personnel costs scarcely differ

between the HiSeq 2500 and HiSeq Xten (Table 1).

Moreover, it was found that the preparation of histoid is the

most time-consuming step in the sequencing process, and it

incurs personnel costs of €108.00.

Acquisition costs and maintenance costs The acquisition

costs of the sequencing platform on a per-genome basis

amount to €485.29 for the HiSeq 2500, and €199.89 for the

HiSeq Xten (Table 2). Despite the distinct lower acquisi-

tion costs associated with the HiSeq 2500, its higher per-

genome cost emerges as a result of the time and quantity of

genomes per run. This shows that the ‘time per run’ and the

‘number of sequenced genomes per run’ significantly

influences overall costs. The operating life (which is syn-

onymous with the technology life) is 3 years; given 80 %

utilization, 30-times coverage, and a machine lifetime of 3

Fig. 1 WGS analysis process chart
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years, a maximum of 1458 human genomes can be

sequenced with the HiSeq 2500, and 46,716 human gen-

omes with the HiSeq Xten.

In addition, fixed costs for technical service and main-

tenance were found to be significant. Allocated costs for

maintenance and service agreements amount to €122.11 for

HiSeq 2500 and € 41.38 for HiSeq Xten per genome

(Table 2).

Material costs The costs associated with sequencing

materials represent an essential cost factor, and they are

split into 16 (per machine) and ten human genomes per run

Table 1 Personnel costs for CTA in sequencing process and time exposure per genome

Work step Average exposure time (in minutes) Mean wage per WGS (in €)

HiSeq 2500 HiSeq Xten HiSeq 2500 HiSeq Xten

DNA extraction 15 15 5.40 5.40

Reprocess histoid (amplification on cBota) 37.5 – 13.50 –b

Prepare histoid and biochemical processing 300 300 108.00 108.00

Setup sequencerc 2 1.25 0.72 0.45

Clean sequencerd 3.5 2.19 1.26 0.79

Handover of histoid in the machine 10 10 3.60 3.60

Removal of histoid from the machine 10 10 3.60 3.60

Total 136.08 121.84

a A cBot is an automatic system that generates from DNA (single molecule) matrix clones and prepares these for sequencing through synthesis

[32]
b The HiSeq Xten is an onboard clustering system that does not require a cBot. Hence, these costs were not included in the sequencing personnel

cost of the HiSeq Xten
c The costs of this work step vary according to flowcell utilization. An average time exposure of 20 min was stated per run. Hence, with 30-times

coverage, the time exposure was distributed to ten genomes on the HiSeq 2500 and to 16 genomes on the HiSeq Xten
d The costs of this work step vary according to flowcell utilization. An average time exposure of 35 min was stated per run for one machine.

Hence, with 30-times coverage, the time exposure is distributed to ten genomes on the HiSeq 2500 and to 16 genomes on the HiSeq Xten

Table 2 Acquisition and

maintenance costs per genome
Basic machine characteristics HiSeq 2500 HiSeq Xten

Genomes per run 10 160a

Days per run 6 3

Quantity of genomes in 1 year at a utilization rate of 80 % 486 15,564

Acquisition cost for platform and cBot (in €)

Total acquisition costs 667,128.00 8,800,000.00

Apportionment to 3 years of operating lifeb 235,850.00 3,111,067.20

Acquisition costs per genome 485.29 199.89

Maintenance costs (in €)

