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Zusammenfassung

Genetische Diagnostik stellt eine Erweiterung des diagnostischen Leistungsspektrums dar und
schafft die Grundlage, individuelle genetische Informationen in das Behandlungsmanagement eines
Patienten zu integrieren. Aus dem molekulargenetischen Profil eines Patienten kénnen diagnosti-
sche, prognostische und pradiktive Informationen generiert werden, welche z. B. Informationen zu
Diagnose, Erkrankungsverlauf, Uberlebens- und Erkrankungswahrscheinlichkeiten und Therapieer-
folg liefern. Neben patientenrelevanten Vorteilen kénnen genetische Analysen beispielsweise durch
die Vermeidung von im Einzelfall nicht ausreichend wirksamen Therapien zu einer besseren Res-
sourcenallokation im Gesundheitswesen beitragen. Aufgrund des erheblichen Einsatzpotentials, sind
genetische Analysen bereits heute aus einer Vielzahl von Indikationsgebieten nicht mehr wegzuden-
ken und sowohl die humangenetische Forschung als auch der technologische Fortschritt flihren zu
einer stetigen Ausweitung der Applikationsmoglichkeiten. Die vorliegende Dissertation beschaftigt
sich mit zentralen Fragestellungen in den Bereichen Struktur, Kosten, Einsatz, Faktoren und Implika-

tionen von genetischer Diagnostik im deutschen Versorgungssetting.

Diese kumulative Dissertation setzt sich aus neun Publikationen zusammen. Gesundheitsékonomi-
sche Analysen in Bezug auf die Kostendimension umfassen dabei eine Kostenanalyse der Ganzge-
nomsequenzierung, Budget-Impact-Analysen zum Einsatz von Ganzgenomsequenzierungen in der
Onkologie und beim genetischen Neugeborenenscreening, eine Routinedatenanalyse zur Evaluation
der Versorgungskosten des Mammakarzinoms als auch ein systematisches Review zur Kosteneffekti-
vitdt von pharmakogenetischen Tests. Die Publikation zum Einsatz von individualisierter Medizin
verdeutlicht das Versorgungs- bzw. Einsatzpotential von genetischer Diagnostik in der Onkologie.
Versorgungsstrukturelle Betrachtungen werden in zwei weiteren Publikationen adressiert. Zum ei-
nen werden 6konomische Rahmenbedingen im Hinblick auf das pradiktive Potential umfassender
genetischer Analysen diskutiert und definiert. Zum anderen werden aufgrund der steigenden Kom-
plexitat der Diagnosestellung humangenetische Beratungsstrukturen einer Kapazitatsanalyse unter-
zogen. In einem Discrete-Choice-Experiment werden die Einflussfaktoren auf die Durchfiihrung einer
Ganzgenomsequenzierung bzw. die Praferenzen zur Ausgestaltung eines solchen genetischen Tests
untersucht. AuRerhalb der qualitatsgesicherten Versorgung stellen genetische Direct-to-Consumer
Tests Uber das Internet eine weitere Zugangsmaoglichkeit zu genetischen Analysen dar. In einer sys-
tematischen Anbieterrecherche werden neben dem aktuell verfligbaren Angebot die potentiellen
Implikationen von internetbasierten genetischen Analysen in einem solidarisch-finanzierten Ge-

sundheitssystem betrachtet.

Genetische Analysen sind das zentrale Werkzeug der personalisierten Medizin — ein Markt der durch

eine groRe Entwicklungsdynamik gekennzeichnet ist. Das wachsende genetische Wissen fiihrt zu
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einer stetigen Ausweitung von Applikationsmoglichkeiten und Anwendungsgebieten. Es bedarf so-
wohl gesundheitsokonomischer Evaluationen, um die neuen Einsatzpotentiale valider Kosten- und
Nutzenbetrachtungen zu unterziehen als auch der Betrachtung der Versorgungsforschung im Hin-

blick auf strukturelle und prozessuale Adaptionen.

Schlagworter: Genetische Diagnostik, Ganzgenomsequenzierung, personalisierte Medizin, individua-
lisierte Medizin, Neugeborenenscreening, Onkologie, Humangenetische Beratungen, Versorgungs-

forschung



Abstract

Genetic testing is an extension of diagnostic spectrum and provides a basis to integrate individual
genetic information into the patient’s treatment management. The molecular genetic profile of pa-
tients provides diagnostic, prognostic and predictive information for diagnosis, disease progression,
probabilities of disease, surveillance and therapeutic success. In addition to patient-relevant bene-
fits, genetic testing may lead to a better allocation of resources in the healthcare system, for exam-
ple, by avoidance of ineffective therapies. Due to considerable potential of genetic applications,
genetic testing today is already indispensable in a large number of indications. The human genetic
research as well as technological progress have been contributing to an ongoing expansion of possi-
ble applications. The present doctorate thesis addresses central issues of genetic testing in terms of

structure, cost, application, factors and implications for the German healthcare system.

This cumulative dissertation constitutes of nine publications. Health economic analysis regarding to
the costs comprises a cost analysis of whole genome sequencing, budget-impact analyses for the use
of whole genome sequencing in oncology and newborn screening, a claims data analysis of the costs
of breast cancer as well as a systematic review of the cost-effectiveness of pharmacogenetics tests.
The publication on the use of individualized medicine illustrates the potential of genetic testing for
application in oncology healthcare. Two further publications address corresponding issues in
healthcare structure. Economic framework with respect to the predictive potential of comprehen-
sive genetic testing are discussed and defined. Due to the increasing complexity of genetic testing in
the diagnostic process, an analysis of capacity of human genetic counselling structures is performed.
A discrete-choice experiment evaluates the influencing factors for the execution of whole genome
sequencing. Outside of quality-assured care, direct-to-consumer genetic testing via the Internet
provides a further access possibility to the genetic analysis. In a systematic provider research, the
current available supply is evaluated and the potential implications of internet-based genetic analy-

sis for a solidary financed healthcare system are discussed.

The genetic testing is the central tool of personalized medicine — a market characterized by a great
development potential. Growing genetic knowledge leads to an increasing extension of application
possibilities and application areas. Health economic evaluations are necessary to evaluate the costs
and benefits of new applications and review the current healthcare structures and processes for

possible adjustments.

Key words: genetic diagnostic, whole genome sequencing, personalized medicine, individualized

medicine, newborn screening, oncology, human genetic counselling, health care research
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1 Motivation und Zielsetzungen

1.1 Genetische Diagnostik als Grundlage neuer medizinischer Versorgungskonzepte

Personalisierte Produktempfehlungen, nach dem individuellen Geschmack zusammengestellte Nah-
rungsmittel und personalisierte Verpackungen sind nur einige Lebensbereiche, in welchen die Per-
sonalisierung bereits Einzug gehalten hat. Dieser Trend lasst sich auch in der medizinischen Versor-
gung beobachten.

,Individualisierte Medizin“, ,Personalisierte Medizin“, , Stratifizierte Medizin“ und ,Prazisionsmedi-
zin“ sind nur einige Begriffe flir Versorgungskonzepte, die mit dem Trend der Personalisierung der
Medizin in Zusammenhang gebracht werden. Wahrend die ,Stratifizierung” in der Medizin primar
die Medikamentenapplikation auf Basis genetischer Biomarker, , personalisierte Medizin“ die Be-
handlung genetisch-ahnlicher Patientenkohorten und ,Prazisionsmedizin“ die passende Therapie fir
einen spezifischen Patienten zu einem bestimmten Zeitpunkt beschreibt, ist , individualisierte Medi-
zin“ durch den hochsten Individualisierungsgrad, beispielsweise durch maRgeschneiderte Therapien
in Form von patientenindividuell hergestellten Tumorvakzinen, gekennzeichnet. Diese Begriffe fin-
den, unabhdngig von unterschiedlichen Graden der Individualisierung, haufig eine synonyme Ver-
wendung [1-2]. Trotz der Begriffsvielfalt bzw. den unterschiedlichen Anwendungsschwerpunkten
sind dies alles Behandlungskonzepte, die auf einem gemeinsamen Nenner fullen: Der genetischen
Diagnostik bzw. Analyse im Vorfeld von Behandlung und Therapie. Durch genetische Analysen wer-
den Moglichkeiten geschaffen, versorgungsrelevante Entscheidungen (Auswahl von Arzneimitteln,
PraventionsmalRnahmen aufgrund von genetischen Dispositionen etc.) auf Grundlage des geneti-
schen Profils eines Patienten treffen zu kénnen [2]. Eine beinahe Verdopplung des weltweiten Um-
satzes von 890 Mrd. US-Dollar in 2012 auf 1.590 Mrd. US-Dollar in 2017 zeigt nicht nur die Relevanz,

sondern auch die Entwicklungsdynamik des Marktes fir personalisierte Medizin [3].
1.1.1 Erweiterung des diagnostischen Spektrums durch genetische Analysen

Ein Blick in die Medizingeschichte zeigt, dass sich Mediziner schon seit der Antike verschiedener
Diagnostika bedienten, um basierend auf diesen Diagnosen zu objektivieren und Therapieentschei-
dungen initiieren zu konnen. Inzwischen kann auf eine Vielzahl unterschiedlicher Diagnostika zu-
riickgegriffen werden, welche sich von der klassischen klinischen Diagnostik, der Laboratoriumsme-
dizin iber die bildgebende Diagnostik bis hin zur molekulargenetischen Diagnostik erstrecken (siehe

Abbildung 1).



Abbildung 1: Erweiterung des diagnostischen Leistungsspektrums
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Quelle: Eigene Darstellung
Diagnostika konnen in drei wesentlichen Kontexten Informationen liefern [4-5]:

(1) diagnostisch (Identifikation, Klassifikation oder Friiherkennung von Krankheiten),
(2) prognostisch (potentielle Heilungschancen und Verlauf von Erkrankungen),

(3) pradiktiv (Wahrscheinlichkeit der Penetranz fur bestimmte Krankheiten und/oder die

Wabhrscheinlichkeit des Ansprechens auf bestimmte Therapien).

Wahrend weiterfiihrende Diagnostika bis vor einigen Jahren primar auf die diagnostische und prog-
nostische Abklarung klinisch erhobener Befunde abzielten, ermdglicht es die molekulargenetische
Diagnostik Befunde auch in einem rein pradiktiven Kontext zu generieren. In der Detektion von Er-
krankungsdispositionen im Vorfeld einer Manifestation wird das entscheidend neue Potential der
genetischen Diagnostik gesehen. Genetische Biomarker, wie genetische Mutationen oder Genpro-
dukte, dienen den behandelnden Arzten neben der individuellen Krankheitsgeschichte, Laborpara-
metern (Zellen, Stoffwechselprodukte, Enzyme und Hormone), Mikrobiologie, Pathohistologie
und/oder bildgebender Diagnostik als eine Erweiterung bestehender diagnostischer Parameter. Zur
Objektivierung der Bewertung werden genetische Biomarker als MessgroRRe herangezogen und kon-
nen sowohl Auskunft Giber biologische und pathologische Prozesse als auch Aussagen lber das An-
sprechverhalten von pharmakologischen, praventiven und sonstigen Gesundheitsinterventionen

liefern [5-6].



Genetische Diagnostik eroffnet den Akteuren neue Mdoglichkeiten in der Versorgung. Gleichbedeu-
tend geht dies jedoch auch mit einer Zunahme der Komplexitat und somit auch der Kosten der Diag-
nosestellung aufgrund aufwendiger Analyseinterpretationen einher. Diese erreichen im postgenomi-
schen Zeitalter, seit der Entschlisselung des menschlichen Genoms, durch die Beriicksichtigung von
Interaktionsbeziehungen zwischen Genen und Umweltbedingungen (Erndhrung, Verhaltensweisen

etc.) neue Dimensionen [7].
1.1.2 Genetische Diagnostik als zentraler Grundstein der medizinischen Versorgung

Molekulargenetische Diagnostik schafft die Grundlage individuelle genetische Informationen in das
Behandlungsmanagement von Patienten zu integrieren. Genetische Informationen kénnen u.a. zur
Diagnosefindung bei seltenen oder schwer zu diagnostizierenden Erkrankungen oder zur Initiierung
von Therapieentscheidungen herangezogen werden. Aufgrund des erheblichen Einsatzpotentials
sind genetische Analysen in einer Vielzahl von Indikationsgebieten der aktuellen medizinischen Ver-
sorgung nicht mehr wegzudenken und nehmen bereits heute eine Schliisselrolle bei diversen Thera-

pieentscheidungen ein (siehe Abbildung 2).

Abbildung 2: Ausgewdhlte Anwendungsgebiete von genetischer Diagnostik
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Grundsatzlich kann genetische Diagnostik je nach Fragestellung zwischen indikationsunabhdngigen
und indikationsspezifischen Anwendungen differenziert werden. Indikationsspezifische Analysen
finden z. B. in der Ermittlung des individuellen Brustkrebsrisikos durch den Nachweis von BRCA 1/
BRCA Il Anwendung. Hingegen er6ffnen sich im pradiktiven Kontext neue Moglichkeiten des geneti-
schen Screenings von asymptomatischen und somit phanotypisch-gesunden Personen, wie bspw. im
Rahmen des genetischen Neugeborenenscreenings. Wahrend genetische Screenings in der aktuellen
Versorgung bis dato eher eine untergeordnete Rolle spielen, sind pharmakogenetische Anwendun-
gen bereits in einer Vielzahl von Indikationen durch einen hohen Verbreitungsgrad gekennzeichnet.
Genetisch-diagnostische Tests detektieren bestimmte erkrankungsrelevante Mutationen oder spezi-
fische Enzymkonstellationen, die nicht nur zu einer Unterteilung bzw. Stratifizierung des Patienten-
kollektives beitragen, sondern auch Informationen lber Aufnahme, Verteilung, Abbau oder Aus-
scheidung von spezifischen Arzneimitteln fiir das jeweilige Kollektiv geben kénnen [12]. Grundsatz-
lich kdnnen genetische Tests im Vorfeld der Medikamentenapplikation folgende Informationen lie-

fern [12-13]:

e  Wirksamkeit eines spezifischen Wirkstoffes,
e Bestimmung und Anpassung der Dosis und/oder

e Aussagen zur Therapiesicherheit.

Neben patientenrelevanten Vorteilen (Erhohung der Gesamtiiberlebensrate, Reduktion von Neben-
wirkungen, Verbesserung von Lebensqualitdt und/oder Ansprechraten auf spezifische Therapien etc.)
kdnnen genetische Wirksamkeitstests auf Systemebene bspw. unwirksame Therapien vermeiden,
Folgekosten reduzieren und somit letztlich zu einer besseren Ressourcenallokation im Gesundheits-

wesen beitragen [14].
1.2  Versorgungsrelevante Aspekte und Implikationen fiir die Forschung

Humangenetische Forschung bildet die Grundlage der vielfaltigen Applikationen genetischer Diag-
nostik. Um phanotypischen Krankheitsauspragungen evidente genotypische Auffalligkeiten zuord-
nen zu kénnen, bedarf es einer groBen Menge an genetischen und pathologischen Daten. Genom-
weite Assoziationsstudien (GWAS) stellen hierfiir ein essentielles Instrument dar, um aus Phanotyp-
Genotyp-Korrelationen versorgungsrelevante Informationen zu generieren [15-16]. Neben den
technologischen Voraussetzungen (Sequenzierungstechnologien, genetische Datenbanken, Analy-
seinstrumenten etc.) bedarf es jedoch zunachst der Bereitschaft der betroffenen Patienten, die per-
sonlichen genetischen Daten der Forschung zur Verfligung zu stellen. Genetische Analysen kdnnen in
zwei wesentlichen Dimensionen Nutzen generieren: Auf der einen Seite kdnnen Patienten unmittel-

bar durch die Steigerung der Behandlungsqualitat, bspw. in Form von schnelleren Diagnosen oder



der Vermeidung von Nebenwirkungen, profitieren. Auf der anderen Seite kdnnten durch die Bereit-
stellung der personlichen genetischen Daten fiir Forschungsaktivitaten perspektivisch positive ex-

terne Effekte fir Dritte generiert werden [17-18].

Nutzendebatten lber genetische Analysen haben im Kontext der Forschung einen ganzlich anderen
Fokus als im Versorgungskontext. Wahrend im Rahmen von Forschungsaktivitaten die Etablierung
einer breiten Datenbasis im Vordergrund steht, stellen spezifische genetische Informationen im kli-
nischen Kontext einen wesentlichen Aspekt einer effizienten und effektiven Versorgung dar. Im Vor-
feld einer Implementierung ins diagnostische Leistungsspektrum der gesetzlichen Krankenversiche-
rung (GKV) bedarf es flir Erstattungsentscheidungen zu Lasten der Solidargemeinschaft neben Nut-
zennachweisen ebenfalls valider Kostenevaluationen. Im Zusammenhang mit dem pradiktiven Po-
tential genetischer Analysen mangelt es zum aktuellen Zeitpunkt oftmals nicht nur an Nutzennach-
weisen oder verflgbaren Behandlungsmoglichkeiten, sondern auch an Regelungen hinsichtlich offe-

ner ethischer, rechtlicher und 6konomischer Fragestellungen.

Ungeachtet der Nutzendebatten, ldsst sich mit zunehmendem Wissen Uber den Einfluss genetischer
Faktoren auf die Erkrankungsmanifestierung auch ein wachsendes Interesse fiir genetische Analysen
in der Bevolkerung beobachten [19]. Aullerhalb des qualitdatsgesicherten Versorgungssettings stellen
genetische Analysen (lber das Internet (sogenannte genetische Direct-to-Consumer-Tests (DTC-
Tests)) fur Selbstzahler eine vermeintlich kostenglinstigere Alternative dar. Die Vor- und Nachteile
von genetischen Analysen sind jedoch fiir den Konsumenten allein nur schwer bis gar nicht zu beur-
teilen, was durch die Implementierung des Gendiagnostikgesetzes (GenDG) im Jahr 2010 und der
damit definierten obligatorischen Beratung im Rahmen pradiktiver genetischer Analysen unterstri-
chen wurde. Wahrend Patienten im klassischen Versorgungssetting dieser Beratung verpflichtend
unterliegen, kann im internetbasierten Markt einer Einhaltung dieser Reglementierung haufig nicht
zur Ganze Rechnung getragen werden und birgt somit die Gefahr, dass Folgekosten (z. B. aufgrund
von Verunsicherung oder Erkrankungsangst durch probabilistische Befunde) zu Lasten der Solidar-

gemeinschaft entstehen kénnen.

Je nach Umfang der genetischen Analyse variieren nicht nur der Aufwand des Diagnostikprozesses
und die Komplexitat der humangenetischen Beratung. Auch die Menge an genetischen Daten stellt
die Mediziner in Punkto Dateninterpretation vor Herausforderungen. Im Zuge der stetig fortschrei-
tenden genetischen Erkenntnisse, wie bspw. epigenetischen Faktoren, stehen die Akteure vor der
Herausforderung diesen gewachsenen Anspriichen innerhalb der aktuellen Versorgungsstrukturen

gerecht zu werden.



Die vorliegende kumulative Dissertation hat die Beantwortung der folgenden zentralen Fragestel-

lungen zum Gegenstand:

1. Wie hoch sind die Kosten einer Ganzgenomsequenzierung im qualitatsgesicherten deut-
schen Versorgungssetting und welche Kosten entstehen durch den Einsatz in ausgewahl-

ten Anwendungsgebieten?

2. Fuhrt die Applikation eines vorherigen genetischen Wirksamkeitstests im Bereich der
Pharmakotherapie zu kosteneffektiven Anwendungen und welche Kriterien beeinflussen

hierbei die Kosteneffektivitat?

3. In welchem Indikationsgebiet sind pharmakogenetische Applikationen am haufigsten
vertreten und welche Kosten entstehen in dieser Indikation im Rahmen der Standard-

versorgung?

4. Unter welchen Bedingungen ist die deutsche Bevolkerung bereit eine Ganzgenomse-

qguenzierung durchfiihren zu lassen?

5. Sind Adaptionen bestehender Versorgungsstrukturen aufgrund umfassender genetischer

Analysen notwendig?

6. Auf welches Angebot an genetischen Tests kann die deutsche Bevolkerung tber das In-
ternet zugreifen und welche potentiellen Implikationen entstehen durch diese im Ge-

sundheitssystem?

Die Beantwortung der vorliegenden Fragestellungen liefert der Versorgungsforschung wichtige Ein-
blicke in den Bereichen Struktur, Kosten, Einsatz, Faktoren und Implikationen von genetischer Diag-

nostik im deutschen Setting (siehe Abbildung 3).



Abbildung 3: Moduliibersicht
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2 Beitrag der vorliegenden kumulativen Dissertationsarbeit

2.1 Kosten und Einsatz von genetischer Diagnostik
2.1.1 Ganzgenomsequenzierung — Kosten und 6konomische Auswirkungen

Der zentrale Grundstein der heutigen genetischen Analysemoglichkeiten wurde durch die Initiierung
des Human Genome Projects im Jahr 1990 gelegt. Ein Konsortium aus internationalen Wissenschaft-
lern publizierte im Jahr 2000 die Ergebnisse der Entschlisselung des humanen Genoms [20]. Die
Entschllisselung des ersten humanen Genoms mittels der Sequenzierung nach Sanger verursachte
Kosten in HGhe von ca. 3 Mrd. € [21]. Die Kettenabbruchmethode nach Sanger ist eine der klassi-
schen Methoden der DNA-Sequenzierung und wird heutzutage weiterhin als Goldstandard zur Vali-
dierung auffalliger Befunde herangezogen [22]. Technologische Fortschritte und Entwicklungen ha-

ben den Bereich der Sequenzierungstechnologien im letzten Jahrzehnt wesentlich gepragt. Die Ver-



fahren der ndchsten Generation (engl. next generation sequencing), welche aufgrund der parallelen
Sequenzierung zu erheblichen Zeit- und Kostenreduktionen fiihrten, haben sich auf dem Markt etab-
liert und befinden sich bereits in der vierten Entwicklungsgeneration [23]. Wahrend bspw. im Jahr
2001 die Sequenzierung einer Mega-Base’ ca. $5.292 kostete, reduzierten sich diese Kosten in 2017
auf $0,012 pro Mega-Base. Dies entspricht im Hinblick auf die Sequenzierung eines humanen Ge-

noms einer Kostenreduktion von $95.263.072 auf $1.121 [24].

Die Entscheidung lber den Umfang der genetischen Analyse wird durch die initiale Fragestellung
bestimmt und beeinflusst demzufolge neben dem Umfang bzw. der Sequenzierungsbreite auch die
Analysekosten. Je nach Untersuchungsziel konnen die behandelnden Akteure zwischen folgenden

Analysearten wahlen:

Tabelle 1: Arten genetischer Analysen

Analyseart Analyseumfang
Einzelgen-Analyse Mutationsanalyse eines spezifischen Gens
Gen-Panel-Analyse Analyse von Gen-Panels, welche mit bestimmten

Krankheiten oder pharmakogenetischen Wirkun-
gen assoziiert werden; Gen-Panels umfassen eine
Vielzahl an krankheits-assoziierten Genen

Ganzexom-Analyse Sequenzierung der proteinkodierenden Abschnit-
(engl. Whole Exome Sequencing (WES)) te des Genoms (entspricht 1-2 % des Genoms)

Ganzgenomsequenzierung Sequenzierung des gesamten Genoms
(engl. Whole Genome Sequencing (WGS))

Quelle: eigene Darstellung in Anlehnung an [25-26]

Mit einer Sequenzierung von ca. 3 Milliarden Basenpaaren ist die Ganzgenomsequenzierung [21]
(engl. Whole Genome Sequencing (WGS)) die umfangreichste und demzufolge auch kostenintensivs-
te genetische Analyse. Die Durchfiihrung einer WGS erfordert im klinischen und ambulanten Setting
eine Einbettung in einen qualitatsgesicherten Prozessablauf. Prozessschritte, wie bspw. genetische
Beratungen und Dateninterpretation haben dabei einen wesentlichen Einfluss auf die Gesamtkos-
ten. Aus diesem Grund evaluiert die in Modul 1 eingebrachte Publikation ,Cost Analysis of Whole
Genome Sequencing in German Clinical Practice” die Durchfiihrungskosten einer WGS unter Sicher-

stellung eines qualitatsgesicherten Prozessablaufs in der deutschen Versorgung.

1 Genetische Informationen werden in Nukleinbasen gespeichert. Eine Mega-Base entspricht dabei einer Million

Nukleinbasen.



Der zentrale Ausgangspunkt fir diese Kostenevaluation war die Abbildung eines qualitatsgesicherten
WGS-Prozesses am Deutschen Krebsforschungszentrum in Heidelberg. Die Kosten einer WGS wer-
den erheblich von der eingesetzten Technologie (Investitions- und Wartungskosten, Materialkosten,
Dauer und Anzahl der Genome pro Sequenzierungsdurchlauf etc.) beeinflusst. Aus diesem Grund
wurden die Kosten der derzeit in Deutschland vorherrschenden Technologie HiSeq 2500 der Fir-
ma lllumina, Inc. mit der neusten Sequenzierungsplattform HiSeq Xten von Illumina, Inc. verglichen.
Durch den Einsatz der HiSeq Xten kénnten die Kosten um etwa 65 % von ca. 3.876 € auf ca. 1.379 €
pro Genom reduziert werden. Allerdings divergieren die Investitionskosten der beiden Plattformen
erheblich. Wahrend die Anschaffungskosten der HiSeq 2500 bei 667.000 € liegen, belaufen sich die
Investitionskosten fiir die HiSeq Xten auf 8,8 Mio €. Als zentraler Kostenfaktor der Sequenzierung
mittels der aktuellen Standardtechnologie konnten die Materialkosten mit etwa 2.845 € pro Genom
ermittelt werden. Weiterhin haben Faktoren, wie die Auslastung der Sequenzierungsplattform und
die Coverage, welche die Abdeckung bzw. die Haufigkeit der Sequenzierung einer Gensequenz be-
zeichnet, einen entscheidenden Einfluss auf die Kostenkalkulation. Wie sich die Veranderung einer
dieser beiden Faktoren auf das vorab definierte Base-Case-Szenario (Auslastung der Plattform von 80
% und 30-fache Coverage) auswirkt, konnte mittels Sensitivitdtsanalysen simuliert werden. Differen-
zen in der Auslastung, bspw. durch Ausfalle, Reinigungen oder Wartungen, wirken sich nur gering auf
die Material-, Anschaffungs- und Wartungskosten aus. Hingegen hat eine Veranderung der Coverage
einen erheblichen Einfluss auf die Kostenhdhe. Eine Erhohung der Coverage bspw. von einer 30-
fachen auf eine 75-fache Abdeckung, mit dem Ziel genauere Analyseergebnisse zu erreichen, flhrt zu
einem Anstieg der Material-, Anschaffungs- und Wartungskosten von 3.455 € auf 8.596 €. Die Ent-
scheidung vom derzeit geltenden Goldstandard (30-fache Coverage) abzuweichen, hidngt u.a. von
Faktoren, wie der Expertise des Arztes, der Spezifitat der Fragestellung und dem Analyseumfang ab.
Wahrend die Kosten des Pra-Sequenzierungs- (z. B. humangenetische Beratung und Blut- bzw. Ge-
webeentnahme) und Sequenzierungsprozesses (z. B. DNA-Extraktion und Reinigung des Sequenzers)
exakt zu quantifizieren und monetar zu bewerten sind, divergieren die Positionen des Postsequenzie-
rungs-Prozesses (Datenanalyse, -interpretation und -validierung) erheblich mit dem jeweiligen Analy-
sefall und wurden somit aus der Analyse exkludiert. Es kann jedoch angenommen werden, dass diese

einen erheblichen Einfluss auf die Kostenhdohe haben.

Im Vorfeld der Implementierung von neuen Technologien und therapeutischen oder praventiven
Interventionen bedarf es valider Kostenanalysen, um die hierdurch entstehenden Kosten fiir die Soli-
dargemeinschaft abschatzen zu konnen. Die durchgefiihrte Kostenanalyse kann als Ausgangsbasis fiir
weiterfihrende Kostenkalkulationen des Einsatzes von WGS in der Versorgung herangezogen wer-
den. Hierbei dienen u.a. Budget-Impact-Analysen als Instrument, um die potentiell anfallenden Kos-

ten flr bestimmte Patientengruppen oder Indikationsgebiete zu prognostizieren und basierend auf
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diesen Erstattungsentscheidungen zu treffen. In Modul 2 analysiert die Publikation ,,Ganzgenomse-
quenzierung in der deutschen Versorgung — Okonomische Auswirkungen eines Einsatzes in ausge-
wahlten Anwendungsgebieten” die Kosten eines potentiellen Einsatzes von WGS im Rahmen des
genetischen Neugeborenenscreenings und der genetischen Analyse des gesamten onkologischen

Patientenkollektives.

Der Einsatz von WGS im Rahmen des genetischen Neugeborenenscreenings stellt ein indikationsun-
abhangiges Einsatzgebiet dar. Asymptomatische Neugeborene werden einer genetischen Analyse
unterzogen, um bis dato unbekannte Dispositionen zu detektieren bzw. identifizieren. Basierend auf
den Daten des statistischen Bundesamtes wurden die Kosten fiir den Einsatz von WGS bei allen Neu-
geborenen (n=737.575) im Jahr 2015 kalkuliert. Ein Einsatz hatte Durchfiihrungskosten von 2,85 Mrd.
€ verursacht, was einen Anteil von 1,41 % der GKV-Leistungsausgaben entsprochen hatte. Eine frih-
zeitige Detektion von Keimbahnmutationen ermoglicht es, praventive und therapeutische Malinah-
men im Vorfeld einer Erkrankungsmanifestation zu initiieren, um einen moglichen Krankheitsaus-
bruch zu verhindern oder die Schwere des Krankheitsverlaufs zu reduzieren. Neben diesen Nutzen-
debatten, werden aber auch Bedenken bezliglich indikationsunabhangiger genetischer Analysen laut.
Die zum aktuellen Zeitpunkt oftmals noch fehlenden Behandlungsmaglichkeiten fiir probabilistische
Befunde als auch das Risiko, durch genetische Informationen gesunde Kranke zu schaffen, die aus
Angst ihre Nachfrage nach Gesundheitsleistungen steigern kdnnten, sind Aspekte, welche die Forde-

rung genetische Analysen an spezifische Indikationen zu binden, unterstreichen.

An diese Forderung knlipft die Kostenkalkulation fiir ein indikationsbezogenes Einsatzszenario im
onkologischen Setting an. Eine genomweite Analyse aller Tumorpatienten hatte im Jahr 2015 Kosten
in Hohe von 0,84 Mrd. € verursacht, was einen Anteil von 0,42 % an den Leistungsausgaben der GKV
entsprochen hatte. Zudem wurden differenzierte Kalkulationen fiir die zehn haufigsten onkologi-
schen Indikationen durchgefiihrt. Der Einsatz von WGS beim Mammakarzinom, welches mit einer
Fallzahl von 17.444 die haufigste Tumorerkrankung bei Frauen ist, hatte bspw. im Jahr 2015 Kosten
von ca. 63,4 Mio. € verursacht. Hierbei handelt es sich lediglich um eine Betrachtung bereits Erkrank-
ter. Eine additive Berlicksichtigung der Sequenzierung von Risikopatienten wiirde zu Kostensteige-
rungen flihren. Um jedoch eine Aussage dariliber treffen zu kénnen, inwieweit sich derart umfangrei-
che genetische Analysen auf die Kosten innerhalb der Indikation des Mammakarzinoms auswirken,

bedarf es valider Erhebungen der aktuellen Versorgungskosten.

2.1.2 Evaluation der Versorgungskosten des Mammakarzinoms

An den Bedarf der Evaluation der aktuellen Versorgungskosten am Beispiel der haufigsten onkologi-

schen Indikation bei Frauen schlieRt die in Modul 3 eingebrachte Publikation , Healthcare costs
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associated with breast cancer in Germany — a claims data analysis” an. In dieser Analyse werden die
direkten Kosten des Mammakarzinoms in der deutschen Versorgung fiir verschiedene Behandlungs-
phasen (initial, intermediar und terminal) aus der Perspektive der Gesetzlichen Krankenversicherung
evaluiert. Auf Grundlage einer Routinedatenanalyse der Abrechnungsdaten der AOK Bayern wurden
die versorgungsrelevanten Kosten, wie ambulante und stationare Kosten, Arzneimittel, Heil- und
Hilfsmittel, Rehabilitation, Krankengeld und Fahrkosten, fiir die Jahre 2011-2014 erfasst. Grundlage
ist eine Studienpopulation von 36.033 weiblichen Mammakarzinom-Patientinnen, von denen 28.522
pravalente und 4.185 inzidente Brustkrebs-Falle darstellen. Das durchschnittliche Alter betragt 67,32
[SD=12,23] Jahre. Im Betrachtungszeitraum befanden sich 3.954 Patientinnen in der Initialphase,
28.838 in der intermedidren Phase und 2.416 in der terminalen Phase. Die mit Abstand héchsten
inkrementellen Kosten pro Patientin in Hohe von 21.386 € zeigen sich in den ersten elf Monaten
nach Diagnose in der Initialphase. In der intermedidaren Phase liegen die inkrementellen Jahreskos-
ten je Patientin bei 2.866 € (inzident) bzw. 2.426 € (prédvalent). Obwohl sich die Kosten in den letzten
sechs Monaten vor dem Tod in der Interventionsgruppe auf 21.011 € (inzident) bzw. 20.226 € (pra-
valent) pro erkranktem Versicherten belaufen, liegt das Inkrement im Vergleich zur Kontrollgruppe
bei 2.421 € (inzident) bzw. 1.557 € (pradvalent) pro Patientin. Weiterhin konnte evaluiert werden,
dass die Kosten in den meisten Phasen mit steigendem Alter sinken. Die Kosten fiir Zytostatika und
teilweise auch die stationdren Kosten, hatten einen wesentlichen Einfluss auf die Kostenhéhe der

jeweiligen Behandlungsphase.

Der Einsatz von genetischen Analysen zur Spezifizierung von Diagnosen oder zur Objektivierung von
Therapieentscheidungen erfolgt vorwiegend zu Beginn einer Erkrankung. Demzufolge wiirde sich der
Einsatz von genetischen Analysen primar kostensteigernd in der Initialphase auswirken. Genetische
Analysen im Rahmen von personalisierten Arzneimittelapplikationen, kdnnen jedoch auch in den
anderen Behandlungsphasen zu Kostensteigerungen flihren oder durch zeitnahe Therapieinterven-
tionen eine Reduktionen von Folgekosten ermoglichen. Ob personalisierte Arzneimittelapplikationen
in der Indikation des Mammakarzinoms bereits Anwendung finden, wurde in der nachfolgend darge-

stellten Studie untersucht.

2.1.3 Personalisierte Therapien — Applikationsgebiete und Kosteneffektivitat

Die in Modul 4 eingebrachte Publikation , Individualisierte Medizin bei ausgewahlten Krebserkran-
kungen” veranschaulicht, dass im Untersuchungsjahr 2016 elf der 42 in Deutschland zur personali-
sierten Medizin zugelassenen Wirkstoffe fir die Behandlung des Mammakarzinoms eingesetzt wur-
den. Durch personalisierte Therapien koénnen innerhalb dieser Indikation neben Outcome-
Verbesserungen (ldngeres progressionsfreies Uberleben, besseres Therapieansprechen etc.) u.a.

auch Verbesserungen der Lebensqualitdt und/oder Erhéhung der Gesamtiiberlebenszeit erzielt wer-
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den. Ein dhnliches Bild ergibt sich fiir das nicht-kleinzelligen Lungenkarzinom (NSCLC), der haufigsten
Tumorerkrankung bei Mannern. Anfang des Jahres 2016 waren fiir NSCLC fiinf Wirkstoffe zur perso-

nalisierten Medikamentenapplikation zugelassen.

Indikationen mit hohen Versorgungskosten, wie am Beispiel der Kostenanalyse zum Mammakarzi-
nom aufgezeigt wurde, hohen Pravalenz— und Sterblichkeitsraten oder schlechten therapeutischen
Outcomes konnen erheblich durch die Anwendung von personalisierten Therapien profitieren. Der-
artige Parameter sind kennzeichnend fiir das onkologische Setting. Krebserkrankungen sind nach
Herz-Kreislauf-Erkrankungen die zweithaufigste Todesursache in Deutschland [27] und verursachten
bspw. im Jahr 2015 Krankheitskosten in Hohe von ca. 19,9 Mrd. € [28]. Mit der Entwicklung von ge-
netischen Tests wurde die Moglichkeit geschaffen, die Therapie des Patienten anhand seines geneti-

schen Profils effizient zu steuern und somit die Versorgungskosten nachhaltig zu beeinflussen.

Neben der Nutzenevaluation von patientenrelevanten Outcomes im Rahmen von klinischen Studien,
sind aufgrund des Kostendrucks im Gesundheitswesen 6konomische Evaluationen notwendig, um
das Kosten-Nutzen-Verhaltnis von pharmakogenetischen Medikamentenapplikationen abschatzen zu
kénnen. Ob genetische Tests zu einer effizienteren Versorgung oder zu Kosteneinsparungen fiihren,
ist Gegenstand von Kosten-Nutzen- oder Kosten-Effektivitdts-Analysen. Die in Modul 5 eingebrachte
Publikation “Cost-Effectiveness of Pharmacogenomic and Pharmacogenetic Test-Guided Personalized
Therapies-A Systematic Review of the Approved Active Substances for Personalized Medicine in
Germany” untersucht die Effektivitdt der in Deutschland im Rahmen der personalisierten Medizin

zugelassenen genetischen Tests.

Ziel des Reviews war die Evaluation des Einflusses der zur Steuerung der medikamentdsen Therapien
zugelassenen genetischen Tests auf die Kosteneffektivitat der Medikamentenapplikation. In das sys-
tematische Review wurden somit ausschliefSlich Studien eingeschlossen, die den Einsatz eines perso-
nalisierten Wirkstoffes ohne vorherigen Wirksamkeitstest mit der Wirkstoffverabreichung mit vorhe-
rigem genetischen Test vergleichen. Zum Untersuchungszeitpunkt im Jahr 2016 waren 47 Wirkstoffe
zur personalisierten Therapie zugelassen. Fiir 39 von diesen war ein vorheriger genetischer Test ver-

pflichtend und fiir acht empfohlen.

27 Studien konnten anhand der Einschlusskriterien in die finale Ubersicht eingeschlossen werden.
Eine Vielzahl der Studien (n=12) untersucht die Anwendung eines genetischen Tests in einer onkolo-
gischen Indikation (z. B. Darmkrebs und Brustkrebs im Friihstadium), gefolgt von Studien bei immu-
nologischen Erkrankungen (n=7) (chronisch-entziindliche Darmerkrankungen, rheumatologische
Erkrankungen etc.), HIV/Aids (n=5) und Epilepsie (n=3). Die am h&ufigsten untersuchte Medikamen-

tenapplikation erfolgte fiir den Wirkstoff Azathioprin in immunologischen Indikationen, wie chro-
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nisch-entziindlichen Darmerkrankungen, rheumatologischen Erkrankungen, idiopathische Lungen-
fibrose und Autoimmunerkrankungen. Weiterhin wurde identifiziert, dass die meisten Evaluationen
fir die Biomarker-Analyse von Thiopurin-Methyltransferase (TMPT) durchgefiihrt wurden. Um eine
Aussage Uber die Qualitat der Studien treffen zu kdnnen, wurden diese einer qualitativen Bewertung
mittels des Quality of Health Economic Studies (QHES)- Instrument [29] unterzogen. Alle einge-
schlossenen Studien erreichten im Durchschnitt eine gute Qualitat (85,81 von 100 Punkten), wobei
Studien im Publikationszeitraum zwischen 2009-2015 eine héhere Qualitat erzielten als Studien, die

zwischen 2002 und 2008 publiziert wurden.
Als weitere wesentliche Ergebnisse des Reviews konnten identifiziert werden, dass

e in der Mehrzahl der eingeschlossenen Studien die Medikamentenapplikation mit einem vor-

herigen pharmakogenetischen Tests zu Kosteneinsparungen fuhrt bzw. kosteneffektiv ist,

e keine grundsatzliche Aussage dariber getroffen werden kann, ob genetische Tests (unab-

héngig von der Indikation) zu einer kosteneffektiven Applikation flihren und

e sich die Kosteneffektivitat eines personalisierten Wirkstoffs nicht nur zwischen den Indikati-

onen, sondern auch innerhalb der einzelnen Indikationsgebiete unterscheidet.

Kosten-Effektivitat-Analysen zielen darauf ab, Verbesserungen die durch Innovationen im Vergleich
zur bisherigen Standardtherapie erreicht werden kénnen, abzubilden. Die Kosten-Effektivitat einer
medizinischen Intervention hiangt demnach davon ab, ob Vorteile zur Standardtherapie zu angemes-
senen Kosten generiert werden kdnnen. Methodische und konzeptionelle Aspekte, wie (1) Wahl der
Perspektive (Gesellschaft, Krankenversicherung etc.), (2) Zeithorizont und Diskontierung, (3) Sensiti-
vitdt und Spezifitdt der genetischen Testverfahren, (4) Pravalenz der Biomarker, (5) Testkosten, (6)
Pravalenz der Nebenwirkungen und Ansprechraten auf die Therapien, (7) Kosteneffektivitatsschwel-
len und (8) Mangel an evidenz-basierten Studien haben, wie ebenfalls im Review identifiziert werden
konnte, einen direkten Einfluss auf das Evaluationsergebnis. Um eine Vergleichbarkeit der Evaluatio-
nen von stratifizierten Arzneimitteln sicherzustellen, sollten verbindliche nationale und internationa-

le Standards definiert werden.

2.2 Genetische Analysen — Faktoren, Strukturen und Implikationen

Wahrend genetische Analysen im Bereich der personalisierten Pharmakotherapie bereits zur aktuel-
len Versorgung zahlen, befinden sich umfassendere genetische Analysen, wie Exomsequenzierungen
(engl. Whole Exome Sequencing (WES)) und WGS, noch am Anfang einer breiten klinischen Anwen-
dung. In Verbindung mit umfassenden genetischen Analysen treten eine Vielzahl an Fragestellungen

bezliglich des pradiktiven Potentials auf. In der in Modul 6 eingebrachten Publikation ,Genomanaly-
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sen als Informationseingriff — Ethische, juristische und 6konomische Analysen zum pradiktiven Po-
tential der Ganzgenomsequenzierung” wurden umfassende Uberlegungen und Lésungen zur Uber-
fihrung pradiktiver genetischer Analysen in die Regelversorgung adressiert. Hierbei wurden neben
ethischen und rechtlichen Uberlegungen und Handlungsempfehlungen, wie bspw. zum Umgang mit
Zusatzbefunden und der Gestaltung von genetischen Beratungen, vor allem auch notwendige ver-
sorgungsrelevante Aspekte definiert. Zentrale gesundheitsokonomische Ziele waren dabei die Abbil-
dung des Status Quo (Potentiale und Risiken pradiktiver Analysen aus 6konomischer Perspektive,
Finanzierungsmoglichkeiten und Abrechnungsmodalitdaten, Kostenevaluation, Versicherungsfahigkeit
hinsichtlich genetischer Risikoprofile, Wettbewerbsfahigkeit im nationalen und internationalen
Marktgeschehen etc.) als auch die Generierung von Handlungsempfehlungen zum Umgang mit pra-
diktiven genetischen Analysen im Versorgungskontext. Dabei wurden u.a. die Notwendigkeit der
Einflihrung einer Pradiktionsdiagnose als neue Diagnoseart, welche zugleich auch die Voraussetzung
zur Initilerung weiterfihrender Mallnahmen schafft, die Definition von pradikationsspezifischen
Schwellenwerten, Indikationsbegrenzungen als auch Zentralisierungsempfehlungen der Durchfiih-
rung und der Definition von Qualitatskriterien fiir umfassende genetische Analysen diskutiert und

definiert.