Machine 78,313.00 910,800.00

cBot 5,620.00 –

Total maintenance costsc 167,866.00 1,821,600.00

Apportionment to 3 years of operating lifed 59,345.73 643,990.91

Maintenance costs per genome 122.11 41.38

a One HiSeq Xten consists of 10 HiSeq 2500 machines; we calculate the acquisition costs per machine. On

one HiSeq 2500 on the HiSeq Xten platform, 16 genomes per run can be sequenced; hence, 160 genomes

are the maximum quantity of genomes per run on a HiSeq Xten
b The 3-year operating time (for platform and cBot) was furnished by the manufacturer. For the appor-

tionment to 3 years, the annuity method with an interest rate of 3 % was used
c Maintenance costs do not accrue during the first year; however, to achieve a uniform distribution, 2 years

of maintenance costs were apportioned over 3 years
d For the apportionment to 3 years, the annuity method with an interest rate of 3 % was used
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for the HiSeq Xten and HiSeq 2500, respectively. How-

ever, it should be noted that 160 genomes can be sequenced

simultaneously on the HiSeq Xten. The material costs per

run for sequencing with the HiSeq Xten are significantly

higher than those with the HiSeq 2500. Nevertheless,

dividing the material costs across a large number of anal-

yses leads to significantly lower costs per genome for the

HiSeq Xten (Table 3).

Sensitivity analysis of workload and coverage differentia-

tion The results of the two sensitivity analyses are shown

in the appendix (Tables 5, 6). On account of larger

economies of scale and fixed-cost degression, the average

costs of a WGS analysis are reduced in relation to output

quantity (Table 5). Assuming 80 % utilization, the total

cost for materials, acquisition, and maintenance is

€3455.48 and €1022.85 per genome for the HiSeq 2500

and HiSeq Xten, respectively. On the other hand, the costs

per genome increase with an increase in coverage rate: a

doubling of the coverage rate leads to a halving of the

quantity of genomes per flowcell. For example, an increase

in coverage from 30 times to 60 times reduces the number

of genomes per run, from ten genomes to five on the

HiSeq 2500. Hence, the costs associated with materials,

acquisition, and maintenance increase to €6880.88
(Table 6).

Post-sequencing process costs

Personnel costs comprise an important cost factor in the

post-sequencing process. These costs can be categorized as

those for clinical geneticists and those for bioinformati-

cians. The mean cost of clinical geneticists is €40.43 for the
final clinical genetic consultation, for an average time

exposure of 52.5 min. Additional costs stem from work

associated with bioinformatical interpretation; the duration

of this task depends on the specific issue at hand, and can

range from 1 h to a few days. However, in line with the

base case scenario, six working hours was assumed. Hence,

costs of €180.00 arise from undertaking a read-quality

check (possible with read trimming), the identification of

single nucleotide polymorphisms (SNP) or mutations, and

the interpretation of identified SNPs or mutations.

Overall costs

Currently, the cost of a WGS analysis in a clinical setting

in Germany is €3858.06 assuming 80 % utilization of the

sequencing platform and a 30-times coverage with a

HiSeq 2500. By using the latest high-throughput technol-

ogy (i.e., HiSeq Xten), the overall cost could be reduced by

63 %, to €1411.20. The sequencing process—especially

the sequencing materials and allocated investment costs—

was identified as the most expensive WGS component. The

results are summarized in Table 4.

Discussion

Currently, the cost of a WGS analysis in a clinical setting

in Germany is €3858.06. To determine the costs of

implementing this diagnostic procedure, evidence related

to associated expenses is needed. In addition to medical

evidence, cost evaluations are important to medical deci-

sion-makers; more importantly, especially for WGS, it is

essential to determine which procedures will have a

potentially high economic impact, and so reliable cost

evaluations are necessary.

The overall cost of a WGS analysis depends on a plu-

rality of aspects; in the following, the main cost-influencing

factors—such as the sequencing platform used, the material

costs, and the coverage rate—are highlighted. The selec-

tion of a high-throughput technology is the first major

strategic decision in WGS implementation; this selection

affects investment and maintenance expenses, as well as

costs related to the sequencing materials that will be used.