Grundsatzlich ist die Wahl des Analyseumfangs (Einzelgenanalyse, Panelsequenzierung, WES oder
WGS) von der spezifischen Fragestellung abhéngig. Wahrend Einzelgenanalysen zielfokussierter sind
und die klinische Relevanz einer genetischen Mutation durch die behandelnden Arzte unmittelbar in
den Erkrankungskontext eingeordnet werden kann, bedarf es bei umfassenderen Analysen aufwen-
digerer Ergebnisinterpretationen. Hierflir stellen bioinformatische Filter im klinischen Kontext ein
essentielles Instrument dar, um die genetischen Informationen auf bekannte erkrankungsrelevante
genetische Abweichungen zu untersuchen und reduzieren. Wahrend in der Versorgung die Begren-
zung der Analyseergebnisse zum Zweck einer schnelleren Interpretationsfahigkeit eine erhebliche
Relevanz besitzt, sind in der humangenetischen Forschung umfassende genetische Informationen
von groBBer Bedeutung. Ein umfassender genetischer Datenpool schafft die Voraussetzung, um durch
Phanotyp-Genotyp-Korrelationen den Abweichungen vom Referenzgenom eine Erkrankungsrelevanz
zuzuordnen. Aus diesem Grund gab es in den letzten Jahren eine Vielzahl an internationalen politi-
schen Initiativen bzw. Programmen (z. B. 100.000 Genomes-Projekt in GroRbritannien, Saudi Human
Genome Program in Saudi Arabien), welche auf die Sequenzierung breiter Bevolkerungsteile abziel-
ten, um fir phanotypische Merkmalsauspragungen einen genotypischen Ursprung zu identifizieren

[30].

Eine Grundvoraussetzung von humangenetischer Forschung ist nicht nur die Bereitschaft der Bevol-

kerung eine umfangreiche genetische Analyse durchfiihren zu lassen, sondern auch die Einwilligung,
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die personlichen genetischen Daten der Forschung zur Verfligung zu stellen. Aus diesem Grund un-
tersucht die in Modul 7 eingebrachte Publikation ,Which attributes of whole genome sequencing
tests are most important to the general population? Results from a German preference study”, wel-
che Aspekte eines WGS-Tests einen Einfluss auf die Durchflihrungsbereitschaft haben. Hierfiir wurde
ein Discrete-Choice-Experiment (DCE) durchgefiihrt, um die Praferenzen fiir die Durchflihrung einer
WGS auf Basis einer Auswahl- und entscheidungsbasierten Analysemethode zu evaluieren. Bei einem
DCE werden den Befragten zwei Wahlszenarien mit unterschiedlichen Testauspragungen gegentlber
gestellt. Hieraus kdnnen durch Teilnutzwerte wichtige Eigenschaften bzw. Auspragungen, die einen
Einfluss auf die Auswahlentscheidung haben, bestimmt werden [31]. Die verschiedenen hypotheti-
schen Testoptionen wurden aus den Attributen Testgenauigkeit, Testkosten, Ausbruchswahrschein-

lichkeit der Erkrankung, Art der identifizierten Krankheit und Datenzugang zusammengestellt.

Die am meisten praferierte Ausgestaltung eines WGS-Tests in einer Kohorte von 301 Personen setzt
sich aus folgenden Attributen zusammen: (1) Testgenauigkeit von 95 %, (2) Riickmeldung von schwe-
ren Erberkrankungen, (3) Rickmeldung von Befunden ab einer 40%igen Ausbruchswahrscheinlich-
keit, (4) Testkosten von 1000 € und (5) Zugang der personlichen Daten fiir Forschungszwecke. Die
Moglichkeit, die personlichen Daten der genetischen Forschung zur Verfiigung zu stellen, hatte dabei
einen positiven Einfluss auf die Durchfliihrungsbereitschaft fiir eine WGS. Als ein wesentliches Stu-
dienergebnis konnte somit das Bewusstsein beziiglich der Relevanz genetischer Forschung in der
Bevolkerung abgeleitet werden. Neben der grundsatzlichen Bereitschaft der Partizipation an der
genetischen Forschung, konnte ebenfalls die Notwendigkeit von genetischen Beratungen aus den
Ergebnissen gefolgert werden. Die ,Testgenauigkeit” und die ,,Riickmeldung von Befunden ab einer
bestimmten Krankheitsausbruchswahrscheinlichkeit” kénnen einen essentiellen Einfluss auf das Le-
ben des Getesteten haben. Im DCE wurden bei diesen Attributen die intermediaren Level praferiert,
wobei hierbei angenommen werden kann, dass mit einer vorherigen genetischen Beratung dem
Attribut ,Testgenauigkeit” und der ,Wahrscheinlichkeit des Krankheitsausbruchs” vermutlich ein ho-
heres Gewicht beigemessen worden ware. Fiir einen Patienten oder Interessierten ist es kaum mog-
lich, die Konsequenzen einer WGS abzuschatzen. Mit der Verabschiedung des GenDG wurden geneti-
sche Beratungen zu einem obligaten Bestandteil im Prozess von pradiktiven genetischen Analysen.
Seither bedirfen pradiktive genetische Analysen einer umfassenden genetischen Beratung bzw. Auf-
klarung im Vorfeld als auch im Nachgang der Untersuchung. Genetische Beratungen sollen dazu bei-
tragen, dass Chancen und Risiken im Zusammenhang mit pradiktiven Analysen fiir die Patienten

selbst als auch fir deren Familienmitglieder abzuschatzen sind.

Die Durchfiihrung von humangenetischen Beratungen wurde zunachst auf die Facharztgruppe der

Humangenetiker beschrankt. Im Zuge der vermehrten Applikationsmoglichkeiten genetischer Analy-
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sen, wurde die Moglichkeit von fachgebundenen genetischen Beratungen geschaffen. In diesem Re-
gelungsbereich sind allerdings umfassende indikationsunabhangige genetische Analysen, wie WES
und WGS, nicht inbegriffen. Aus diesem Grund untersucht die in Modul 8 eingebrachte Publikation
,Humangenetische Beratungen im Rahmen pradiktiver genetischer Diagnostik — Eine Analyse der
verfligbaren Kapazitdten im deutschen Setting”, inwieweit die aktuell vorherrschenden Strukturen
einen wachsenden Bedarf an genetischen Beratungen Rechnung tragen konnen. Fiir die Kapazitats-
analyse wurden 135 ambulant und 55 stationar tatige Facharzte fiir Humangenetik in die Kalkulation
eingeschlossen. Basierend auf Annahmen zum Anteil der Beratungsstunden an der Arbeitszeit (80 %
im ambulanten und 40 % im stationdren Setting), einer Arbeitszeit von 42 Stunden/Woche und einer
mittleren Beratungsdauer von 1,75 Stunden fiir die zwei obligatorischen genetischen Beratungen,
ergibt sich aufgrund der Begrenzung der Beratungskapazitdten eine jahrlich mogliche Fallzahl von
143.520 umfassenden pradiktiven genetischen Analysen. Aufgrund der Restriktion der Beratungska-
pazitaten kdnnten somit lediglich 19 % der 737.575 Neugeborenen oder 0,17 % der Gesamtbevdlke-
rung im Jahr 2015 einer WGS, unter Sicherstellung der notwendigen verpflichtenden Beratung, un-
terzogen werden. Der stetig steigenden Nachfrage an genetischen Analysen als auch der aufgrund
des wachsenden genetischen Wissens zunehmenden Komplexitdt der Beratung, steht eine zahlen-
maRig kleine Anzahl der zur genetischen Beratung befugten Arzte gegeniiber [32]. Mittelfristig ist es
eine Aufgabe des Gesetzgebers durch strukturelle Anpassungen, wie bspw. der Ausweitung des zur
Beratung befugten Personenkreises, einem potentiell drohenden Defizit an genetischen Beratungs-

kapazitaten entgegen zu wirken.

Unabhangig von der Frage der Notwendigkeit des Arztvorbehaltes ist die Tatsache, dass qualifizierte
humangenetische Beratungen im pradiktiven Kontext zwingend erforderlich sind. Der zum Schutz des
Patienten notwendige Aufklarungs-, Einwilligungs- und Beratungsprozess kann im ambulanten und
stationdren Setting durch gesetzliche Regelungen sichergestellt werden. AuBerhalb der gesicherten
Versorgungsrealitat gestaltet sich diese Qualitatssicherung jedoch schwieriger. In den letzten Jahren
hat sich neben der qualitatsgesicherten Versorgung ein zweiter Markt fiir genetische Analysen Uber
das Internet entwickelt. Interessierte Personen, ohne medizinische Indikationsstellung und somit
aulerhalb des Regelungsbereichs des SGB V, stehen hierbei einem leicht zuganglichen aber vor allem
auch haufig deutlich giinstigeren Angebot gegeniiber. Mit welchem Angebotsspektrum der Interes-
sierte in einem stark regulierten Markt wie Deutschland konfrontiert ist und welchen Einfluss geneti-
sche DTC-Analysen in einem solidarisch-finanzierten Gesundheitssystem haben kdnnen, untersucht
die in Modul 9 eingebrachte Publikation ,Health-Related Genetic Direct-to-Consumer-Tests in the
German Setting: The Available Offer and the Potential Implications for a Solidary Financed Health-

Care System”.

16



Die Marktanalyse wurde mittels einer systematischen Internetrecherche durchgefiihrt. Der Fokus der
Analyse lag hierbei auf den gesundheitsbezogenen genetischen DTC-Tests, die sich in Lifestyle-
Analysen (Erndhrung, Gewicht etc.), pradiktive (z. B. Test auf die Wahrscheinlichkeit Alzheimer zu
entwickeln) und diagnostische (z. B. Mutationen die eine Lactoseintoleranz ausldsen) Analysen diffe-
renzieren lassen. Um das Angebotsspektrum zu identifizieren, das sich direkt an die deutschen Ver-
braucher richtet, wurde eine Suchstrategie (bestehend aus 37 Suchanfragen) in deutscher Sprache
entwickelt. Von zunachst 559 potentiell relevanten Internetseiten wurden nach der Priifung der Ein-
und Ausschlusskriterien 35 Internetseiten in die finale Ubersicht eingeschlossen. Der Verbraucher
kann auf ein internationales Angebot zugreifen, dessen Vergleichbarkeit durch nachfolgende Aspekte

erschwert wird:

e Begriffspluralismus fiir die gleichen genetischen Analysen,

e Angebote fiir Einzelgen-Analysen oder Paket-Analysen (Analyseumfang umfasst bis zu
35 Krankheitsdispositionen) und/oder Geschlechts-spezifischen Analyseangeboten,

e erheblichen Preisdivergenzen (z. B. Kosten fiir Einzelgen-Analysen kénnen zwischen 89 €
(Test auf Thromboserisiko) und 990 € (Test auf Risiko fiir Stoffwechselerkrankungen) o-
der Paket-Analysen zwischen 232 (Test auf 34 Krankheitsdispositionen) und 375 € (Test
auf das Risiko 28 bekannter Erkrankungen) variieren) und

e teils fehlenden Informationen bzgl. Preis, Zertifizierung, Anzahl der untersuchten Genva-

riationen, Sensitivitdt und Spezifitat der Testverfahren und/oder Akkreditierung.

Genetische Analysen bergen sowohl Chancen als Risiken fiir die beteiligten Akteure (Patient, Arzt,
Krankenversicherung und System) auf den unterschiedlichen Systemebenen. Wahrend pradiktive
oder diagnostische Analysen eine erhebliche Auswirkung auf das Leben des Getesteten haben kon-
nen, wird genetischen Lifestyle-Analysen ein eher geringerer Einfluss beigemessen. Somit unter-
scheiden sich auch die Effektstarken sowohl positiver als auch negativer Natur auf die GKV-
Ausgaben. Die negativen Effekte (Angst, Verunsicherung, gestiegener Beratungsaufwand, erneute
diagnostische Abklarungen, nachfrageinduziertes Angebot) stellen eine potentielle Gefahr einer un-
zureichenden oder fehlenden genetischen Beratung dar und kénnen mit erheblichen Folgekosten
einhergehen. Informationskampagnen kénnten zur Starkung des 6ffentlichen Bewusstseins und der
Konsumentensouveranitat beitragen. Somit kdnnten die mit den genetischen DTC-Tests einherge-
henden Chancen und Risiken verdeutlicht und damit vor allem auch die negativ-assoziierten Effekte

begrenzt werden.
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3 Zusammenfassung der Ergebnisse und Ausblick auf den weiteren For-

schungsbedarf

Genetische Diagnostik stellt bereits heute einen wichtigen Bestandteil in einer Vielzahl von Indikati-
onsgebieten dar und kénnte zukiinftig als zentrale Ausgangbasis fiir jegliche Therapieentscheidun-
gen und Diagnoseprazisierungen herangezogen werden. Der technische Fortschritt und die human-
genetische Forschung tragen dabei zu einer stetigen Weiterentwicklung der Einsatzmoglichkeiten
bei. Genetische Diagnostik an sich als auch die Ausweitung der Anwendungs- und Behandlungsmog-
lichkeiten bedirfen umfassender 6konomischer und versorgungsspezifischer Evaluationen. Mit der
Beantwortung der nachfolgenden gesundheitsokonomischen Fragestellungen, konnte die vorliegen-

de Dissertationsarbeit einen wesentlichen Beitrag fiir die Versorgungsforschung leisten:

1. Wie hoch sind die Kosten einer Ganzgenomsequenzierung im qualitdtsgesicherten deutschen
Versorgungssetting und welche Kosten entstehen durch den Einsatz in ausgewdhlten Anwen-

dungsgebieten?

In der in Modul 1 durchgefiihrten Analyse konnten Durchfiihrungskosten von 3.876 € pro WGS auf
der derzeitig vorherrschenden Sequenzierungsplattform evaluiert werden. Einen entscheidenden
Einfluss auf die Kostenh6he haben neben der Auswahl der Sequenzierungstechnologie auch Annah-
men zur Wahl der Coverage und Auslastung des Gerates. Die Kostenanalyse zielte auf eine allge-
meinglltige Abbildung der Versorgungskosten ab, weshalb Kosten fiir die Datenanalyse, -
interpretation und -validierung aufgrund der Fall- und Standortspezifitat aus der Erhebung exkludiert
wurden. Diesen Kostenfaktoren wird jedoch im Zusammenhang mit der Vorhaltung kostenintensiver
IT-Infrastruktur und hohen personellen Zeitaufwendungen ein erheblicher Einfluss auf die Kostenho-
he beigemessen. Weiterfiihrende Forschungsarbeiten konnten an diese Erhebung anschlieRen und

den Einfluss dieser Prozessschritte auf die Gesamtkosten evaluieren.

Eine genomweite Analyse aller onkologischen Patienten hatte im Jahr 2015 Kosten in Hohe von
0,84 Mrd. € verursacht, was einem Anteil von 0,42 % an den Leistungsausgaben der GKV entspro-
chen hatte. Werden hingegen die Kosten des Einsatzes von WGS in indikationsunabhangigen Anwen-
dungsgebieten, wie dem genetischen Neugeborenenscreening betrachtet, scheinen die Kosten zu
Lasten der Solidargemeinschaft mit einem Ausgabenvolumen von 2,85 Mrd. € immens. Nach SGB V
unterliegen Kostenerstattungsentscheidungen zudem der Notwendigkeit konkreter Nutzennachwei-
se. Kostenerstattungen von WGS sind u.a. aufgrund der aktuell zum Teil noch fehlenden Behand-
lungsmoglichkeiten fir Zufallsbefunde erschwert. Die Evaluation der Kosteneffektivitdt von umfas-
senden genetischen Analysen bspw. bei unklaren Diagnosen, kdnnte weiterer Gegenstand gesund-

heitsokonomischer Forschung sein.

18



2. Flihrt die Applikation eines vorherigen genetischen Wirksamkeitstests im Bereich der Pharmako-
therapie zu kosteneffektiven Anwendungen und welche Kriterien beeinflussen die Kosteneffektivi-

tat?

In einer Vielzahl der in Modul 5 betrachteten Studien stellt ein genetischer Wirksamkeitstest im Vor-
feld der Medikamentenapplikation ein wirksames Steuerungsinstrument dar, um eine kosteneffekti-
ve oder kostensparende personalisierte Arzneimittelverabreichung zu erzielen. Die Vergleichbarkeit
der Studienergebnisse ist allerdings aufgrund fehlender nationaler und internationaler Standards
hinsichtlich der Durchfiihrung von Kosteneffektivitatsanalysen im Bereich der personalisierten Arz-
neimitteltherapie erschwert. Faktoren wie z. B. Studienperspektive, Zeithorizont, Diskontierung,
Sensitivitat und Spezifitdat der Testverfahren, Annahmen zur Biomarkerpravalenz, Testkosten und
Datenqualitdt haben einen wesentlichen Einfluss auf das Evaluationsergebnis und bedirfen daher
einheitlich definierter Standards. Nicht nur neue personalisierte Arzneimittel und genetische Wirk-
samkeitstests, sondern auch die Applikationsausweitung bzw. die Zulassung bekannter Wirkstoffe

und Tests in neuen Indikationsgebieten erfordern stetige gesundheitsékonomische Evaluationen.

3. In welchem Indikationsgebiet sind pharmakogenetische Applikationen am héufigsten vertreten

und welche Kosten entstehen in dieser Indikation im Rahmen der Standardversorgung?

In Indikationen, welche durch schlechte therapeutische Outcomes und hohe Versorgungskosten
gekennzeichnet sind, besitzt der Einsatz von personalisierten Therapien ein grolRes Potential, Out-
come-Verbesserungen zu angemessenen Kosten zu generieren. Kennzeichnend ist dies fiir das onko-
logische Setting. Die Mehrzahl der aktuell verfligbaren personalisierten Therapien sind in der Onko-
logie zugelassen, was das Versorgungspotential in onkologischen Indikationen unterstreicht. Fiir das
Mammakarzinom, der haufigsten onkologischen Erkrankung bei Frauen, entstehen bspw. in den
ersten elf Monaten nach der Diagnosestellung Versorgungskosten in Hohe von 21.386 € pro inziden-
ter Patientin. Weiterer Forschungsbedarf konnte in der Evaluation des Einflusses von zielgerichteten
genetischen Analysen sowohl auf die kurzfristigen als auch langfristigen Versorgungskosten des

Mammakarzinoms gesehen werden.

4. Unter welchen Bedingungen ist die deutsche Bevélkerung bereit eine Ganzgenomsequenzierung

durchfiihren zu lassen?

Die am meisten praferierte Ausgestaltung eines WGS-Tests in der deutschen Bevolkerung setzt sich
aus einer Testgenauigkeit von 95 %, der Rickmeldung von schweren Erberkrankungen, und dies ab
einer 40 %igen Wahrscheinlichkeit eines Erkrankungsausbruchs, Testkosten von 1000 € und der Be-
reitstellung der personlichen Daten fiir Forschungszwecke zusammen. Die Bereitstellung der eigenen

genetischen Daten fiir Forschungszwecke war dabei ein Aspekt, der einen positiven Einfluss auf die
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Bereitschaft zur Durchflihrung einer WGS hatte. Dies verdeutlicht das Bewusstsein der Studienteil-
nehmer hinsichtlich der Relevanz von humangenetischer Forschung. Eine Evaluation der Griinde
hierflr (altruistisches Verhalten, Angst vor Erbkrankheiten, persénliche Krankheitsgeschichte etc.)
als auch eine bevolkerungsweite Erhebung zum vorhandenen Wissen von genetischen Analysen in
Forschung und Versorgung kénnten an diese Studie anschliellen. Die in Modul 7 dargestellte Prafe-
renzerhebung zur Ausgestaltung eines WGS-Tests basiert zudem auf einer Entscheidungssituation
ohne eine vorherige humangenetische Beratung. Eine vergleichende Praferenzerhebung hinsichtlich
der Durchfiihrungsentscheidung von WGS mit und ohne vorherige Beratung, kénnte den Einfluss

und die Relevanz von genetischen Beratungen in der deutschen Versorgung evaluieren.

5. Sind Adaptionen bestehender Versorgungsstrukturen aufgrund umfassender genetischer Analy-

sen notwendig?

Eine Vielzahl der die Versorgungsstruktur-betreffenden Aspekte, wie Empfehlungen zur Einflihrung
einer Pradiktionsdiagnose und pradiktionsspezifischen Schwellenwerten, der Erweiterung von Quali-
tatskriterien etc. erfordern im Falle einer breiten Implementierung von WGS in das Versorgungsset-
ting einer verbindlichen Definition und Regelung. Umfassende genetische Analysen ohne einen kon-
kreten Indikationsbezug erfordern aufgrund des pradiktiven Potentials qualifizierter humangeneti-
scher Beratungen sowohl im Vorfeld als auch im Nachgang der Analyse. Sollten zukiinftig umfassen-
de genetische Analysen zu pradiktiven Zwecken in den Regelungsgegenstand des SGB V fallen, konn-
ten Adaptionen humangenetischer Versorgungsstrukturen notwendig werden. Die Komplexitat der
Diagnosefindung und der Umfang des Beratungsaufwands steigen mit Zunahme des genetischen
Wissens. In Anbetracht der potentiell zukiinftig zu geringen humangenetischen Beratungskapazita-
ten kdnnten Diskussionen und Evaluationen zur Ausweitung des zur genetischen Beratung befugten
Personenkreises und deren Einfluss auf das Versorgungssystem Gegenstand weiterer Forschungs-

vorhaben sein.

6. Auf welches Angebot an genetischen Tests kann die deutsche Bevélkerung liber das Internet zu-

greifen und welche potentiellen Implikationen entstehen durch diese im Gesundheitssystem?

Der interessierte Konsument kann auf eine Vielzahl genetischer Analyseangebote liber das Internet
zugreifen. Die Angebote gesundheitsbezogener Analysen erstrecken sich von Lifestyle-Analysen bis
hin zu diagnostischen und pradiktiven Untersuchungen. Hierbei ist der Verbraucher mit einem An-
gebot konfrontiert, das aufgrund von erheblichen Preisdivergenzen, verschieden ausgestalteten
Angebotspaketen und teils fehlenden Informationen schwer vergleichbar ist. Das Internet ermog-
licht den Konsumenten den Zugriff auf eine Vielzahl an internationalen Angeboten, die nicht den

eigenen landerspezifischen Reglementierungen und Qualitatsstandards unterliegen. Dies birgt ne-
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ben Chancen, wie der friihzeitigen Detektion von Erkrankungen und der damit verbundenen poten-
tiellen Reduktion von Folgekosten, auch Risiken. Neben moglichen fehlerhaften Testergebnissen
bergen zudem pradiktive Befunde, vor allem ohne vorherige Aufklarung und genetische Beratung,
die Gefahr der Verunsicherung und Verdngstigung des Getesteten. Potentielle Folgen kénnen u.a.
aufgrund eines nachfrageinduzierten Angebotes in einer Fehl- und Uberversorgung durch Leistungs-
ausweitungen oder des Aufweichens des Indikationsbegriffes gesehen werden. Weitere gesund-
heitsokonomische Forschungsvorhaben kdonnten die Evaluation der Leistungsinanspruchnahme auf-
grund von pradiktiven Befunden, moglicherweise differenziert nach absoluten und relativen Risiken,

zum Gegenstand haben.

Genetische Diagnostik als ein Instrument der Diagnosestellung und -prazisierung, Steuerung des
Behandlungsmanagements und Therapieverlaufs als auch zur friihzeitigen Detektion von Penetran-
zen, ist bereits ein wichtiger Bestandteil unserer derzeitigen Versorgungslandschaft. Genetische
Analysen sind in diesem dynamischen Feld der Innovationsmotor, welche die Grundlage fiir weitere
Applikationsmoglichkeiten schaffen. Die Moglichkeit Behandlungsentscheidungen auf Basis geneti-
scher Informationen zu treffen bedarf aufgrund des stetig wachsenden genetischen Wissens und der
Ausweitung der Anwendungsgebiete struktureller Anpassungen in den Bereichen Lehre, Forschung

und Versorgung.
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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 analysing 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
analysed on the basis of two sequencing platforms—namely, HiSeq 2500 and HiSeq Xten, both by
[llumina, Inc. In addition, sensitivity analyses were performed 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 €3,858.06. The cost of
sequencing materials was estimated at €2,848.08; 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 €1,411.20.

Conclusion: 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 diagnostic tool, and it has the potential to

generate an incomparable variety of genetic information. Individual genomes and genetic
variations within the population can be characterized 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

diagnostics (e.g. WGS) in medical care.

On account of continuous technological progress, significant 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-generation
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 different companies [7] (e.g. HiSeq, from Illumina; 454, from Roche
Applied Science; Solid, from Applied Biosystems). 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 been ongoing progress in the field 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]. WGS has two general diagnostic potentials—namely,
as a diagnostic instrument for manifested 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 diseases, or in patients with an abnormal or an unknown phenotype, WGS
may provide a diagnosis [15] and has the potential to end a diagnostic odyssey [16]. With a
predictive approach, WGS may 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 diagnostic 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 behavioural changes in patients and their
3



family members [23], but also increase the use of further diagnostics and of 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$1,000 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 implementation as a diagnostic method
are of significance. With this in mind, we conducted analyses of the costs of executing 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. [llumina,
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 maintenance, failures,
cleaning, and missing sequencing assignments. Therefore, the effects of different utilization levels
were analysed, 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 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., 10x%, 15%, 30x, 60x, and 75x). 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-Wiirttemberg. Different pay-scale levels were used in these calculations: for
bioinformaticians, a weekly working time of 39 hours and an annual gross salary of €55,902.84
(€0.50 per minute) were assumed, and for CTAs, a weekly working time of 39 hours 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-Wiirttemberg; hence, a weekly working time
of 39.30 hours and an annual gross salary of €87,543.96 (€0.77 per minute) were assumed. For
obtaining a blood sample, costs of €5.65—according to the uniform 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
consisting 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 several aspects, including the examination aim,

clinical setting, 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 counselling (general genetic screening vs. specific clinical
issue), and genetic material acquisition (operation vs. blood test). For this reason, we defined a
base case scenario. 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 relevant process steps. The process chart is

illustrated in Fig. 1.

Fig. 1 WGS analysis process chart
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A three-step process structure was created that comprised pre-sequencing (direct patient contact
and administration), sequencing (mechanical and biochemical processing of genetic material),

and post-sequencing process (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-centred 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, and so they incur
costs at a variety of levels. The included costs of the pre-sequencing process comprise 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 material, followed by the setting
up of sequencing devices and 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 minutes for this clinical genetic consultation, costs of
€40.43 per WGS at an average time exposure of 52.5 minutes arise. Furthermore, costs of €5.65
for obtaining a blood sample were incurred; 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.

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

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

minutes)

HiSeq 2500 HiSeq Xten HiSeq 2500 HiSeq Xten

DNA extraction 15 15 5.40 5.40
Reprocess histoid (amplification on cBot?) 37.5 - 13.50 -b
Prepare histoid and biochemical processing 300 300 108.00 108.00
Setup sequencere¢ 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 se-
quencing personnel cost of the HiSeq Xten

< The costs of this work step vary according to flowcell utilization. An average time exposure of 20 minutes 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

dThe costs of this work step vary according to flowcell utilization. An average time exposure of 35 minutes 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 ge-
nomes on the HiSeq Xten

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 acquisition
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 synonymous
with the technology life) is three years; given 80% utilization, 30-times coverage, and a machine
lifetime of three years, a maximum of 1,458 human genomes can be sequenced with the HiSeq

2500, and 46,716 human genomes with the HiSeq Xten.

In addition, fixed costs for technical service and maintenance 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).



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 one 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 three 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 three years of operating lifed 59,345.73 643,990.91
Maintenance costs per genome 122.11 41.38

a0ne 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 three-year operating time (for platform and cBot) was furnished by the manufacturer. For the apportionment to three years,
the annuity method with an interest rate of 3% was used

¢Maintenance costs do not accrue during the first year; however, to achieve a uniform distribution, two years of maintenance costs
were apportioned over three years

dFor the apportionment to three years, the annuity method with an interest rate of 3% was used

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 for the HiSeq Xten and HiSeq 2500,
respectively. However, 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 analyses leads to significantly lower costs per genome for the HiSeq Xten (Table 3).



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 10,754.00¢ 4,569.004
Sequencing chemistry 17,426.00¢ 7,455.00f
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 2,848.08 781.58

aConsists of 10 HiSeq 2500 machines.

b Flowcell indicates the I[llumina 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.

fCosts arise from using the HiSeqX Ten Reagent Kit v2.

g These costs are not subject to the fixed-cost degression.

hFor 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.

iCosts of €2.62 per genome arise from using a QlAamp DNA Blood Mini Kit [34].

Sensitivity analysis of workload and coverage differentiation

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 €3,455.48 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 10 genomes to five on the HiSeq 2500. Hence, the costs

associated with materials, acquisition, and maintenance increase to €6,880.88 (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 bioinformaticians. 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
one hour 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.
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Overall costs
Currently, the cost of a WGS analysis in a clinical setting in Germany is €3,858.06 assuming 80%

utilization of the sequencing platform and a 30-times coverage with a HiSeq 2500. By using the
latest high-throughput technology (i.e. HiSeq Xten), the overall cost could be reduced by 63%, to
€1,411.20. 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.

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)

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 3,591.56 1,144.69

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 €) 3,858.06 1,411.20
Discussion

Currently, the cost of a WGS analysis in a clinical setting in Germany is €3,858.06. 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 decision-
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 costs of a WGS analysis depends on a plurality 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 selection of a high-throughput technology is the first major

strategic decision in WGS implementation; this selection affects investment and maintenance
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expenses, as well as costs related to the sequencing materials that will be used. 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,
calculations 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 operating time should be conducted. Moreover, future directions
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 centres, 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
[llumina, Inc.) with a higher utilization 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 tumours (for example) is largely conducted with significantly higher coverage rates [37, 38]. In
general, the selection of coverage 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
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bioinformatician involved. (These factors result in a wide range of time estimations, from 1 hour
to a few days.) The time 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-influencing work 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 storage—were excluded from the cost analysis. IT costs constitute a substantial part of
investment costs, and long-term cooperation, quantity effects, and discounts determine these site-
specific costs; they can also create substantial differences 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 evaluation 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
process chart is influenced by the specific structural organization 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
representativeness, 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 factors will necessarily lead to
different 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 using WGS to inform cancer care differ greatly from those of using WGS
to diagnose a rare disease, especially within the scope of genetic counselling), (3) the approach
and technology used (e.g. different costs per Gb and 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 of
WGS), (5) the experience of the personnel involved (experience may influence processing time,
including bioinformatical interpretations), and (6) regulations informed by secondary or
incidental findings (e.g. confirmation with Sanger technology).
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This study shows that, to date, the US$1,000 genome has not become a reality in German quality-
assured health 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 single WGS [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$1,000
genome may become a reality. However, other process-relevant factors that ensure a quality WGS
execution are both integral parts and fixed 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 tools will 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 possible 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 economic 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 preventive
and therapeutic procedures. The development of these consequential follow-up costs—many of
which are caused by behavioural 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 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 benefits are critical
issues that relate to the application of WGS. In addition, certain regulations should be adopted

prior to implementation [43-45].
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Conclusion
The calculated cost of a single WGS was estimated at €3,858.06 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

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
Material 2,848.08 781.58
Acquisition 387.91 159.90
100% 608 19,456 Maintenance 97.61 33.10
Total run 3,333.60 974.58
Material 2,848.08 781.58
Acquisition 431.17 177.67
0% >4 17,510 Maintenance 108.49 36.78
Total run 3,387.74 996.03
Material 2,848.08 781.58
Acquisition 485.29 199.89
80% 486 15,364 Maintenance 122.11 41.38
Total run 3,455.48 1022.85
Material 2,848.08 781.58
Acquisition 554.94 228.44
70% 425 13,619 Maintenance 139.64 47.29
Total run 3,542.66 1057.31
Material 2,848.08 781.58
Acquisition 647.94 266.52
60% 364 11,673 Maintenance 163.04 55.17
Total run 3,659.06 1103.27
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Table 6 Effects of coverage differentiation at a platform utilization of 80%

Coverage Genomes per year Type of costs Cost (in €)
rate
HiSeq 2500 HiSeq Xten HiSeq 2500 HiSeq Xten

Material 969.41 280.58
Acquisition 161.65 66.63

10x% 1459 46,694
Maintenance 40.68 13.79
Total run 1,171.74 361.00
Material 1,439.08 405.83
Acquisition 242.64 99.94

15x% 972 31,129
Maintenance 61.06 20.69
Total run 1,742.78 526.46
Material 2,848.08 781.58
Acquisition 485.29 199.89

30x 486 15,564
Maintenance 122.11 41.38
Total run 3,455.48 1,022.85
Material 5,666.08 1,533.08
Acquisition 970.58 399.78

60% 243 7,782
Maintenance 244.22 82.75
Total run 6,880.88 2,015.61
Material 7,075.08 1,908.83
Acquisition 1,215.72 499.77

75% 194 6,225
Maintenance 305.91 103.45
Total run 8,596.71 2,512.05
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Zusammenfassung

Hintergrund: Der Einsatz von Whole Genome Sequencing (WGS) wird in der klinischen
Versorgung vermehrt diskutiert. Aufgrund der begrenzten Ressourcen im Gesundheitswesen
sind Budget-Impact Analysen notwendig, um die potentiellen Auswirkungen eines Einsatzes von

WGS abschéitzen zu konnen.

Ziel der Arbeit: Die 6konomischen Auswirkungen eines Einsatzes von WGS im Rahmen eines
bevolkerungsweiten  Screenings, Neugeborenenscreenings und zur diagnostischen

Untersuchung von Tumorpatienten wurden evaluiert.

Methoden: Eine Kostenanalyse von WGS entlang eines qualitdtsgesicherten Prozesses am
Deutschen Krebsforschungszentrum (DKFZ) stellt die Basis dieser Analyse dar. Kennzahlen des
GKV-Spitzenverbandes, des Bundesministeriums flir Gesundheit und des Robert-Koch-Institutes

bilden die Datengrundlage der untersuchten Szenarien.

Ergebnisse und Diskussion: Ein bevolkerungsweites Screening wiirde die GKV-Ausgaben im
Jahr 2013 knapp um den 2,5-fachen Faktor erhohen. WGS als Neugeborenscreening wiirde
hingegen 2,63 Mrd. Euro verursachen und zu einer Ausgabensteigerung von 1,44% fiihren. Fiir
eine Analyse aller Tumorpatienten miissten etwa 0,84 Mrd. Euro aufgewendet werden, was
einen Ausgabenanstieg von 0,46% entspricht. Unberiicksichtigt von moglichen
Einsparpotentialen, fiihrt die alleinige Betrachtung der Durchfiihrungskosten von WGS in allen
Szenarien zu steigenden Kosten. Im Hinblick auf die aktuellen Kosten ist vor allem der Einsatz
von WGS als Bevolkerungsscreening nicht finanzierbar. WGS kann eine Vielzahl an
deterministischen Befunden zu generieren, wofiir z.T. noch keine Behandlungen existieren. Ein
bevolkerungsweiter Einsatz scheint daher nicht realistisch und eine Kostenerstattung sollte nur
an Indikationen gebunden sein, bei welchen eine klare Evidenz hinsichtlich des diagnostischen

Nutzens vorliegt.

Schliisselwoérter: Ganzgenomsequenzierung; Budget-Impact-Analyse; Screening;
Neugeborenenscreening; Onkologie; Genetische Diagnostik



Abstract

Background: The diagnostic use of Whole Genome Sequencing (WGS) is a growing issue in
medical care. Due to the limited resources in Public Health Service budget-impact analysis are

necessary prior to implementation.

Objective: Budget-impact analysis for a population-wide screening, a WGS of all newborns and

diagnostic investigation of tumor patients in different oncologic indications were evaluated.

Methods: A cost analysis of WGS based on a quality-assured process chart for WGS at the
German Cancer Research Center (DKFZ), Heidelberg, constitutes the basis for this evaluation.
Data from the National Association of Statutory Health Insurance Funds, the Federal Ministry of
Health and the Robert-Koch-Institute, Berlin, were used for calculations of specific clinical

applications.

Results and discussion: A population-based screening would lead to an approximately 2.5-fold
increase of expenses of statutory health insurance in 2013. In contrast WGS in newborn
screening leads to a lower burden (€ 2.63 Billion) and to an increase of total expenditure by
1.44%. Cost of approximately € 0.84 Billion would be caused by sequencing of all tumor
patients, which corresponds 0.46% of total expenditures. Independent of potential savings leads
the application of WGS in all scenarios to increasing costs. With regard to the actual execution
costs the use of WGS especially in a population-based screening is not fundable. WGS has the
potential to generate a large number of deterministic findings. Partly, there are no treatment
options for these. Hence, a population-based screening does not seem to be realistic and

limitation of indications, in which WGS has proven medical evidence, is necessary.

Keywords: Whole Genome Sequencing, Budget-impact-analyses, screening; newborn screening,
oncology, genetic diagnostics



Hintergrund

Im Jahr 2001 war der diagnostische Einsatz von Whole Genome Sequencing (WGS) aufgrund von
Durchfiihrungskosten in Héhe von ca. 100 Mio. US-Dollar pro Genom noch undenkbar [1]. Durch
den technologischen Fortschritt konnten jedoch in den letzten Jahren erhebliche Zeit- und
Kostenreduktionen in der Durchfiihrung von WGS erzielt werden [2]. Als zentrales Werkzeug
von Diagnostik und Therapie gewinnen genetische Analysen im Zeitalter der personalisierten

Medizin immer mehr an Bedeutung.

Genetische Analysen (WGS, Genpanelsequenzierungen, Exomsequenzierungen (Whole Exome
Sequencing (WES)) und die Sequenzierung einzelner Gene) koénnen anhand ihres
Analyseumfangs bzw. ihrer Sequenzierungsbreite differenziert werden [3]. Wahrend sich WGS
auf die Sequenzierung der Gesamtheit der Nukleotidsequenzen aller 23 Chromosomenpaare
richtet, zielt WES auf die Analyse der kodierenden Genabschnitte aller Proteinmolekiile,
Panelsequenzierung auf die Untersuchung von Genabschnitten und die Sequenzierung einzelner
Gene auf die gezielte Analyse von krankheitsverursachenden Genen ab [4]. Da im Rahmen einer
WGS alle ca. 3 Mrd. Basenpaare des humanen Genoms sequenziert werden, stellt WGS

demzufolge auch die umfangreichste genetische Analyse dar [5].

Die wesentlichen versorgungsrelevanten Potentiale werden im Einsatz von WGS zu
diagnostischen und pradiktiven Zwecken gesehen. Genetische Analysen kénnen auf molekularer
Basis die Erkrankungsursache identifizieren und somit eine genaue Diagnosestellung
ermoglichen [3]. Dies hat vor allem bei Erkrankungen mit unbekanntem Ursprung eine
erhebliche Relevanz. WGS beschrankt sich im Gegensatz zu WES nicht auf die kodierenden
Genabschnitte und damit auf lediglich 1% des humanen Genoms [6]. Zwar sind Schatzungen
zufolge 85% der krankheitsverursachenden Mutationen in diesen Abschnitten lokalisiert [7],
jedoch koénnen Mutationen und Kopienzahlvariationen (Copy Number Variations (CNVs))
aufserhalb dieser Genabschnitte durch WES nicht erfasst werden. Dies birgt die Gefahr, dass
erkrankungsrelevante Informationen nicht identifiziert oder seltene Varianten iibersehen

werden konnen.

Neben der diagnostischen Anwendung kann WGS auch zur Fritherkennung von Risikopatienten
eingesetzt werden [8].In dieser Anwendungsmdglichkeit wird das entscheidend Neue gesehen:
Der Einsatz von WGS zu pradiktiven Zwecken. WGS kann als Screeninginstrument eine Vielzahl
von pradiktiven Befunden generieren. Beim Screening unterziehen sich Risikopatienten oder
asymptomatische Personen aufgrund der Vorgeschichte, Familienanamnese oder lediglich aus
Interesse einer genetischen Analyse, um Kenntnis iiber bis dato unbekannte Erkrankungen oder

Dispositionen zu erlangen. Je umfassender eine genetische Analyse ist, desto grofier ist das

1



pradiktive Potential bzw. die Wahrscheinlichkeit Dispositionen zu entdecken. Dies birgt
gleichermaféen Chancen und Risiken: Auf der einen Seite kénnen, sofern vorhanden, frithzeitig
Praventions- und Therapiemafinahmen eingeleitet werden, welche sowohl auf die positive
Beeinflussung der Erkrankungsschwere und den Verlauf einer Erkrankung als auch auf die
Verhinderung einer Erkrankungsmanifestation abzielen kénnen [9]. Auf der anderen Seite
bergen pradiktive und nicht-intendierte Befunde (sog. incidental findings) [10] auch die Gefahr,
angstauslosendes Wissen hervorzurufen und somit negative Lebensqualitdtseffekte zu bedingen.
Der verdngstigte Patient wird zum gesunden Kranken [11] und steigert seine
Leistungsinanspruchnahme [12]. Die subjektive ,Erkrankungsangst”, erweitert die
urspriingliche Indikation [13] und kann somit zu hoéheren Folgekosten in den Bereichen
Pravention und Therapie fiihren. Aktuell kénnen jedoch weder die damit verbundenen
Folgekosten abgeschdtzt noch die klinische Relevanz derartiger Zufallsbefunde fiir viele

Anwendungsgebieten eindeutig bestimmt werden.

Unabhdngig von den potentiellen versorgungsrelevanten Vorteilen ist die Finanzierbarkeit und
Kosteneffektivitit von WGS von grofder Relevanz. Die Entscheidung liber den Analyseumfang
(einzelne Gene, Genpanel, WES oder WGS) wird zukiinftig wahrscheinlich nicht nur von der
Fragestellung, sondern auch von den Kostenentwicklungen der jeweiligen Analyseart
beeinflusst. Aktuell ist eine Anwendung weniger umfassender genetischer Analysen
kostengiinstiger und scheint daher, sofern hierdurch kein deutlicher Patientennutzen bedingt
wird, u.a. aus 6konomischer Perspektive angemessener. Jedoch werden die Kostenreduktionen
bei WGS zukiinftig deutlich starker ausfallen [14], wodurch sich im Zeitverlauf das Kostenniveau
angleichen konnte. Diese erwarteten Kostenreduktionen und die Limitationen weniger
umfassender genetischer Analysen fiihren zur Annahme, dass WGS im klinischen Setting

zuklinftig an Bedeutung zunehmen wird [15].

In dieser Analyse wird die Budgetwirkung in einem indikationsspezifischen (onkologisches
Setting [16]) und eines indikationsunabhdngigen Einsatzes (bevolkerungsweites Screening [17]
und Neugeborenenscreening [18]) untersucht. Neben den Nutzendiskussionen in den jeweiligen
Einsatzszenarien liefd der Mangel an validen Kostenstudien fiir WGS [19] bisher keine Aussage
iiber die potentiellen finanziellen Auswirkungen einer Implementierung von WGS im
diagnostischen Leistungsspektrum zu. Eine vorangegangene Studie zur Evaluation der

Durchfiihrungskosten von WGS stellt die Basis der vorliegenden Budget-Impact-Analyse dar.

Budget-Impact-Analysen als Entscheidungsinstrument
In Anbetracht der steigenden Kosten im Gesundheitswesen sind Budget-Impact-Analysen ein

wichtiges Instrument, um die Bezahlbarkeit von medizinischen Interventionen abschitzen zu



konnen. Die Ermittlung des Budget-Impacts fiir die Gesetzliche Krankenversicherung (GKV) in
Deutschland hdngt sowohl von den Durchfiihrungskosten einer WGS als auch von den konkreten
Anwendungsgebieten bzw. der Anzahl der zu untersuchenden Patienten ab. Fiir die Gesamtzahl
der potentiellen Patienten des jeweiligen Indikations- bzw. Anwendungsgebietes konnen
potentiell anfallende Kosten prognostiziert werden. In eine Budget-Impact-Analyse kénnen u.a.
die zu erwartenden Kosten fiir die Durchfithrung, populationsbezogene Parameter der
spezifischen (potentiellen) Anwendungsgruppe, Angaben zur Bevolkerungsentwicklung,
Marktverschiebungen aufgrund von zusatzlichen Fallzahlen und Substitutionseffekte einflief3en
[20]. Da eine Kalkulation des Budget-Impacts dazu dienen kann, die Kostentrager bei der
Entscheidungsfindung beziiglich moglicher Einsatzgebiete zu unterstiitzen, werden nachfolgend

die finanziellen Auswirkungen in zwei potentiellen Anwendungsgebieten aufgezeigt.