Table 3 Sequencing material costs per whole genome

Costs for sequencing material (in €) HiSeq 2500 HiSeq Xtena

Number of genomes per run 10 16

Fixed costs per run

Two flowcellsb 10,754.00c 4569.00d

Sequencing chemistry 17,426.00e 7455.00f

Variable costs per rung

Template preparationh 274.60 439.36

DNA extractioni 26.20 41.92

Run total 28,480.80 12,505.28

Material costs per run 2848.08 781.58

a Consists of 10 HiSeq 2500 machines
b Flowcell indicates the Illumina flowcell, which is a planar optically

transparent surface similar to a microscope slide that contains a lawn

of oligonucleotide anchors bound to its surface [33]
c Costs arise from using the product TruSeq SBS Kit v3—HS (200

cycles)
d Costs arise from using the product HiSeqX Ten Reagent Kit v2.

However, it should be noted that the flowcells and chemicals are

available in a complete kit
e Costs arise from using the TruSeq PE Cluster kit v3—cBot—HS
f Costs arise from using the HiSeqX Ten Reagent Kit v2
g These costs are not subject to the fixed-cost degression
h For template preparation, a TruSeq DNA Nano Sample Preparation

Kit and a TruSeq DNA PCR-free Sample Preparation kit can be used.

Costs of €27.46 per sample/genome arise
i Costs of €2.62 per genome arise from using a QIAamp DNA Blood

Mini Kit [34]
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The results of this analysis showed that with a utilization

rate of 80 % of the sequencing platform, the allocated

acquisition costs of HiSeq Xten were about 60 % lower

than those of HiSeq 2500, owing to higher throughput; the

situation is similar for the costs of sequencing materials,

which comprise the main cost factor in executing WGS

analyses. Costs per genome are substantially influenced by

the utilization of sequencing platforms and flowcells, as a

result of the fixed-cost degression; hence, adopting the

latest technology seems to be a precondition to keeping the

average cost low. However, these circumstances need to be

considered with caution. Keeping the average cost low

assumes that a specific demand for genetic analysis, as well

as a certain rate of utilization, is achieved. One HiSeq Xten

has a significantly higher capacity (i.e., one HiSeq Xten

can replace 32 HiSeq 2500 machines), and implementation

may lead to significant overcapacity. Therefore, calcula-

tions that assume a utilization rate of 80 % for the HiSeq

Xten might be overly high, and may therefore provide too-

optimistic cost calculations. Lower utilization leads to an

apportionment of fixed costs to fewer genomes, and thus to

higher costs per genome. Hence, before a new sequencing

platform is implemented, calculations of the probable

number or future needs of WGS analysis during the oper-

ating time should be conducted. Moreover, future direc-

tions of the demand for WGS can scarcely be assessed at

this time; this demand depends, for example, on national

reimbursement regulations. The establishment of a limited

number of WGS execution sites, perhaps in the form of

centers, could possibly lead to the cost-effective execution

of WGS; effective management and better utilization of

sequencing platforms may help achieve these lower costs.

However, genetic analyses are an emerging tool, and

demand for its use will gradually increase. Therefore,

technology firms should also look to develop platforms

(e.g., HiSeq 4000 by Illumina, Inc.) with a higher utiliza-

tion rate (relative to the HiSeq 2500) and lower acquisition

costs (relative to the HiSeq Xten) to deal with what will no

doubt be increasing demand, and to address the potential

for significant overcapacity.

Test quality and costs correlate with the selection of

coverage rate, which in turn influences the sensitivity of

detection [35]. The selection of coverage rate is based on

the intended validity of genetic analysis results. At this

point, 30-times coverage is the customary benchmark for

high-quality genome data [36]. However, with complex

heterogenic genetic structures, the sequencing of tumors

(for example) is largely conducted with significantly higher

coverage rates [37, 38]. In general, the selection of cov-

erage influences not only the number of genomes per run—

and thus the costs per genome—but also (depending on the

various amounts of genetic data) the cost of data storage

and evaluation.