Kosten von WGS

In einer vorangegangenen Studie wurden die Durchfiihrungskosten einer WGS im deutschen
Versorgungssetting evaluiert [21]. Der primadre Gegenstand dieser Untersuchung war eine
Abbildung von Kosten, die im Zusammenhang mit der Durchfiihrung einer WGS entstehen.
Entlang eines qualitdtsgesicherten Prozessablaufes am Deutschen Krebsforschungszentrum in
Heidelberg (DKFZ) konnten die essentiellen Kostenpositionen des Prozesses einer WGS
identifiziert, quantifiziert und monetdr bewertet werden. Im Mittelpunkt dieser Erhebung
standen die medizinischen Einzelkosten einer WGS. Gemeinkosten wurden aufgrund der
fehlenden Zurechenbarkeit nicht inkludiert. Eine Ausnahme stellen jedoch die Anschaffungs-
und Wartungskosten der Sequenzierungsplattform dar. Eine umfassende Erhebung aller
Gemeinkosten und die additive Beriicksichtigung der Datenspeicherungskosten wiirden
grundsatzlich mit einer Kostensteigerung einhergehen. Die evaluierten Kosten in Héhe von

3.858,06 € pro WGS sind ein wesentlicher Ausgangspunkt fiir weiterfithrende Analysen.

Potentielle Einsatzgebiete von WGS: Grundlegende Annahmen und

0konomische Auswirkungen
In dieser Analyse wird der Einsatz von WGS zu diagnostischen, pradiktiven oder prognostischen

Zwecken als Add-On-Technologie definiert. Eine Anwendung von WGS ersetzt somit keine
bestehende Mafdnahme und Substitutionseffekte bleiben unberiicksichtigt. Die Anwendung von
WGS fiihrt damit zu additiven diagnostischen Kosten und schliefilich zu einer Erhéhung des
Ausgabenvolumens in der GKV. Als grundlegende Kalkulations- und Referenzbasis werden die
reinen Leistungsausgaben (ohne Nettoverwaltungskosten und sonstige Aufwendungen) der GKV

des Jahres 2013 in einer Hohe von 182,75 Mrd. Euro verwendet [22]. Es wurde eine Art



flachendeckender Ansatz gewadhlt. Dieser liefert eine erste Einschdtzung zum maximal
aufzuwendenden Finanzierungsvolumen eines Einsatzes von WGS im diagnostischen
Leistungsspektrum der GKV. Um die 6konomischen Auswirkungen einer Implementierung von
WGS darzustellen, wurden Budget-Impact-Analysen fiir drei potentiell denkbare

Einsatzszenarien durchgefiihrt.

Okonomische Auswirkungen einer indikationsspezifischen Anwendung von WGS

Szenario 1- Einsatz in der Onkologie: WGS kann im onkologischen Setting zu diagnostischen,
pradiktiven und prognostischen Zwecken eingesetzt werden. Im pradiktiven Kontext kann WGS
zur Identifikation von Mutationen in Proto-Onkogenen oder Tumorsuppressorgenen, die ein
erhohtes Risiko flir das Auftreten von Tumoren bedingen (Bsp. BRCA I und BRCA II fiir Mamma-
und Ovarialkarzinome), eingesetzt werden und Informationen iliber das Therapieansprechen
liefern [22]. Im Rahmen des prognostischen Einsatzes kann WGS molekulargenetische
Charakterisierungen (z.B. Aggressivitit und biologisches Verhalten der Tumorzellen) einer
Krebserkrankung ermdglichen [23] und als diagnostisches Instrument eine genaue
Charakterisierung bzw. Diagnosestellung ermdglichen [6]. Das Ziel des Nationalen Centrums fiir
Tumorerkrankungen (NCT), ab dem Jahr 2015 alle Tumorpatienten einer Erbgutanalyse zu
unterziehen, verdeutlicht die Relevanz von WGS im onkologischen Setting [24].

Die indikationsspezifische Analyse richtet sich auf Versicherte mit bereits manifestierter
Erkrankung. Bei einem Tumorpatienten kann WGS sowohl pradiktive, diagnostische und
prognostische Informationen hinsichtlich Erkrankungsspezifika, Krankheitsverlauf und
Therapieoptionen als auch Aussagen zur Wirksamkeit von stratifizierten Pharmakotherapien
liefern. Im Rahmen der Studienkonzeption wird WGS grundsitzlich als Add-on Technologie
definiert. Folglich werden keine bestehenden diagnostischen Instrumente, wie bspw. genetische
Biomarkertestverfahren, substituiert. Die 6konomischen Auswirkungen von WGS werden
sowohl in Bezug auf die Gesamtanzahl der onkologischen Neuerkrankungen als auch
geschlechtsspezifisch innerhalb der zehn haufigsten Neuerkrankungsgruppen dargestellt.
Zudem werden die Gesamtkosten einer Implementierung in ein Verhaltnis zu den Ausgaben der
gesetzlichen Krankenversicherung (GKV) gesetzt. Die Datenbasis in diesem Szenario bilden
epidemiologische Zahlen des Robert-Koch Institutes aus dem Jahr 2009/2010 [26] und

Kennzahlen des GKV-Spitzenverbandes zu den Leistungsausgaben aus dem Jahr 2013 [22].

Eine genetische Analyse aller Tumorpatienten innerhalb der zehn haufigsten onkologischen
Indikationen hatte im Betrachtungsjahr 2013 Kosten in Héhe von 0,84 Mrd. Euro verursacht.
Diese Kosten hatten etwa 0,46% der Leistungsausgaben der GKV (Tabelle 1) entsprochen. Die
Erkrankungshdufigkeiten divergieren geschlechterspezifisch. Erkrankungen der Brustdriise

waren bei Frauen mit einer absoluten Anzahl von 17.466 Fillen am haufigsten im onkologischen



Setting verbreitet. Fiir den Einsatz von WGS innerhalb dieser Indikationsgruppe hatten 67 Mio.
Euro aufgewendet werden miissen. Bei Mannern stellt Lungenkrebs mit einer Fallzahl von
29.381 Lungenkrebs die haufigste onkologische Erkrankung dar. In dieser Indikation héatte die

Sequenzierung aller Erkrankten Ausgaben in Hohe von 113 Mio. Euro verursacht.

Tabelle 1 Kosten des Einsatzes von WGS in der Onkologie

Frauen Ménner
Erkrankung Héaufigkeit Kosten in € Erkrankung Haufigkeit Kosten in €
Gesamt 100.403 387.360.798,00 Gesamt 117.855 454.691.661,00
Prozentualer Anstieg der Kosten von WGS fiir Prozentualer Anteil der Kosten von
die Gesamtheit der onkologischen Patienten an WGS fiir die Gesamtheit der
den Leistungsausgaben der GKV im Jahr 2013 0,2119 % onkologischen Patienten an den 0,2488 %
Leistungsausgaben der GKV im Jahr
2013
1 Brustdriise 17.466 67.384.876,00 Lunge 29.381 113.353.661,00
2 Lunge 13.627 52.573.783,60 Darm 13.489 52.041.371,30
3 Darm 12.510 48.264.330,60 Prostata 12.676 48.904.768,60
4 Bauchspeicheldriise 7.950 30.671.577,00 Bauchspeicheldriise 7.537 29.078.198,20
5 Eierstocke 5.599 21.601.277,90 Magen 5.777 22.288.012,60
6 Magen 4.400 16.975.464,00 Leber 4.856 18.734.739,40
7 Leukdmien 3.304 12.747.030,20 Leukdmien 3.942 15.208.472,50
8 Non-Hodgkin-Lymphome | 2.921 11.269.393,30 Speiserohre 3.837 14.803.376,20
9 Zentrales Nervensystem 2.559 9.872.775,54 Mundhohle und Rachen 3.816 14.722.357,00
10 Leber 2.534 9.776.324,04 Harnblase 3.631 14.008.615,90

Okonomische Auswirkungen von indikationsunabhingigen Anwendungen

Szenario 2- Bevilkerungsweites Screening: Fiir dieses als hypothetisch einzustufendes
Anwendungsszenario wurden folgende Annahmen getroffen: 1. Jedem Versicherten steht es frei
eine WGS zu pradiktiven Zwecken durchfithren zu lassen; 2. Die Kostenerstattung wird durch
die GKV sicherstellt; 3. Jeder Versicherungsnehmer kann einmalig diese diagnostische Leistung
in Anspruch nehmen und 4. Da keine bestehenden genetischen Screeningangebote substituiert
werden findet der Einsatz von WGS als Add-on-Technologie statt. Die Berechnung des Budget-
Impacts wird fiir die Gesamtanzahl der GKV-Versicherten durchgefiihrt und erfolgt mittels der
Kennzahlen des Bundesministeriums fiir Gesundheit [27] und des GKV-Spitzenverbandes des
Jahres 2013 [22]. Die fiir dieses indikationsunabhdngige Screening aufzuwendenden Ausgaben
werden sowohl prozentual im Verhaltnis zu den Gesamtausgaben als auch an den Ausgaben fiir
Friiherkennungsmafinahmen dargestellt (Tabelle 2). Basierend auf der Annahme, dass eine WGS
nur einmal im Leben durchgefiihrt werden muss, entstehen fiir die GKV einmalige
Durchfiihrungskosten pro Mitglied. Bei einer retrospektiven Betrachtung des Jahres 2013 hatte
die Durchfiihrung eines bevdlkerungsweiten Screenings ohne Indikationsbegrenzung im
Versichertenkollektiv der GKV ein Ausgabenvolumen von 269,50 Mrd. Euro verursacht. Im
Betrachtungsjahr hatte dies faktisch zu etwa 2,5-fach so hohen GKV-Leistungsausgaben gefiihrt.
Werden die Kosten dem Leistungsbereich der Friiherkennungsmafinahmen zugeordnet, ware

dies mit einem Anstieg von 13.019 % innerhalb dieses Ausgabenbereichs einhergegangen.



Szenario 3- Screening aller Neugeborenen: Im diesem Szenario wird angenommen, dass alle
Neugeborenen einer WGS unterzogen werden. In dieser Analyse wird das im
Regelleistungskatalog der GKV verankerte ,erweiterte Neugeborenenscreening” von WGS nicht
substituiert. Als Datengrundlage werden die Geburtenzahlen des Statistischen Bundesamts und
die Leistungsausgaben der GKV des Jahres 2013 verwendet [28]. Fiir den Einsatz von WGS im
Rahmen des Neugeborenenscreenings hatten die Kostentrdager im Jahr 2013 fiir 682.069
Neugeborene Ausgaben in Héhe von 2,63 Mrd. Euro aufwenden miissen. Dies hatte einer 1,44%-
Steigerung der Leistungsausgaben entsprochen. Werden die Kosten fiir das genetische
Neugeborenenscreening dem Leistungsbereich der Friiherkennungsmafinahmen zugeordnet,
hatte dies einem Ausgabenanstieg von 127% innerhalb dieses Leistungsbereichs verursacht

(Tabelle 2).

Tabelle 2 Kosten des Einsatzes von WGS in indikationsunabhéngigen Screeningprogrammen

Bezugsgrofien Anzahl/ Kosten in Mrd. €
Anzahl der Neugeborenen (2015) 737.575

Leistungsausgaben der GKV (2015) 202,05

Gesamtkosten fiir Fritherkennungsmaf$nahmen der GKV (2015) 2,18

Auswirkungen/ Kosten (-anstieg) Kosten in Mrd. €/ Anstieg in %
Gesamtkosten fiir das Neugeborenenscreening (in Mrd.) 2,85

Anstieg der Leistungsausgaben 1,41

Anstieg der Kosten fiir Fritherkennungsmafinahmen 130,73

Diskussion

Wahrend genetische Analysen vor einigen Jahren noch primadr in der Humangenetik,
Kinderheilkunde und Gynikologie eingesetzt wurden [29], finden diese inzwischen auch
vermehrt Anwendung in anderen Bereichen, wie z.B. der Kardiologie, Immunologie und
Onkologie. Die Anwendungsmoglichkeiten von genetischen Analysen erweitern sich
kontinuierlich und auch die stetig sinkenden Kosten lassen den Schluss zu, dass genetische

Analysen in naher Zukunft ein fester Bestandteil samtlicher Versorgungsbereiche sein kdnnten.

Auch wenn der potentielle Nutzen eines Einsatzes von WGS im Einzellfall erheblich sein kann,
muss gepriift werden, ob WGS nach den Leistungskriterien der GKV als wirtschaftlich,
notwendig und zweckmafiig (§ 12 SGB V) einzustufen ist. Im Vergleich zu anderen Diagnostika
sind die aktuellen Durchfiihrungskosten von WGS in Héhe von ca. 3.900 € noch immer als relativ
hoch einzuschitzen. Unabhingig von den Durchfiihrungskosten, sollten jedoch auch die
potentiellen Kosteneinsparungen betrachtet werden, welche durch vermiedene Folgekosten
(schnellere Diagnosefindung, friihzeitige Intervention etc.) erzielt werden und eine erhebliche

okonomische Relevanz haben konnen.




Als indikationsspezifisches Einsatzgebiet fiir genetische Analysen kommt der Onkologie die
weitreichendste Bedeutung zu. Die Entstehung von Krebs ist ein multifaktorielles
Zusammenspiel, bei welchen sowohl genetische als auch epigenetische Faktoren eine Rolle
spielen [30]. In 90% aller bekannten krebsassoziierten Gene treten somatische (also sporadisch
auftretende) Mutationen auf, 20% zeigen Keimbahnmutationen, woraus folgt dass in 10% beide
Mutationen vorkommen [31]. Dabei stellt WGS eine Mdoglichkeit dar, diese genetischen
Verdanderungen zu identifizieren. Die Relevanz des pradiktiven Potentials, welches auf ein
spezifisches Risikoprofil und ein erhohtes Krankheitsrisiko hinweisen kann, wurde durch die
Umsetzungsempfehlung fiir risikoadaptierte Fritherkennungsprogramme des Nationalen
Krebsplan gestarkt. Hierbei sollen Patienten mit einem erhéhten Erkrankungsrisiko durch einen
zweistufigen Filtertest (nach der Identifikation einer familidren genetischen Belastung) einen
Zugang zur genetischen Analyse erhalten, um das Morbiditdts- und Mortalitatsrisiko zu senken
[32]. Die Identifikation von Risiko-Genen schafft die Chance einer gezielten Pravention in diesen
Hochrisikogruppen [33]. Die Analyse des Tumorgenoms ermdglicht eine Identifikation von
Erbgutverdnderungen und somit eine konkrete Diagnosestellung. Da sich Malignome nicht nur
zwischen einzelnen Individuen unterscheiden, sondern selbst innerhalb des Tumors erhebliche
Divergenzen aufweisen [34], kommt genetischen Analysen im onkologischen Setting eine grofe
diagnostische Relevanz zu. Aufgrund dieses Wissens ist es den behandelnden Arzten méglich,
therapeutische Interventionen entsprechend der Tumorcharakteristika einzuleiten. Genetische
Analysen kénnen zudem auch prognostische und pradiktive Informationen generieren, welche
Aussagen ilber die Wahrscheinlichkeit des Therapieansprechens, die Entwicklung von
unerwiinschten Nebenwirkungen und den potentiellen Krankheitsverlauf liefern kénnen. Vor
allem in Hinblick auf die stratifizierte Medizin gewinnen genetische Analysen in der Onkologie

kontinuierlich an Bedeutung.

Die 6konomischen Auswirkungen eines indikationsunabhdngigen Einsatzes von WGS wurden
sowohl fiir ein Bevélkerungs- als auch Neugeborenscreening untersucht. In beiden Szenarien
bleibt der Einsatz von WGS als ein Instrument zur Krankheitsfritherkennung zu diskutieren. Die
1968 von Wilson und Jungner im Auftrag der WHO definierten Grundsitze zum Screening [35]
(Vorliegen eines wichtigen Gesundheitsproblems, Testbedingungen (z.B. Eignung des Tests),
Kenntnis iiber den Krankheitsverlauf, die Identifikation in einem latenten oder frithen
symptomatischen Stadium und die Behandlungsfahigkeit etc.) erfuhren vor allem in Hinblick auf
Besonderheiten des genomischen Zeitalters in den letzten Jahren eine Anpassung. Aufgrund der
Moglichkeiten der Detektion einer Erkrankung vor der phanotypischen Manifestation werden
u.a. Forderungen nach einer Definition einer Zielindikation, der wissenschaftlichen Evidenz der
Effektivitit des Screeningprogramms, Qualitdtssicherung zur Minimierung der potentiellen

Screeningrisiken etc. zu diesen Kriterien laut [36]. Das Wissen iliber eine Disposition bzw.



potentielle Erkrankungsmanifestation versetzt die Betroffenen bzw. deren behandelnden Arzte
in die Lage, vor allem Mafdnahmen der primédren (z.B. gesunde Lebensweise) und sekundaren
(z.B. Krankheitsfritherkennung) Pravention durchzufithren [37]. Dies setzt allerdings voraus,
dass fiir die jeweiligen Dispositionen auch Behandlungsmaoglichkeiten existieren. Die friihzeitige
Identifikation einer Disposition kann eine schnelle Einleitung von praventiven oder
therapeutischen Mafinahmen ermdglichen, woméglich einen Krankheitsausbruch verhindern
[38] und somit Folgekosten bzw. Versorgungskosten senken [39]. Als Bespiel fungiert hierbei
die friihzeitige Detektion der Disposition von Mukoviszidose in einem pra-pathologischen
Stadium. Zwar ist diese Erkrankung nicht heilbar, jedoch kann eine frithzeitige Intervention die
Krankheitsanzeichen verringern und zu einer Steigerung der Lebensqualitit und -erwartung

beitragen [40].

Die Anwendung von WGS im Rahmen eines bevélkerungsweiten Screenings wiirde Kosten in
Hohe von 269,50 Mrd. Euro verursachen und in der GKV zu einer Ausgabensteigerung von 147
% fiihren. Demnach ist ein Screening ohne Indikationsbegrenzung zu aktuellen
Durchfiihrungskosten nicht finanzierbar. Grundsitzlich kann diesem Szenario ein eher
hypothetischer Charakter zugeschrieben werden. Ein allgemeines Screening zu pradiktiven
Zwecken zielt primdr auf die Detektion von Keimbahnmutationen ab. Da bei genetisch
vererbbaren Erkrankungen vor allem eine frithzeitige Detektion vorteilhaft sein kann, stellt sich
bei der Diskussion um den Einsatz von WGS im Rahmen eines bevilkerungsweiten Screenings
die Frage nach der medizinischen Notwendigkeit bzw. nach der Versorgungsrelevanz. Eine
frithzeitige Detektion von genetischen Dispositionen konnte jedoch durch ein
Neugeborenenscreening erzielt werden. Demnach kann u.a. dieses Szenario als ein zukiinftig
realistisch denkbares Anwendungsgebiet eingestuft werden. Zudem wiirden auch im Gegensatz
zum bevolkerungsweiten Screening die finanziellen Ausgaben fiir die GKV in H6he von 2,63 Mrd.
Euro fiir ein Neugeborenenscreening deutlich geringer ausfallen. Das derzeitige
Neugeborenenscreening zdhlt dem Gendiagnostikgesetz nach zu den genetischen
Reihenuntersuchungen und seit dem Jahr 2005 wird das ,erweiterte Neugeborenenscreening“
als Regelleistung der GKV erstattet [41]. Eine Erweiterung des Neugeborenenscreenings konnte
ein potentielles Anwendungsgebiet von WGS darstellen. Ob jedoch die als Goldstandart geltende
Tandem-Massenspektrometrie (TMS) durch WGS ergdnzt werden kann, ist unter diversen
Aspekten zu betrachten. TMS hat die Identifikation von 14 Stoffwechsel- und
Hormonkrankheiten zum Gegenstand und zielt lediglich Detektion von behandelbaren
angeborenen Endokrinopathien und Stoffwechseldefekten ab [42]. Im Gegensatz dazu kénnen
durch WGS eine Vielzahl von pradiktiven genetischen Befunden generiert werden, flir welche
z.T. keine Behandlungsmoglichkeiten existieren. Bei den genetischen Analyseergebnissen

handelt es sich um probabilistische Aussagen, bei welchen zum Untersuchungszeitpunkt in den



meisten Fillen nicht eindeutig bestimmt werden kann, ob im Leben des Sduglings jemals zu
einer phanotypischen Manifestation der Dispositionen kommen wird [43]. Unabhdngig davon
koénnen diese genetischen Informationen nicht nur einen weitreichenden Einfluss auf das Leben
des getesteten Sauglings, sondern auch auf dessen Familienangehorige haben. Wird eine
genetische Mutation beim Neugeborenen entdeckt, besteht die Moglichkeit, dass ein Elternteil

ein heterozygoter Merkmalstrager ist [44].

Grundsatzlich ist der Nutzen dieser Intervention schwierig zu bewerten, da aufgrund der
Analyseergebnisse von WGS auch negative Effekte fiir das Leben des Getesteten und dessen
Angehorigen resultieren konnen [45]. Daher ist es unabdingbar den Nutzen von WGS weiter zu
evaluieren, bevor WGS ins diagnostische Leistungsspektrum Einzug erhidlt. Genomweite
Assoziationsstudien (GWAS) stellen hierbei ein essentielles Instrument zur weiteren
Evidenzgenerierung dar. GWAS ermoglichen den Vergleich zwischen gesunden und erkrankten
Populationsanteilen und tragen somit zur Identifizierung von Korrelationen zwischen
genetischen veranderten Genabschnitten und spezifischen Krankheitsbildern bei [46]. Die
Potentiale von genetischen Informationen sind in diesem Zusammenhang auch fiir die
molekulargenetische Forschung enorm. Aus diesem Grund finanzierte die britische Regierung
mit dem 100.000 Genomes Project, das auf die Sequenzierung breiter Bevolkerungsanteile

abzielte, eines der grofdten DNA-Sequenzierungsprojekte aller Zeiten [47].

Einer breiten klinischen Anwendung stehen nicht nur die mit WGS verbundenen Kosten,
rechtliche und ethische [48] sondern auch organisatorische bzw. strukturelle Hiirden entgegen.
Als ein Beispiel hierfiir kann die Organisation und der gestiegene Aufwand der
humangenetischen Beratung angefiihrt werden. Entsprechend des 2010 in Kraft getretenen
Gendiagnostikgesetzes stellt die qualifizierte genetische Beratung (§ 10 GenDG) ein
verpflichtendes Element im Prozess der genetischen Analyse dar. Im Hinblick auf die nicht-
intendierten Befunde, welche iiber die primare Indikation hinausgehen, gewinnt die genetische
Beratung deutlich an Komplexitidt. Inwiefern dieser mit einer Implementierung von WGS
gestiegene genetische Beratungsaufwand mit den aktuell verfiigbaren zeitlichen und

O6konomischen Kapazitdten sichergestellt werden kann, bleibt zu priifen.

Wahrend aus okonomischer Sicht ein bevolkerungsweites Screeningprogramm derzeit
abzulehnen ist, ware losgelost von ethischen und rechtlichen Fragen, eine Erweiterung des
Neugeborenenscreenings um WGS zu rechtfertigen, sofern ein entsprechender Zusatznutzen
nachgewiesen werden kann. Regelungen in Bezug auf die Riickmeldung der Befunde kénnten
sowohl in indikationsspezifischen als auch indikationsunabhdngigen Anwendungsgebieten ein

wichtiges Instrument der Ausgabenbegrenzung darstellen.



Die Konzeption der untersuchten Szenarien und die fiir die Berechnungen zugrundeliegende
Kostenstudie stellen Limitationen dieser Studie dar. In der Evaluation der Durchfiihrungskosten
von WGS wurden bspw. Gemeinkosten, wie Strom, Wasser und Kosten der Datenspeicherung,
aus der Erhebung exkludiert. Eine additive Beriicksichtigung dieser Kosten wiirde zu einer
Steigerung der Gesamtkosten und somit zu hoheren Ausgaben innerhalb der betrachteten
Szenarien fiihren. Ebenfalls haben die Annahmen der Szenarien einen Einfluss auf den Budget-
Impact. Fir die indikationsunabhdngigen Anwendungen wurde unterstellt, dass sich alle
Versicherten einer umfassenden Analyse bzw. dass alle Eltern ihr Neugeborenes einer WGS
unterziehen. In der Versorgungsrealitit ist dieser flichendeckende Ansatz eher
unwahrscheinlich und demzufolge kann hier von einer deutlichen Uberschitzung der Kosten
ausgegangen werden. Diese Evaluation liefert jedoch eine erste Einschdtzung des maximal
aufzuwendenden Finanzierungsvolumens eines indikationsunabhdngigen Einsatzes von WGS.
Aufgrund der Annahme des Einsatzes von WGS als Add-on-Diagnostikum ist ebenfalls von einer
Uberschitzung der Kosten auszugehen. Genetische Analysen sind u.a. inzwischen vermehrt
Bestandteil in der onkologischen Versorgung (bspw. prognostische Testungen auf die
Wirksamkeit stratifizierter Therapien). WGS konnte diese somit grundsatzlich substituieren. In
den drei untersuchten Einsatzgebieten wurde von einem Einsatz von WGS als Add-on-
Technologie ausgegangen, da zum Untersuchungszeitpunkt keine validen Schatzungen beziiglich
der tatsidchlichen Anwendungshiufigkeit genetischer Analysearten identifiziert werden
konnten. Weiterhin ist hier von diversen Kompensationseffekten auszugehen, welche eine
endgiiltige Beurteilung der tatsdchlichen Ausgabenbelastung erschweren. Die Stirke dieser
Effekte ist primar von den Kostenentwicklungen im Bereich der Sequenzierungstechnologien
abhangig. Somit stellen die Kosten fiir WGS und die darauf aufbauenden Budget-Impact-
Analysen keine abschliefenden Ergebnisse dar, sondern bediirfen einer kontinuierlichen
Anpassung. Eine weitere Limitation ist in der Konzeption des onkologischen Szenarios zu sehen.
Hierbei wurde lediglich von einer Sequenzierung aller Neuerkrankten ohne die
Beriicksichtigung von Rezidivfillen ausgegangen. Ein Einschluss von Rezidivpatienten wiirde

mit einer Steigerung der Ausgaben im Betrachtungsjahr einhergehen.

Die 6konomische Betrachtung dieses innovativen Bereichs befindet sich noch in einer frithen
Phase. Dementsprechend konnten im Rahmen der Bearbeitung weitere interessante
Forschungsbedarfe identifiziert werden. Im onkologischen Bereich ware z.B. eine nach der
Untersuchungsintention  (pradiktiver, prognostischer oder diagnostischer Kontext)
differenzierte Kostenanalyse als auch eine Erhebung der Kosten, welche durch WGS von
Risikopatienten entstehen, denkbar. In der vorliegenden Analyse wurde ein Inzidenzansatz in
einem spezifischen Betrachtungsjahr untersucht. Eine mogliche Erweiterung dieser Analyse

konnte in einem Pravalenzansatz mit einer additiven Beriicksichtigung von Neuerkrankungen



und Rezidivfillen in den Folgejahren gesehen werden. Aufgrund der zum
Untersuchungszeitpunkt verfiigbaren Datenquellen konnten diese offenen Fragestellungen nicht
adaquat abgebildet werden wund stellen somit eine Ausgangsbasis fiir zukiinftige

Forschungsvorhaben dar.

Fazit:
Die 6konomische Evaluation der diskutierten potentiellen Einsatzgebiete von WGS verdeutlicht

die Notwendigkeit einer Indikationsbegrenzung von WGS. Ein bevolkerungsweites Screening
wiirde mit einer Steigerung der GKV-Leistungsausgaben von 147 % einhergehen. Dies zeigt, dass
neben der aktuell fragwiirdigen Relevanz fiir die medizinische Versorgung, ein Screenings der
Gesamtbevoélkerung vor allem auch aus der 6konomischen Perspektive abzulehnen ist. Hingegen
kann der Einsatz von WGS in der onkologischen Versorgung und im Rahmen des
Neugeborenenscreenings sowohl als zukiinftig realistisch als auch 6konomisch vertretbar
eingestuft werden. Da jedoch aktuell haufig z.T. noch keine Behandlungsméglichkeiten fiir
deterministische Befunde existieren, sollte die Kostenerstattung an Indikationen gebunden sein,

fiir welche eine klare Evidenz im Hinblick auf den diagnostischen Nutzens vorliegt.
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Abstract

Purpose: This study estimates the healthcare costs associated with breast cancer (BC) for different

treatment phases (initial, intermediate, terminal) in Germany from the payer’s perspective.

Methods: The analysis uses claims data from the AOK Bayern covering 2011 to 2014 for continuously
insured BC patients identified through inpatient and outpatient diagnoses. We calculate the
healthcare costs attributable to BC using a control group design comparing the target population to a
1:2 matched control group adjusted for age, gender, comorbidities and mortality. For incident and
prevalent BC cases, we calculate age-standardized phase-specific incremental costs stratified by cost

domain.

Results: The initial, intermediate, and terminal phases comprise 3,954, 28,838, and 2,416 BC cases,
respectively. With average costs of €21,386 in the first 11 months after diagnosis, the highest BC-
related incremental healthcare costs can be found in the initial phase. In the intermediate phase,
incremental costs totaled €2,866 per incident and €2,426 per prevalent case per year. In the
remaining six months before death, the healthcare costs of incident and prevalent BC cases totaled
€21,011 and €20,226, respectively; however, the incremental costs in the terminal phase totaled only
€2,421 per incident and €1,557 per prevalent case. Healthcare costs decreased with age in most
phases. The cost drivers depend on the treatment phase, with cytostatic drugs (and partly inpatient

treatment) showing the highest economic impact in most phases.

Conclusion: The study concludes that BC care costs impose a relevant economic burden on statutory

health insurance and vary substantially depending on the treatment phase.

Keywords: Breast cancer, disease cost, claims data, joinpoint, Germany



Introduction

Breast cancer (BC) is the world’s second most common type of cancer and the most frequent in
women. It represents 12% of all new cancer cases and 25% of all cancers in women [1]. In 2014, the
age-standardized rate of incidence for women was 114.6 per 100,000 people in Germany,
representing 69,220 new BC cases. Between 1980 and 2004, the incidence rate increased by about
50% [2]. Moreover, 559,900 German women (10-year prevalence) were living with a BC diagnosis in
2014, and 17,670 of them died from the disease. However, the relative five-year survival rate
increased from 69% in 1980 to 81% in 2004 [3]. This improvement resulted from better treatment
options (e.g., higher radiation doses [4]), new drug interventions [5], and earlier diagnoses (e.g.,
through mammography screening [6]).

The treatment and prognosis of BC are influenced by factors such as age, cancer stage, and
tumor characteristics (status of estrogen receptor, progesterone receptor, human epidermal growth
receptor 2, and the histologic grade) [7]. The disease stage (diseases stage 0-1V) influences disease-
specific costs [8], which range from $60,637 (stage 0) to $134,682 (stage IV) per patient in the initial
12 months postdiagnosis. In the European Union, cancer incurred €126 billion of costs in 2009, €15
billion of which were attributable to BC. Accounting for 12% of total cancer costs, BC represents the
second highest economic cancer burden [9]. Germany’s costs of illness (COI) for BC were estimated
at around 2,169 million euros in 2015 [10]. Germany has Europe’s highest BC healthcare costs per
person [9].

Cost analyses are important for political decision-making concerning prioritization and
allocation [11]. Economic studies on BC cost patterns [12] include few analyses of BC-attributable
health expenditures in Germany [13,14]. Only two studies have reported the COIl of BC using claims
data from a statutory health insurance (SHI) in Germany [14,15]. Claims data from SHIs are well
suited for cost analyses since they are routinely collected for billing and reimbursement. However, a
detailed analysis of overall direct disease-related costs that identifies the cost-driving factors is
required because the extant studies differ substantially in their cost-calculation methods and cost
domains considered. Moreover, unlike US data [16], the German data have not been analyzed for
cost patterns through a clinically meaningful phase-of-care approach. Hence, this study estimates the

BC-attributable health expenditures in Germany according to clinically relevant treatment phases.



Methods
Data source and study population

AOK Bayern provided data on all services reimbursed. Its sickness fund covered almost 4.3 million
insured individuals in 2011 [17]. The analysis includes costs for inpatient and outpatient care,
medication/cytostatic drugs, remedies and medical aids, rehabilitation, sick leave, and travel
expenses. Patient identification was based on the ICD-10-GM system with ICD codes C50.0 to C50.9.
Inclusion in the study population required documentation for at least one inpatient diagnosis or
secured outpatient BC diagnosis in 2012. For exclusive identification by outpatient diagnosis, a
second secured outpatient diagnosis was required within the following three quarters (i.e., occurring
in 2013). We used 2011 to differentiate between incident and prevalent cases. Patients were defined
as “incident” if no C50 diagnosis (outpatient/inpatient) was documented in 2011. All sample patients
had to be continuously insured from 2011 to 2014 or until death (whichever came first). Male

patients and patients under 18 were excluded, as both groups require special treatment.

Study design

We calculated BC-attributable costs using a control group design with pairwise matching. We
compared BC patients to a 1:2 matched control group adjusted for gender, age, comorbidities, and
mortality. The control sample consisted of randomly selected females continuously insured by AOK
Bayern from 2011 to 2014 without a BC diagnosis. No replacement of control group members was
allowed. Using the Elixhauser comorbidity score [18], we calculated comorbidities for both the
intervention and control groups in 2011 on the basis of at least one inpatient/secured outpatient
diagnosis. We were able to estimate BC costs in the terminal phase compared to a population with a
similar mortality risk by matching BC cases who died during the observation period to controls that
died in the same quarter. We used quarterly assignment to ensure the matching of deceased
controls to each BC subject that died during the observation period. We ensured that all BC cases

classified as “non-deceased” had not died within six months following the end of the observation.

Follow-up started for BC cases identified by hospitalization from the beginning of the month
of the inpatient diagnosis. In German claims data, outpatient diagnoses are reported on a quarterly
basis. Thus, within the quarter of each BC diagnosis, we defined the beginning of the month in which
the first service date (according to the Uniform Valuation Scheme [EBM]) was documented as the
approximate date of the index event. Follow-up ended in the latest two years following the index

event or in the month of death, whichever came first. For controls, we considered follow-up periods



analogously to the BC cases. For matched pairs that did not die in the same month, we switched the

controls’ observation period to ensure that both observation periods were equal.

Following US studies [19—-24,16,25], we divided the time after BC diagnosis into clinically
relevant treatment phases: 1) initial phase, comprising the primary course of therapy (e.g., surgery,
chemotherapy, radiation); 2) intermediate phase, including active surveillance and ongoing
medication to prevent recurrence (e.g., hormone blockade) or treatment complications derived from
the initial course of therapy; and 3) terminal phase, comprising (palliative) services provided in the
last months before death. Lacking a scientific consensus on the duration of BC treatment phases, we
first calculated the monthly BC-attributable costs and examined the average cost patterns from
diagnosis to death. Using Trend Analysis Software from the National Cancer Institute [26], we applied
joinpoint regression [22,27] to determine the length of each phase by assessing the points at which

statistically significant changes occur in the cost slope.

As the observation period’s maximum was two years and as BC cases showed different
characteristics (e.g., incident vs. prevalent, alive vs. deceased), not all individuals were assigned to all
phases of care. Following the literature [22,24], the observation period for BC cases who died was
first assigned to the terminal phase of care. Any remaining time under observation, and all follow-up
time for BC survivors, was then transferred to the initial treatment phase, and the most recent was
assigned to the intermediate phase. In the initial and terminal phases, patients were excluded if they
were not observable for the period determined by the joinpoint regression analysis. To be included in
the intermediate phase, BC cases had to be observable for at least 12 months (costs are on an annual

basis).

Calculation and presentation of healthcare costs

Copayments and out-of-pocket payments were not considered because costs were analyzed from the
SHI perspective. Healthcare costs in euro were extracted from the database for both BC cases and
controls. For each inpatient/rehabilitation stay and sick leave period, costs were divided by the
length of stay/duration and calculated according to the start and end of each phase. Unfortunately,
only annual outpatient care costs were available. To obtain monthly values, outpatient care costs
were divided by the months under observation. To provide a better overview, the costs of cytostatic
drugs and any remaining medication are reported separately. These medication costs include only
prescriptions for outpatient care. The costs of drugs administered during inpatient episodes are part

of total inpatient costs.



By comparing the cost differences between BC cases and controls, we could calculate the BC-
attributable costs differentiated according to care phase. To adjust for age differences between SHls ,
we standardized costs according to the five-year-age-structure of compulsory insured women in
Germany for 2011 using data from the Federal Ministry of Health [17]. As the cases were few, we
aggregated the costs of BC cases younger than 45 before standardization. Data management and

statistical analyses were performed with SAS 9.4.

Results
Study population

The inclusion criteria produced 36,033 BC patients (see Figure 1). Of these, 32,707 were matched to
65,414 controls (1:2) and followed for a maximum of two years. After the matching, no significant
differences were observed between BC cases and the controls concerning gender, age, comorbidity
score, or mortality (see Table 1). Overall, 13% of BC cases were identified as incident, and 7% died

within the follow-up period.

Through the joinpoint regression analysis, the initial treatment phase was defined as the
month of diagnosis and the following 10 months. The terminal phase comprised the last six months
of life, and the intermediate phase comprised all months between the initial and terminal phases. In
the initial and terminal phase, the joinpoint regression analysis identified the points at which BC-
related costs decreased significantly. Survivors included in one (92%) or two (8%) phases of care were

followed for 23 months on average (SD = 1) and deceased individuals 14 months (SD = 5) on average.

Concerning demographic characteristics, Table 2 shows that age at phase onset averaged
around 67 in the initial phase, 67 (incident cases) versus 68 years (prevalent cases) in the
intermediate phase (with prevalent individuals being significantly older), and 78 (incident cases)
versus 77 years (prevalent cases) in the terminal phase. The mean Elixhauser Score was 4 points for
BC cases in the initial phase, 4 (incident cases) versus 6 (prevalent cases) points in the intermediate
phase and was highest for individuals assigned to the terminal phase (7 versus 14 points). Within
each phase, prevalent cases had a significantly higher comorbidity score than incident individuals (p <

0.001; Mann—Whitney-U-test).
Figure 1 Cohort selection
Table 1 Demographic characteristics after matching

Table 2 Baseline characteristics of the study population



Healthcare costs

The highest incremental BC costs are in the initial phase, followed by the terminal and intermediate
phases. Tables 3 and 4 show the age-standardized healthcare costs in euro per cost component

within each treatment phase for incident and prevalent patients.

As Table 3 shows, in the first 11 months following diagnosis, the average BC-related
incremental costs totaled €21,386 per patient. At €11,239 per patient, cytostatic drugs represent
more than half (53%) of initial phase costs, followed by inpatient care (23%), outpatient care (11%),

and sick leave payments (8%). All remaining cost compounds are of minor importance.

In the intermediate phase, there were €2,866 mean BC-related incremental costs for incident
and €2,426 for prevalent patients per year. For incident BC cases, almost a third of the costs is
attributable to outpatient care. Cytostatic drugs, inpatient care, and sick leave payments each
accounted for 15 to 20% of incremental BC-related costs. In contrast, accounting for over half of
incremental costs in prevalent cases, the highest cost drivers are cytostatic drugs, followed by
outpatient care (19%), inpatient care (12%), and remedies/medical aids (8%). In both incident and
prevalent cases, all remaining medication, rehabilitation, and travel expenses have limited effects on

incremental costs.

In the terminal phase (six months before death), BC costs totaled €21,011 in incident and
€20,226 in prevalent cases; however, only €2,421 in incident cases and € 1,557 in prevalent cases
were attributable to BC (compared to a control group with a similar mortality risk) because
healthcare provision for control group members leads to significant costs. In the six remaining
months before death, control group members’ incremental inpatient costs of almost €3,200 are
remarkably higher than those of BC cases. Moreover, negative incremental costs are also visible in
rehabilitation services (incident/prevalent cases) and in sick leave payments and travel expenses
(only in prevalent cases). In both incident and prevalent cases, the highest incremental cost drivers

are, again, cytostatic drugs.

Several studies suggest that BC costs differ substantially by age [13,14]. Given the
unstandardized costs stratified by five-year age groups (see appendix 1 and 2), incremental BC-
related costs in the initial phase decreased substantially by age, with €54,273 in patients aged 25 to
29 compared to €4,367 in patients aged 85 or older. Though not apparent in all five-year age groups,

this general trend is also evident in the intermediate and terminal phases.
Table 3 Age-standardized healthcare costs of incident BC cases in Germany

Table 4 Age-standardized healthcare costs of prevalent BC cases in Germany



Discussion

Cancer costs are typically first reported at the initial diagnosis, for a specific event like recurrence, or
generally (for cancer survivors) in a specific year. However, costs may change over time when
measured longitudinally starting from initial cancer diagnosis to long-term survival or death. In the
US, phase-specific approaches are often used to analyze cancer cost patterns [16,25]. This study used
claims data on real-life treatment to estimate the costs of BC care for Germany according to clinically
relevant treatment phases. Using definitions of treatment phases according to joinpoint regression
analysis, our study suggests that incremental BC-related costs differ substantially by care phase.
Standardized BC-attributable costs were highest in the initial phase (11 months after diagnosis),
averaging around €21,386 per person. Terminal care costs for the six remaining months before death
totaled €2,421 in incident cases and €1,557 in prevalent cases. Costs of €2,866 for incident and
€2,426 for prevalent cases were incurred each year in the intermediate phase. Calculated downward
to six months, average costs in the intermediate phase are significantly lower (p < 0.001; Wilcoxon
rank sum test) than for the terminal phase. Consistent with US BC studies, the costs follow a u-
shaped curve, with costs highest near diagnosis and death, and lower in between. Comparing
absolute costs with US data would be challenging due to differences in treatment structures and
reimbursement schemes as well as methodological inconsistencies (e.g., in data sources, study

populations, matching criteria, and phase selection methods).

European studies that have not applied a data-driven phase-of-care approach have also
found that the economic burden of BC is highest in the periods following diagnosis and near death
[13]. With standardized costs of €21,386 per person for the first 11 months after diagnosis, initial
care costs in our study are much higher than are those in other studies. Damm et al. [15] reported on
their conference poster based on German claims data that BC-attributable costs averaged around
€4,278 per person in the first year after diagnosis. The 12-month costs of initial care have been
reported to total around €8,553 for Sweden (converted from SEK to € with an average 2005
exchange rate of 9.2822 SEK/€) [28]) and €7,982 for Belgium [29]. However, studies differ in their
data sources and cost calculation methods, as well as in the cost domains examined, leading to an
underestimation of costs. Moreover, BC healthcare costs per case [30]/per person in the EU [9] are

generally found to be more than two to three times higher in Germany than in Belgium or Sweden.

For the intermediate phase, annual direct BC-related healthcare costs were estimated at
€2,866 for incident and €2,426 for prevalent cases. While Broekx et al. (2011) [29] reported much
lower costs for the second year following diagnosis (€1,317 per patient for Belgium), our results are

in line with Lidgren et al.”s (2007) [28] finding that annual direct costs for the second and following



years after initial BC diagnosis /recurrence totaled €2,359 (converted from SEK to € with an average
2005 exchange rate of 9.2822 SEK/€). Moreover, our results indicate that incident cases result in a
significant (p < 0.001; Mann—Whitney-U-test) average cost impact of about €400 per year compared
to prevalent cases. Given the proximity in time to the primary diagnosis, active surveillance and
therapy for complications resulting from the initial course of therapy might be paramount. In
prevalent cases, more than half of the costs are attributable to cytostatic drugs, indicating that our
sample might include BC cases experiencing recurrent events. Although BC costs are generally higher
near diagnosis and death, intermediate phase costs will become increasingly economically important,
even if patients remain recurrence-free, as BC is showing increasing survival rates. Further
examination of whether intermediate care costs will decline after initial diagnosis, as reported by

Broekx et al. 2011 [29], is required.

Few studies have examined mortality costs. In the six-month terminal phase of care, direct
BC-related healthcare costs averaged €2,421 in incident cases and €1,557 in prevalent cases. The
only German study that calculated BC costs in the terminal phase found, by applying the propensity
score method and adjusting for age and comorbidities, incremental direct healthcare costs of
€10,833 in the last year before death [15]. However, unlike our analysis, this study did not compare
deceased BC cases to controls that also died. The choice of comparison cohort can strongly impact
the net costs of cancer [31], but the scientific literature displays no broad consensus on the choice of
comparison group in cancer cost estimation. Matching exclusively on age and comorbidities might
overestimate mortality costs, as not all the costs are a result of cancer. Contrariwise, comparing BC
cases to a control group with a similar mortality risk leads to a high cost variance. Moreover, the
length of the terminal phase was determined via joinpoint regression analysis, which identified the
point at which costs decreased significantly. This may lead to the conclusion that, for BC cases that
will lead to death in the foreseeable future, treatments such as inpatient episodes may be reduced
and replaced by other forms of palliative care at home or in palliative care institutions. By contrast,
the control group might include more individuals for whom death might have been unexpected
and/or who require more intensive care. To derive BC-attributable mortality costs, we followed a

conservative approach rather than cost overestimation.