The highest personnel costs arise from bioinformatical

work steps. The interpretation process is influenced by the

purpose behind the examination, as well as the experience of

the bioinformatician involved (these factors result in a wide

range of time estimations, from 1 h to a few days). The time

Table 4 Overall costs of WGS

analysis with 80 % utilization

(characterized by an annual

throughput of 486 genomes on a

HiSeq 2500 and 15,564

genomes on a HiSeq Xten)

Cost per process step (in €) HiSeq 2500 HiSeq Xten

Pre-sequencing process

Obtaining blood sample 5.65 5.65

Personnel costs

Clinical geneticist 40.43 40.43

Total pre-sequencing process 46.08 46.08

Sequencing process

Personnel costs

CTA 136.08 121.84

Costs of specific departments

Allocated acquisition costs 485.29 199.89

Allocated maintenance costs 122.11 41.38

Sequencing materials 2,848.08 781.58

Total sequencing process 3591.56 1144.69

Post-sequencing process

Personnel costs

Human genetics 40.43 40.43

Bioinformatics 180.00 180.00

Total post-sequencing process 220.43 220.43

Total (in €) 3858.06 1411.20
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needed for data interpretation also depends on clinical issues,

dataset size, and the hardware IT infrastructure being used.

Costs associated with data validation—an additional cost-

influencingwork step—are difficult to calculate. Validations

were conducted only if disease-relevant mutations are

identified; these mutations and biomarkers were verified

using traditional Sanger technology, which is the current

‘gold standard’ [39]. Conspicuous genetic features differ in

frequency and by patient; however, an estimation of the

frequency of specific conspicuous genetic features was not

available. Hence, validation costs cannot be depicted.

Due to site specificity, cost-increasing factors—such as

overhead and the costs of IT infrastructure and data stor-

age—were excluded from the cost analysis. IT costs con-

stitute a substantial part of investment costs, and long-term

cooperation, quantity effects, and discounts determine these

site-specific costs; they can also create substantial differ-

ences between list and project prices. Moreover, overhead—

such as energy, water, rent, and administration costs—are

characterized by high variability. Nevertheless, these costs

should be considered in WGS reimbursement decisions.

Other limitations of this study include the single eval-

uation of WGS processes in DKFZ, the constraint of using

a single technology, the fact that monetary evaluations are

estimations made by clinical genetic experts, and the fact

that data are from a single technology provider. The pro-

cess chart is influenced by the specific structural organi-

zation of and processes in the DKFZ, and may differ with

each institution or hospital. Investment, maintenance, and

material costs were provided by Illumina, Inc.; these data

were most appropriate in ensuring the study’s high repre-

sentativeness, owing to the largest market share of the NGS

market and therefore the worldwide distribution of

sequencing platforms [40, 41]. It is noteworthy that the use

of a sequencing platform from another provider may lead

to different cost estimates.

An important finding of this study is that cost analyses for

WGS, as an innovative diagnostic tool, cannot be generalized.

Variations in relevant cost-influencing factorswill necessarily

lead todifferent overall costs.Therefore, the following aspects

should be considered in any cost assessment of WGS: (1) the

use of an inpatient versus outpatient setting, (2) the diagnostic

context at hand (e.g., the costs of usingWGS to inform cancer

care differ greatly from those of usingWGS to diagnose a rare

disease, especially within the scope of genetic counselling),

(3) the approach and technology used (e.g., different costs per

Gband time for sequencing), (4) the cost factors to be included

(no consensus exists as to which cost factors should be

included in a cost analysis ofWGS), (5) the experience of the

personnel involved (experience may influence processing

time, including bioinformatical interpretations), and (6) reg-

ulations informed by secondary or incidental findings (e.g.,

confirmation with Sanger technology).

This study shows that, to date, the US$1000 genome has not

becomea reality inGermanquality-assuredhealth care settings.

However, technological progress may lead to further cost

reductions, and so it may be possible to eventually achieve an

even lower price for a singleWGS [42]. The sole consideration

in the development of costs for materials, acquisition, and

maintenance—or the cost per Megabase of DNA Sequence

[26]—suggests that, in the relatively near future, a US $1000

genome may become a reality. However, other process-rele-

vant factors that ensure a quality WGS execution are both

integral parts andfixed components of this process, and they are

not subject to such cost reductions over time.

In addition to improvements to sequencing platforms, both

databases and bioinformatics tools may be improved in the

near future. Databases are prerequisite to genome-wide

association studies. Databases are growing in size, and the

body of knowledge on phenotype–genotype correlations will

also steadily increase in size. Besides the increased body of

genetic knowledge, improvements in bioinformatics toolswill

facilitate both faster and cheaper assessments of the

pathogenicity of (novel) variants; in this way, faster and more

precise diagnoses will be possible. These conditions offer

considerable benefits in terms of patient care. Improvements

in diagnosis, especially of diseases of an unknown phenotype,

can also affect the cost-effectiveness of WGS; besides possi-

ble cost reductions, improvements in patient care (e.g., quality

of life, time of diagnosis, and diagnosis and treatment options)

may also lead to increased cost-effectiveness.

However, there are numerous ethical, legal, and eco-

nomic barriers inherent in the unrestricted use of WGS.

Given the predictive potential of using WGS, an increase in

costs on account of incidental use is feared. Incidental

findings may lead to further diagnostics, as well as pre-

ventive and therapeutic procedures. The development of

these consequential follow-up costs—many of which are

caused by behavioral changes in patients, physicians, and

family members—cannot be assessed with certainty today.

Hence, the widespread application of WGS should be

rejected, and its use should be indicated only under certain

conditions [15]. The unrestricted application of WGS, in

tandem with a lack of limitations on feedback practices,

will lead to an unquantifiable increase in healthcare

expenses. Limitations on specific indications can prevent
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increases in expenditures. Therefore, defining the criteria

by which WGS is indicated is a future responsibility for

policy decision-makers. Furthermore, data security, the

effects of genetic information on insurance policies and

employment agreements, and the extent of insurance ben-

efits are critical issues that relate to the application of

WGS. In addition, certain regulations should be adopted

prior to implementation [43–45].

Conclusions

The calculated cost of a single WGS was estimated at

€3858.06 while assuming 80 % capacity utilization with

the sequencing platform widely used in Germany.

Although this study focused on medical costs, to derive a

comprehensive illustration of costing in a quality-assured

healthcare system, overhead should also be considered.

Moreover, because of the high costs associated with a

single WGS analysis, the application of this analysis should

be limited to specific indications that promise substantial

medical benefits for patients. Technical progress may lead

to a further reduction in the cost of WGS analysis, and so

the application of WGS in medical care as a diagnostic,

predictive, and prognostic tool is most likely to become

more widespread in future medical care.
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Appendix

See Tables 5, 6.

Table 5 Effects of workload

differentiation at a 30-times

coverage

Workload Genomes per year Type of costs Cost (in €)

HiSeq 2500 HiSeq Xten HiSeq 2500 HiSeq Xten

100 % 608 19,456 Material 2848.08 781.58

Acquisition 387.91 159.90

Maintenance 97.61 33.10

Total run 3333.60 974.58

90 % 547 17,510 Material 2848.08 781.58

Acquisition 431.17 177.67

Maintenance 108.49 36.78

Total run 3387.74 996.03

80 % 486 15,564 Material 2848.08 781.58

Acquisition 485.29 199.89

Maintenance 122.11 41.38

Total run 3455.48 1022.85

70 % 425 13,619 Material 2848.08 781.58

Acquisition 554.94 228.44

Maintenance 139.64 47.29

Total run 3542.66 1057.31

60 % 364 11,673 Material 2848.08 781.58

Acquisition 647.94 266.52

Maintenance 163.04 55.17

Total run 3659.06 1103.27
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