Concerning direct costs, most studies report inpatient care [13,15,32] or both inpatient care
and drugs [9] as the greatest cost drivers in BC. Our results suggest that the cost-driving factors
depend on the care phase. In the initial and terminal phases, cytostatic drug costs were the main
driver, whereas their impact in the intermediate phase was greater for prevalent than for incident
patients. Inpatient care costs contributed to 23% of costs in the initial phase and 12 to 17% in the
intermediate phase. The differences in the economic relevance of inpatient care and medication

might reflect the fact that cytostatic drug costs represent only outpatient prescriptions and that



chemotherapy might also be administered during an inpatient episode and thus be included in

inpatient costs.

Consistent with previous German studies [13,14], we found that direct BC-attributable costs
decreased with age, particularly in the initial treatment phase (see appendix 1 and 2). Older women
might have a lower chance of receiving aggressive treatment due to comorbidities or lower expected
long-term benefits, or because they reject chemotherapy. Similar to Gruber et al. (2009) [14], we
found that, while 97% of healthcare costs were BC-attributable in 25 to 29-year-old women, the
share decreased to 54% in women over 85. In the intermediate phase, the share decreased from 77%
to 24% in incident and from 71% to 15% in prevalent cases. Younger women might be more likely to
take time off from work after diagnosis and, as they receive more aggressive treatment, may also
experience more lasting effects from the initial therapy. Hence, if BC could be detected earlier or

even prevented, especially among young women, the overall cost burden could be reduced.

This study is limited by the nature of its data source. First, as claims data are routinely
collected for billing and reimbursement, they do not include information on clinical parameters, thus
preventing cost stratification by cancer stage or tumor type. However, we differentiated between
incident and prevalent patients. Second, claims data lack information on cause of death. Hence, BC
cases assigned to the terminal phase might have died from causes other than BC. Third, as only
annual (calendar year) outpatient care cost data were available, monthly costs might not have been
assigned adequately to the care phases. However, in the 12-month intermediate phase, more than
80% of the individuals started their phase in the first quarter of 2012, covering almost the full
calendar year. Fourth, we used data from one regional sickness fund. As health insurances differ
(e.g., in terms of age, gender and social status [33,34], our results’ generalizability might be limited.
The median age at diagnosis and death was about three and five years, respectively, above the
median age reported in registry data [3], because the AOK Bayern included a higher proportion of
insured women 70 or older and a lower proportion of insured women 30 to 70 relative to all
statutory insured women in Germany in 2011 [17]. To address this issue and generalize costs, we
standardized them according to gender and the five-year age structure of the German health
insurance population. We thus calculated BC-related incremental costs under real-life conditions,
including all cost domains that might be relevant from the SHI perspective. Ours is the first study to

calculate direct BC costs for Germany using an incidence-based phase-of-care approach.



Conclusion

The economic burden of BC represents a major challenge for the SHI. This study indicates that BC
healthcare costs depend on treatment phase, with higher costs near diagnosis and death and lower
costs in between. The greatest economic burden occurs in the first 11 months following diagnosis
and depends heavily on patient age, with cytostatic drugs and inpatient care accounting for three
quarters of total costs. Comparing deceased BC patients to deceased controls shows comparatively
low costs in the terminal phase, as BC treatment might be replaced by other forms of care if death is
foreseeable. Although intermediate phase costs are lower than those in phases near diagnosis and
death, they remain substantial. Future studies should stratify German BC care costs according to

cancer stage and tumor characteristic by linking claims data with clinical information.
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Table 1 Demographic characteristics after matching

Gender: Elixhauser .
female Age Comorbidity Score Mortality n
% p? Mean [SD] p? Mean [SD] p? % p?
BC cases 100 67.32[12.23] 6.10 [8.81] 7.39 32707
1 0.796 0.999 1
Controls 100 67.33 [12.23] 6.10 [8.81] 7.39 65414

1 Chi*-Test; 2U-test following Mann & Whitney; SD = standard deviation

Table 2 Baseline characteristics of BC cases

Age (at phase onset)

Elixhauser Comorbidity Score

Phase Mean [SD] Median Min  Max Mean [SD] Median Min  Max n
Initial

Incident 67.07 [13.26] 69 21 101 4.05 [7.34] 1 -11 49 3954
Intermediate

Incident 67.03 [13.12] 69 21 102 3.84 [7.29] 0 -10 49 1746

Prevalent 67.98 [11.89] 70 19 107 5.95 [8.67] 3 -14 58 27092
Terminal

Incident 77.90 [12.59] 80 32 101 7.43 [8.66] 6 -7 46 379

Prevalent 77.14 [11.80] 79 25 103 13.87 [10.52] 13 -7 52 2037

SD = standard deviation



Table 3 Age-standardized healthcare costs of incident BC cases in Germany (in €, mean [standard deviation])

Initial phase (11 months)

Intermediate phase (12 months)

Terminal phase (6 months)

Cost sector BC cases controls Increment BC cases controls Increment BC cases controls Increment
Medication 12070 [24036] 525 [1868] 11545 [24176] 1186 [7070] 491 [1516] 695 [7237] 4770 [10743] 1365 [3551] 3405 [11151]
Cytostatic drugs 11247 [23616] 8 [270] 11239 [23618] 577 [6769] 0o - 577 [6769] 3441 [10138] 333 [1671] 3108 [10208]
Other medication 823 [2007] 517 [1833] 306 [2713] 609 [18438] 491 [1516] 118 [2383] 1329 [2805] 1032 [2854] 297 [4003]
Remedies/medical aids 526 [1083] 257 [922] 269 [1412] 573 [1144] 289 [767] 284 [1368] 909 [1359] 439 [712] 470 [1577]
Outpatient care 3131 [2549] 773 [624] 2358 [2633] 1736 [1620] 835 [623] 901 [1750] 2178 [2132] 902 [1173] 1276 [2314]
Inpatient care 6279 [7286] 1338 [5627] 4941 [9097] 1864 [4515] 1383 [4493] 481 [6376] 11534 [10048] 14708 [24584] -3174 [26035]
Rehabilitation 182 [755] 87 [564] 95 [904] 118 [627] 94 [578] 24 [850] 134 [712] 226 [954] -92 [1197]
Sick leave payments 1868 [4425] 129 [1054] 1739 [4486] 560 [2094] 111 [885] 449 [2224] 770 [1965] 282 [1341] 488 [2342]
Travel expenses 514 [860] 75 [370] 439 [935] 112 [392] 80 [398] 32 [555] 716 [911] 668 [989] 48 [1328]

Sum

24570 [29515] 3184 [7206]

21386 [30523]

6149 [10186] 3283 [5885] 2866 [11821]

21011 [15817] 18590 [25569] 2421 [28708]

Table 4 Age-standardized healthcare costs of prevalent BC cases in Germany (in €, mean [standard deviation])

Intermediate phase (12 months)

Terminal phase (6 months)

Cost sector BC cases controls Increment BC cases controls Increment
Medication 1983 [10367] 592 [1748] 1391 [10463] 5477 [11572] 1506 [3464] 3971 [11903]
Cytostatic drugs 1295 [9877] 13 [367] 1282 [9875] 4101 [11305] 393 [2024] 3708 [11329]
Other medication 688 [1900] 579 [1691] 109 [2504] 1376 [2160] 1113 [2572] 263 [3370]
Remedies/medical aids 518 [906] 318 [889] 200 [1237] 905 [1420] 701 [1276] 204 [1850]
Outpatient care 1314 [1222] 864 [702] 450 [1391] 1694 [1569] 921 [1126] 773 [1887]
Inpatient care 1745 [4667] 1458 [4108] 287 [6096] 11269 [11716] 14434 [23972] -3165 [26329]
Rehabilitation 96 [474] 95 [471] 1 [657] 112 [794] 174 [917] -62 [1203]
Sick leave payments 216 [1176] 143 [945] 73 [1491] 161 [1029] 202 [1269] -41 [1644]
Travel expenses 109 [373] 85 [358] 24 [503] 608 [784] 731 [1181] -123 [1418]

Sum

5981 [12878] 3555 [5809] 2426 [13804]

20226 [17885] 18669 [24962] 1557 [30080]




Appendix 1: Unstandardized healthcare costs of incident BC cases (n) in Germany by age group (in €, mean [standard deviation])

Initial phase (11 months)

Intermediate phase (12 months)

Terminal phase (6 months)

Age n' BC cases controls Increment n' BC cases controls Increment n' BC cases controls Increment
<20

20-24 6 12380 [27084] 2270 [4780] 10110 [22875] 1645 [1930] 687 [454] 959 [1247]

25-29 13 55784 [48537] 1512 [2256] 54273 [46892] 8 8765 [8657] 1995 [2234] 6769 [9236]

30-34 28 55666 [54128] 4631 [17069] 51035 [57448] 15 6201 [5657] 1245 [1308] 4956 [5974] 3 21472 [8933] 33350 [32651] -11878 [36109]
35-39 58 47073 [34753] 2226 [5406] 44848 [35353] 24 8030 [6232] 2209 [3773] 5821 [7011] 1 36536 - 47152 [31664] -10616 [31664]
40-44 127 43444 [39450] 2503 [4698] 40941 [39569] 61 6316 [10138] 2643 [4713] 3673 [11046] 5 32523 [12181] 15188 [16580] 17336 [18743]
45-49 265 36928 [34406] 2359 [4461] 34568 [34395] 127 6641 [7734] 2489 [5257] 4152 [9183] 7 25670 [13349] 16836 [15456] 8834 [14423]
50-54 351 32289 [32679] 2610 [5777] 29679 [33274] 162 7381 [14994] 2604 [4790] 4776 [15764] 14 21192 [11439] 19198 [20324] 1994 [24224]
55-59 372 29875 [33338] 3257 [6366] 26618 [34017] 168 5262 [7208] 2518 [3930] 2745 [8262] 16 28432 [18467] 26725 [38543] 1707 [41718]
60-64 488 23604 [28450] 2657 [4284] 20948 [28806] 231 6592 [16187] 3007 [5452] 3585 [17147] 22 21935 [20345] 21119 [33574] 816 [39990]
65-69 454 18715 [21239] 3573 [9634] 15142 [23150] 209 4976 [8811] 3697 [6977] 1279 [11345] 20 23165 [15546] 21126 [25386] 2039 [29010]
70-74 619 17577 [18936] 3311 [9113] 14266 [20590] 266 5990 [9313] 3528 [5936] 2461 [11070] 52 22154 [20335] 17373 [31987] 4782 [38001]
75-79 542 13252 [13016] 4352 [10881] 8900 [16796] 233 5494 [7853] 3798 [5826] 1695 [9758] 59 13788 [10919] 16682 [20931] -2894 [24490]
80-84 354 10673 [9807] 3768 [6056] 6905 [11138] 150 6686 [9263] 5426 [9763] 1260 [13807] 67 10658 [9745] 10036 [12235] 622 [13846]
> 84 277 8141 [9159] 3774 [4785] 4367 [10546] 90 5590 [5758] 4248 [5023] 1342 [7409] 113 7316 [6981] 7514 [6868] -197 [9729]

1
number of BC cases



Appendix 2: Unstandardized healthcare costs of prevalent BC cases (n) in Germany by age group (in €, mean [standard deviation])

Intermediate phase (12 months)

Terminal phase (6 months)

Age n' BC cases controls Increment n' BC cases controls Increment
<20 1 2815 - 2093 [1592] 722 [1592]

20-24 7 9269 [15984] 1592 [1311] 7677 [14712] 1 34596 - 129052 [139238] -94456 [139238]
25-29 28 6941 [13800] 2040 [3346] 4901 [14559] 1 14984 - 16177 [1911] -1193 [1911]
30-34 91 12884 [24285] 2654 [3935] 10231 [24406] 1 41846 - 22473 [2541] 19373 [2541]
35-39 199 9607 [22449] 2722 [5456] 6884 [23202] 4 34836 [26342] 23955 [16940] 10881 [37205]
40-44 668 7980 [20220] 3015 [5831] 4965 [20514] 15 24593 [20194] 14533 [13732] 10060 [24558]
45-49 1303 6873 [19118] 2858 [6005] 4015 [19922] 40 20982 [10612] 23881 [25352] -2899 [25536]
50-54 2265 5729 [11599] 3232 [6216] 2496 [12596] 59 30267 [27052] 19504 [19029] 10763 [35343]
55-59 2710 5456 [12449] 3423 [5758] 2033 [13085] 88 26563 [22577] 23413 [30375] 3151 [39044]
60-64 3334 5216 [10754] 3234 [6304] 1982 [12103] 144 20037 [12060] 21037 [28764] -1000 [31245]
65-69 3651 5618 [11376] 3519 [5794] 2099 [12155] 174 20769 [17320] 21903 [29952] -1134 [34613]
70-74 5293  5532[9235] 3835([5859] 1697 [10555] 294 16368 [12549] 17391 [20177] -1024 [23794]
75-79 3718 5826 [9067] 4229 [5823] 1597 [10491] 330 15569 [13381] 13656 [14843] 1914 [20287]
80-84 2287 5452 [6523] 4458 [5320] 994 [8194] 364 11314 [10095] 11714 [15814] -400 [18775]
> 84 1537 5087 [5298] 4333 [4826] 754 [6991] 522 7633 [6909] 7533 [7266] 100 [9652]

1
number of BC cases
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Zusammenfassung

Durch zielgerichtete Therapien (TT) wurden bereits in einigen onkologischen Indikatio-
nen Verbesserungen in der Behandlung erzielt. Fiir Lungenkrebs sind bisher 5 und fiir
Brustkrebs 11 Substanzen zur TT zugelassen. Somit konnten beispielsweise Erhohungen
der Uberlebenszeit und ein verbessertes Therapieansprechen bei EGFR-positiven Lun-
genkrebs-Patienten oder auch Verbesserungen der Lebensqualitit bei Brustkrebspatien-
ten nachgewiesen werden. Einem breiten Einsatz von TT stehen jedoch aktuell einige me-
dizinische und 6konomische Herausforderungen entgegen.

Abstract

The administration of targeted therapies (TT) has improved the treatment of some onco-
logical indications. 5 substances for TT in lung cancer and 11 substances for TT in breast
cancer have been approved so far. An increased survival time and better response to treat-
ment in EGFR-positive lung cancer patients as well as an increased quality of life in breast
cancer could be proven. Actually, some economic and medical challenges preclude a wider
application of targeted therapies in the oncology.

Patienten lassen sich neben anamnetischen (personlichen Daten, Lebensgewohnheiten
etc.) und krankheitsbezogenen Daten (z.B. Verdachts-, Haupt-, und Nebendiagnosen)



auch zunehmend durch genetische Daten unterscheiden. Sowohl die Entstehung von
Krankheiten als auch das Therapieansprechen sind ein multifaktorielles Zusammenspiel.
Fortschritte in der humangenetischen Forschung ermoglichen ein wachsendes Verstand-
nis Uber den Einfluss von genetischen Faktoren. Genomweite Assoziationsstudien sind
dabei ein wesentliches Instrument fiir die Identifikation von Phanotyp-Genotyp-Korrela-
tionen [1]. Dieses genetische Wissen ist der Grundstein fiir die individualisierte bzw. per-
sonalisierte Medizin (PM). Obwohl beide Begriffe in der Literatur haufig synonym ver-
wendet werden, lassen sie sich grundsatzlich voneinander abgrenzen. Therapeutische
Unikate, z.B. individualisierte Zelltherapien, werden anhand des Genprofils eines Patien-
ten mafdgeschneidert ([2]. PM zielt hingegen auf die Stratifizierung des Patientenkollekti-
ves, u.a. mittels Biomarkern oder Genmutationen, in Subgruppen ab [3]. Biomarker sind
mess- und evaluierbare objektive Eigenschaften, die sowohl als Indikator fiir normale bi-
ologische und pathogene Prozesse als auch fiir pharmakologische Reaktionen auf thera-
peutische Interventionen eingesetzt werden konnen [4]. Biomarkertestungen gehéren im
Gegensatz zu den therapeutischen Unikaten bereits zur medizinischen Versorgung und
konnen zu pradiktiven, diagnostischen und prognostischen Zwecken eingesetzt werden
(Abb 1).

Abbildung 1. Klassifizierung von Biomarkern

Pradiktiv
. Wahrscheinlichkeit eine spezifische Krankheit zu entwickeln
. Wahrscheinlichkeit des Therapieansprechens bzw. Entwicklung von unerwiinschten Nebenwirkungen
Beispiele:
. EGFR -Mutation bei NSCLC oder KRAS - Mutation bei Darmkrebs: Information tiber die Ansprechrate
zielgerichteter Therapien
. Mutationen BRCA I und BRCA II: Information iiber das Risiko Brustkrebs zu entwickeln
Prognostisch
. Aussage liber den potentiellen Krankheitsverlauf (z.B. Rezidivrisiko)
. Aussage liber die voraussichtlichen Heilungschancen
Beispiele:
. HER2-positiv oder negativ: Information tiber die Aggressivitit des Mammakarzinoms (kann ebenfalls
pradiktive Informationen zum Therapieansprechen liefern)
Diagnostisch
. Identifikation, Klassifikation oder Fritherkennung einer Erkrankung
Beispiel:
. PSA-Wert kann auf ein Prostatakarzinom hinweisen

Abkiirzungen: EGFR: Epidermal growth factor receptor; NSCLC: Non-small cell lung cancer; KRAS: Kirsten rat sarcoma; HER2: Human epidermal growth factor receptor vom
Typ 2; BRCA: Breast cancer; PSA: Prostata spezifisches Antigen

Hohe Behandlungskosten und unzureichende therapeutische Outcomes sind kennzeich-
nend fiir einige onkologische Indikationen. Vor allem in Hinblick auf die Pravalenz- und
Sterblichkeitsrate wird die Relevanz des Themas deutlich. Krebserkrankungen sind in
Deutschland die zweithdufigste Todesursache [5] und es wird geschatzt, dass im Jahr
2012 in Deutschland 252.060 Manner und 225.890 Frauen neu an Krebs erkrankten [6].
Ebenso wie jeder Patient, ist auch jede Krebserkrankung individuell. An diese Individua-
litat kniipfen zielgerichtete Therapien, sogenannte ,targeted therapies“ (TT), an. Neben
der Vermeidung von Nebenwirkungen und der damit einhergehenden Erhéhung der Pa-
tientensicherheit, zielen stratifizierte Therapien vor allem auch auf die Verbesserung der
Outcomes (Uberlebenszeit, Lebensqualitit etc.) ab. TT blockieren bei Tumorerkrankun-
gen spezifische Molekiile, die einen Einfluss auf das Wachstum und die Ausbreitung der
Erkrankung haben [7].



Das Lungenkarzinom ist bei Mannern die haufigste Krebstodesursache [6] und in 85% -
90% der Erkrankungen handelt es sich um das nicht-kleinzellige Lungenkarzinom
(NSCLC) [9]. Spezifische Biomarker bzw. Onkogene wurden bei iiber 50% der NSCLC-Pa-
tienten identifiziert, wobei EGFR, KRAS und ALK am haufigsten festgestellt wurden (Se-
quist et al,, 2011). In dieser Indikation sind bisher fiinf Wirkstoffe (Tab 1) zur PM zuge-
lassen. Durch TT konnten in der Behandlung von Lungenkrebs deutliche Fortschritte er-
zielt werden. Bei EGFR-positiven Patienten konnte bspw. im Vergleich zur alleinigen Che-
motherapie durch die Verabreichung eines der zugelassenen Wirkstoffe sowohl eine lan-
gere progressionsfreie Uberlebenszeit als auch ein besseres Therapieansprechen erzielt
werden [11-14].

Beim Mammakarzinom, der hadufigsten Krebstodesursache bei Frauen (RKI und GEKID,
2015), konnten ebenfalls eine Vielzahl von Biomarkern identifiziert werden. Die primare
Stratifizierung wird in dieser Indikation u.a. anhand der Hormonrezeptoren Ostrogen und
Progesteron und des Rezeptors Her2 vollzogen [15]. Bisher wurden 11 Substanzen zur
personalisierten Therapie von Brustkrebs zugelassenen (Tab 1). Durch die Verabreichung
von TT konnte u.a. eine Erhéhung der Gesamtiiberlebensrate, des progressionsfreien
Uberlebens und/oder eine Verbesserung der Lebensqualitit von Brustkrebspatienten er-
zielt werden [16-18].

Tabelle 1. In den Indikationen Brust- und Lungenkrebs zugelassene personalisierte Medikamente [10]

Wirkstoff Kranl;l;;ltsge- Test auf Testbeschreibung Wirkstoffanwendung
Afatinib* Lungenkrebs Wirksamkeit ] ] ] ]
Erlotinib*** Lungenkrebs Wirksamkeit Test auf EGFR- Mutation Verabrelchl.mg des erkstoffes nur bei
EGFR-positiven Patienten
Gefitinib* Lungenkrebs Wirksamkeit
Crizotinib* Lungenkrebs Wirksamkeit | Testauf EML4-ALK - Protein Verfat.)relchung des Wl.rkstoffes nur bei
positivem Testergebnis
Ceritinib* Lungenkrebs Wirksamkeit Test auf Anaplastische-Lymphomkinase Verfat.)relchung des Wl.rkstoffes nur bei
(ALK) positivem Testergebnis
Anastrozol** Brustkrebs Wirksamkeit
Fulvestrant* Brustkrebs Wirksamkeit | Testauf Hormonrezeptor-positive Brust-
Letrozol** Brustkrebs Wirksamkeit krebs.zellen (positive = (normale) Ex- Verabreichung des Wirkstoffes nur bei
pression von Estrogen - und (/oder) iti Test bni
Tamoxifen Brustkrebs Wirksamkeit Progesteron-Rezeptoren) positivem Testergebnis
Toremifen* Brustkrebs Wirksamkeit
Trastuzumab* Brustkrebs und Wirksamkeit
Magenkrebs
Trastuzumab : ; o Verabreichung des Wirkstoffs nur bei
. Brustkrebs Wirksamkeit - i g de:
emtansin* TestaufHERZ -Uberexpression nachgewiesener Uberexpression
Pertuzumab* Brustkrebs Wirksamkeit
Lapatinib* Brustkrebs Wirksamkeit
Test auf Estrogenrezeptor-positive . . .
Exemestan** Brustkrebs Wirksamkeit | Brustkrebszellen (positiv = Expression Verfat.)relchung des Wl.rkstoffes nur bei
. positivem Testergebnis
von Estrogen-Rezeptoren nachweisbar)
Everolimus* Brustkrebs Wirksamkeit | Testauf HER2/Neu-Expression Verabreichung d‘?s Wirkstoffes nur bei
HER2/neu-negativen Tumoren

* Fiir diese Wirkstoffe ist ein vorheriger Pflichttest vorgeschrieben
** Fiir diese Wirkstoffe ist ein Pflichttest vorgeschrieben; jedoch bei metastasierenden Brustkrebs ist der Wirkstoff auch ohne vorherigen Test anwendbar
*** Anwendung als Erhaltungstherapie, Zweit- und Folgelinienbehandlung erfolgt unabhangig vom Mutationsstatus

Aktuell sind insgesamt 45 Wirkstoffe zur PM in Deutschland zugelassen. Ein Grof3teil da-
von wird im onkologischen Setting angewendet. Der Einsatz ist jedoch auf wenige Indika-
tionen (u.a. Brustkrebs, Lungenkrebs, Melanom, Leukdmie, Darmkrebs) begrenzt [15]. In-
wieweit die Personalisierung in der Onkologie voranschreitet, kann zum aktuellen



Zeitpunkt nicht abschlief3end beurteilt werden. Eine breite Anwendung von PM bedarf
einer Ausweitung der onkologischen Indikationsgebiete fiir TT. In vielen Indikationen
wurden dhnliche Ansatzsatzpunkte fiir TT (bspw. EGFR) identifiziert. Somit sind zukiinf-
tig vermehrt indikationsiibergreifende Anwendungen denkbar. Grundvoraussetzung fiir
einen breiten Einsatz ist die Identifikation weiterer biologischer Zusammenhange und
verlasslicher Biomarker. Da das Therapieansprechen ein multifaktorielles Zusammen-
spiel ist, sind die Effekte von TT jedoch nie eindeutig vorauszusagen. Die Anwendung ei-
ner TT kann bspw. in einer anderen Indikation, trotz des identifizierten gleichen Onko-
gens, wirkungslos sein. Die enge Verzahnung von Diagnostik und Therapie erfordert eine
verbesserte Validierung und Qualitatssicherung genetischer Tests. Eine effektive Selek-
tion hat einen Einfluss auf das Kosten-Nutzenverhadltnis: unnétige Therapien oder das
Ausbleiben wirksamer Behandlungen werden verhindert. Zudem sollten in Zukunft in der
Evidenzbewertung die Spezifika von PM (kleine Patientengruppen) grofdere Beriicksich-
tigung finden. Solang, aufgrund der relativ hohen Kosten, erhebliche Zweifel an der Kos-
teneffektivitit von TT bestehen, sind die Kostentrager restriktiv in der Erstattung. Die
Entwicklung von Kostenstrukturen und der Testgiite sind u.a. Faktoren die hierauf einen
entscheidenden Einfluss haben werden.

Die genannten Aspekte verdeutlichen die Notwendigkeit weiterer medizinischer und 6ko-
nomischer Forschung, um eine breite Anwendungsbasis fiir PM zu schaffen.
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ABSTRACT

Background: The use of targeted therapies has
recently increased. Pharmacogenetic tests are a
useful tool to guide patient treatment and to
test a response before administering medicines.
Pharmacogenetic tests can predict potential
drug resistance
determining genotype-based drug dosage.
However, their cost-effectiveness as a
diagnostic tool is often debatable. In Germany,
47 active ingredients are currently approved. A
prior predictive test is required for 39 of these
and is recommended for eight. The objective of
this study was to review the cost-effectiveness
(CE) of pharmacogenetic test-guided drug

and may be wused for
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therapy and compare the application of drugs
with and without prior genetic testing.
Methods: A systematic literature review was
conducted to identify the CE and cost-utility
of genetic tests. Studies from January 2000 until
November 2015 were searched in 16 databases
including Medline, Embase, and Cochrane. A
quality assessment of the full-text publications
was performed using the validated Quality of
Health Economic Studies (QHES) instrument.
Results: In the majority of the included studies,
the pharmacogenetic test-guided therapy
represents a cost-effective/cost-saving
treatment option. Only seven studies lacked a
clear statement of CE or cost-savings, because of
uncertainty, restriction to specific patient
populations, or assumptions for comparative
therapy. Moreover, the high quality of the
available evidence was evaluated.
Conclusion: Pharmacogenetic testing
constitutes an opportunity to improve the CE
of pharmacotherapy. The CE of targeted
therapies depends on various factors including
costs, prevalence of biomarkers, and test
sensitivity and specificity. To guarantee the CE
comparability of stratified drug therapies,
standards for

national and international

Published online: 12 July 2016

A\ Adis



Adv Ther

evaluation studies should be
defined.
Keywords: Abacavir; Azathioprine;

Carbamazepine; Cetuximab; Cost-effectiveness;
Personalized medicine; Pharmacogenetic test;
Targeted therapy

INTRODUCTION

Adverse drug reactions (ADRs) are often
responsible of morbidity and mortality [1]. In
the USA, it has been estimated that 106,000
deaths per year are caused by ADRs [2]. In
of ADR-induced

hospitalizations amounts to approximately

Germany, the incidence
3.25% of overall hospitalizations, and the
overall ADR treatment costs sum to €434
million per year [3]. The field of
pharmacogenomics or pharmacogenetics (PG),
these terms are sometimes used interchangeably
[4, 5], may be a solution to reduce ADRs [6]. PG
constitutes a core area of personalized
medicine. The growing knowledge of genetics/
genomics, and particularly the increasing
understanding of the genotype-phenotype
interaction, forms the basis for this
personalized approach. The progress in genetic
technology, characterized by faster and cheaper
analytical tools, is an essential driver for
personalized interventions.

Genetic analyses are the central tools in the
new area of personalized medicine (often also
termed stratified medicine) [7, 8]. Stratified
medicine aims at classifying patients into
subgroups according to genetically determined
features [9]. For example, patients may be
divided into groups based on the known
influence of genetic parameters on drug
dosage and side effects [10]. Therefore, PG uses
information about a person’s genetic makeup to

choose the best drug as well as the medication
dosage for a particular patient [11]. The concept
of stratified medicine also includes screening,
preventive, or therapeutic measures for a
specific subgroup of a patient population [12].

Pharmacogenetic tests (PTs) can be used to
characterize individual patient features at the
molecular, genetic, and cellular levels [13, 14].
PT primarily focuses on identifying specific
biomarkers or genetic mutations. Generally,
biomarkers can provide information for
diagnostic, prognostic, and predictive purposes.
In a diagnostic context (especially in an
oncologic setting), biomarkers are used to
identify a disease or the stage of the disease
[15]. The assessment of a patient’s overall
outcome (e.g., the probability of cancer
recurrence after standard treatments) can be
provided by prognostic biomarkers [16].

Furthermore, in a predictive context,
biomarkers are used as an efficacy test before
drug administration. This test serves the purpose
of assessing the likelihood of a positive response
after a potential treatment. In this context,
predictive biomarkers can help to optimize
drug selection, dose, and treatment duration as
well as prevent ADRs [17].

The presence of genetic mutations or deletions
can also be used for predictive purposes. Several
studies have demonstrated that previously
identified genetic mutations, such as those on
the epidermal growth factor receptor (EGFR),
Kirsten RAS (KRAS), and the breast cancer
susceptibility gene I and II (BRCA I, BRCA II),
predict resistance to treatment [18, 19]. For
example, an identified EGFR gene mutation or
an increased EGFR gene copy number is
associated with a positive response to epidermal
growth factor receptor tyrosine kinase inhibitors
(EGFR-TKI) in non-small cell lung cancer

(NSCLC) [20]. On the other hand, a KRAS
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mutation is an important predictor for resistance
to an EGFR-TKI therapy [21]. Moreover, gene
mutations can also provide information for
optimal drug dosage. For instance, the dosage of
(AZA) is based on the
thiopurine-methyltransferase (TMPT) genotype

azathioprine

or activity. Patients with no TMPT activity
(TMPT deficient) receive no or a reduced dose of
AZA, whereas the dosage of AZA administered in
patients with an active TMPT differs [12, 22].
The outdated concept of “one size fits all”
should be replaced by stratification and move
towards a patient-oriented drug treatment [23].
However, this concept is equally connected to
hopes and concerns. Potential advantages of
target therapies include increasing clinical
effectiveness, e.g., by improving survival [24],
and improving patient safety [25]. On the other
hand,
increased costs of diagnostic tests [26].

there are concerns regarding the

However, in recent years, an increasing
number of pharmacogenomics applications have
been observed [27]. Currently, 47 drugs for
pharmacogenetic therapy are approved in
Germany. A genetic diagnostic test prior to drug
administration is required for 39 of these drugs
and recommended for eight [28]. An overview of
pharmacogenetic therapies is provided in
supplementary file 1. The sustainability of the
current trend for stratified pharmacotherapies
depends on the cost-effectiveness (CE) of the
treatment. The incremental cost-effectiveness
ratio (ICER) is a tool to assess the CE of new
interventions and is defined as the ratio of the
additional costs (e.g., of a new stratified therapy
vs. the standard therapy) divided by the
additional benefits of the new stratified therapy
vs. the standard therapy. The ICER also indicates
the cost per additional benefit [e.g., life-years
gained (LYG) or quality-adjusted life years gained
(QALY)]. Such economic analyses are necessary
for identifying therapies with the greatest health

benefits at acceptable costs, as well as for the

development of guidelines for an optimal and

efficient treatment. The use of PTs depends on

their impact on the CE of targeted therapies. As a

result of the limited resources in the healthcare

system and the sometimes substantial costs for
active ingredients, it is important to evaluate the

CEs of PT-guided targeted therapies.

For this purpose, we conducted a systematic
literature review to analyze the CE of stratified
pharmaceutical therapies. The review has two
objectives:

1. Analyze and assess the CE of PT-guided
treatments in published health-economic
evaluation studies.

2. Highlight the
methodological

differences and
characteristics of the
included studies, which may influence the
CE of stratified therapies.

METHODS

First, PICO elements (population-intervention
—comparator-outcome) were defined in order to
focus the scientific issue and facilitate the
literature search (Table 1).

In November 2015, a systematic literature
search was conducted using the meta-database
of the Medical
Documentation and Information (DIMDI) in
the following databases: ABDA, AMIS, BIOSIS

German Institute for

Previews, Cochrane Central Register of
Controlled trials, Cochrane Databases of
Systematic Reviews, DAHTA-Datenbank,

Database of Abstracts of Reviews of Effects,
EMBASE, EMBASE Alert, ETHMED, GLOBAL
Health, gms, Health Technology Assessment
Database, Medline, NHS, and SciSearch. The
search strategy combines economic
individualized medicine-related terms with the
names of active ingredients. At the time of this

research, there were 42 active ingredients
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Table 1 Review objective and PICO elements

Review objective

To review the economic impact of PT-guided therapies; highlight the differences and

methodological characteristics of the included studies

Populations

to specific indications

Studies of participants who received a pharmacogenetic therapy; studies were not restricted

Interventions/comparison  Studies that compare the application of targeted agents with prior genetic testing to those

without prior genetic testing. The review is not limited to speciﬁc comparators

Outcomes

ICER (e.g., cost per QALY, cost per LYG, cost per avoided HSR/ADR)

PICO population—intervention—comparator—outcome, QALY quality-adjusted life year, LYG life-years gained, HSR

hypersensitivity reaction, ADR adverse drug reaction

approved for personalized medicine in the
German market [28]. The following search
strategy, using combined search terms (English
and German), was applied: (1) [Abacavir OR
Afatinib OR Anastrozole OR Arsentrioxid OR
Ataluren OR Azathioprine OR Bosutinib
OR Brentuximab vedotin OR Carbamazepine
OR Cetuximab OR Crizotinib OR Ceritinib OR
Dabrafenib OR Dasatinib OR Eliglustat OR
Erlotinib OR Everolimus OR Exemestane
OR Fulvestrant OR Gefitinib OR Ibrutinib OR
Imatinib OR Ivacaftor OR Lapatinib OR
Letrozole OR Lomitapide OR Maraviroc
OR Mercaptopurine OR Natalizumab OR
Nilotinib OR Olaparib OR Oxcarbazepine OR
Panitumumab OR Pertuzumab OR Ponatinib
OR Tamoxifen OR Toremifene OR Trametinib
OR Trastuzumab OR Trastuzumab emtansine
OR Vandetanib OR Vemurafenib] AND (2)
[Biomarker OR individuali* OR personali* OR
stratif* OR Subgruppe* OR subgroup* OR
pharmakogen* OR pharmacogen* OR Test*
OR profiling] AND (3) [Nutzen OR benefit OR
Nutzwert OR utility OR Effektivitit OR
effectiveness OR effizien* OR efficien*] AND
(4) [Kosten* OR cost* OR
assessment]. The operator “AND” combined

technology

the search terms while an asterisk was used as
a truncation for a greater search coverage.

Additionally, a search was conducted by hand.
Assessment of titles and abstracts was
performed independently by two researchers.
Only original studies published in full text were
included. Full papers were assessed by two
researchers, and disagreements were resolved
through discussion. Figure 1 summarizes the

search process.

Records identified through

database searching

(n=1,535)
Duplicate records removed
l—’ (n=175)
Title/abstract screening
(n=1,360)

l—»

Full-text articles assessed for
eligibility (n=122) Full-text articles excluded

l—» (0=99)
Abstract/ Poster/ Comment (n=35)

Studies included
(n=27)
o Database searching
(n=23)
* Handsearching (n=4)

Records excluded (n=1,238)

> No objective relevant content

Review (n=10)
No CEA or CUA (n=8)
Comparison of active ingredient

combinations (n=3)

o Comparison of treatment strategies/

test strategies (n=8)
¢ Nogenetictest orapersonalized active

ingredient (n=>5)

Hand searching (n=4) ‘

e Nocomparison of administration of an

active ingredient with vs. withouta
prior test (n=12)
e Comparison ofactive ingredients (n=18)

Fig. 1 Flow diagram of articles identified and evaluated on
the basis of inclusion criteria
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Table 2 The Quality of Health Economic Studies (QHES) instrument

Questions Points  Yes/no

1. Was the study objective presented in a clear, specific, and measurable manner? 7

2. Were the perspective of the analysis (societal, third-party payer, etc.) 4
and reasons for its selection stated?

3. Were variable estimates used in the analysis from the best available source 8
(ie., randomized control trial—best, expert opinion—worst)?

4. If estimates came from a subgroup analysis, were the groups prespecified 1
at the beginning of the study?

5. Was uncertainty handled by (1) statistical analysis to address random events, 9
(2) sensitivity analysis to cover a range of assumptions?

6. Was incremental analysis performed between alternatives for resources and costs? 6

7. Was the methodology for data abstraction (including the value of health states 5
and other benefits) stated?

8. Did the analytic horizon allow time for all relevant and important outcomes? 7
Were benefits and costs that went beyond 1 year discounted (3-5%) and
justification given for the discount rate?

9. Was the measurement of costs appropriate and the methodology for the estimation 8
of quantities and unit costs clearly described?

10.  Were the primary outcome measure(s) for the economic evaluation clearly stated 6
and were the major short-term, long-term, and negative outcomes included?

11.  Were the health outcomes measures/scales valid and reliable? If previously tested 7
valid and reliable measures were not available, was justification given for the
measures/scales used?

12.  Were the economic model (including structure), study methods and analysis, and the 8
components of the numerator and denominator displayed in a clear, transparent manner?

13.  Were the choice of economic model, main assumptions, and limitations of the study 7
stated and justified?

14.  Did the author(s) explicitly discuss direction and magnitude of potential biases? 6

15.  Were the conclusions/recommendations of the study justified and based on the 8
study results?

16.  Was there a statement disclosing the source of funding for the study? 3

Total points

To ensure comparability, the results were
converted to US dollars at the exchange rate of
the year of publication [29, 30].

The published 100-point Quality of Health
Economic Studies (QHES) instrument was used

to evaluate the quality of the included studies
(Table 2) [31]. The QHES evaluation was also
conducted by two independent researches, and
the disagreements were resolved through

discussion.
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Table 3 Classification of study quality

Points Study quality
0-24 Extremely poor
25-49 Poor

50-74 Fair

75-100 High

This evaluation consists of 16 items, each
providing a score between one and nine. The
overall evaluation, after summing the scores of
each item, identified the quality of an article,
which was categorized into four groups (Table 3).
The evaluation of the article quality was also
conducted by two independent experts.

This article does not contain any new studies
with human or animal subjects performed by
any of the authors.

RESULTS

The database search identified 1535 records.
After removing 175 duplicates, the title and
abstract of the remaining 1360 records were
screened. Subsequently, 1238 records were
excluded as they did not cover the objective
of the study. The remaining 122 records were
assessed for eligibility, and inclusion criteria
were fulfilled by 27 studies, which were
included in the final assessment (Fig. 1).

All studies are characterized by a variety of
elements, such as country, perspective,
treatment line, active ingredient, treatment
strategy, biomarkers, consideration of test costs,
consideration of sensitivity, and specificity of the
test and funding source. A detailed overview is

provided in supplementary material 2.
Quality Assessment (QHES)

The results of the quality assessment using the
QHES instrument are presented in Table 4. An

average value of 85.81 was calculated. Three
studies [46, 47, 56] were assessed to have a fair
quality, while all others achieved a high quality
studies was
represented in a clear manner (QHES item 1),

score. The objective of all
but seven did not state the perspective of the
study (QHES item 2) [22, 33, 37, 40, 45, 53, 56].
In three studies, data were not extracted from
the best available source (QHES item 3)
[32, 48, 49]. Six studies used data from a
subgroup analysis (QHES item 4)
[32, 36, 37, 42, 52, 53]. The majority of
studies, with the exception of one, handled
uncertainties properly (QHES item 5) [56]. All
studies, with the exception of five, performed
an incremental analysis for costs and outcomes
between the alternatives (QHES item 6)
[38, 39, 47, 51, 56]. Detailed information for
the methodology of data extraction was not
reported in four studies (QHES item 7)
[37, 46, 47, 56]. The majority of studies
fulfilled the criteria of QHES items 8 and 9.
did not
appropriate time horizon or did not discount
benefits and costs beyond 1 year (QHES item 8)
[43, 46, 51, 55]. Furthermore, four studies failed
to measure the costs appropriately or to describe

Only four studies choose the

methods for estimations of quantities and unit
costs clearly (QHES item 9) [41, 46, 47, 56]. All
studies clearly stated the primary outcome
(QHES item 10). All studies, except for three,
stated valid health outcomes or gave a
justification for the measurement used if other
more valid and reliable measures were not
available (QHES item 11) [12, 47, 48]. In most
of the studies, the economic model, methods,
and analyses were displayed transparently,
except in four (QHES item 12) [22, 39, 46, 52].
All studies gave a justification for the choice of
limitations or assumptions (QHES item 13). The
authors of seven studies discussed explicitly the
direction and the magnitude of the potential
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Table 4 Results of the QHES assessment

Study 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Score
van den Akker-van Marleetal. [32] x x - x x x x x x x x x x - x x 86
Behl et al. [33] x - x - x X X X X X X X x - x x 89
Blank et al. [34] x x x - X X Xx Xx X X x x x - x x 93
Blank et al. [35] x X X - X X X X X X X X x - x x 93
Carlson et al. [36] Xx x X X X X X X X X X X X - x x 9%
Dong et al. [37] x - x x xXx X - X X X X X x - x x 8
Donnan et al. [38] x x x - X - X x Xx X X X x - x x &
Dubinsky et al. [39] x x x - xXx - x x x X x - x x x - &
Elkin et al. [40] x - x - X X X X X X X X x x x x 95
Hagaman et al. [22] x - x - x X X X X X X - x - x - 78
Hall et al. [41] x X X - X X X X - X X x x x x x 91
Hughes et al. [42] x x x X X X X X X X x x x - x - 91
Kapoor et al. [43] x X x - X X X - X X x x x x x - 8
Kauf et al. [44] X x X - X X X X X X X X X - x x 93
De Lima Lopes et al. [45] x - x - X X x X X X X X x x x x 9
Lyman et al. [46] x x x - X X - - - X X - Xx - x - 62
Marra et al. [47] x x x - x - - x - x - X x - x x 67
Nieves Calatrava et al. [48] x x - - x x X X X X - X x - x x 78
Oh et al. [49] X x - - X X X X X X X X x - x x 8
Plumpton et al. [50] x X x - X X X X X X X X x - x x 93
Priest et al. [51] x x x - x - x - x x x x x - x x 8
Rattanavipapong ct al. [52] X x X X X X X X X X X - X X x x 92
Schackman et al. [S3] X - x X X X X X X X x x x - x x 9
Shiroiwa et al. [S4] x X X - X X X X X X X X X x x x 99
Thompson et al. [12] x x x - X X X X Xx Xx - x x - x x 86
Vijayaraghavan et al. [55] x x x - X x x - x x x x x - x x 86
Winter et al. [S6] x - x - - - - x - x X X x - x - 58
Statement frequency 27 20 24 6 26 22 23 23 23 27 24 23 27 7 27 21

Response to QHES assessment question: present (x) or absent (-)

bias (QHES item 14) [39-41, 43, 45, 52, 54]. All 15). Finally, only six studies did not disclose the
studies provided proper conclusions or source of funding (QHES item 16)
recommendations based on results (QHES item [22, 39, 42, 43, 46, 56].
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Table 5 Number of studies in the main categories

Table 5 continued

Categories Number Mean QHES Categories Number Mean QHES
of score (range) of score (range)
studies studies

Number of included studies 27 85.81 (58-99) Tamoxifen 2 7650 (62-91)

Year of publication Trastuzumab 2 94.00 (91-95)

2002-2008 10 796 (58-95)  Biomarker
2009-2015 17 89.47 (78—99) EGFR 2 94.50 (94_95)
Therapcutic areas HER2 2 9400 (93_95)
Epilepsy/neuropathic pam 3 90.00 (85—93) HLA-B*1502 2 88.50 (85—92)
Immunology 7 76.57 (58-85) HOXB13-IL17BR 2 7650 (62-91)
Inflammatory bowel 3 73.33 (58-82) KRAS 4 91.75 (86-99)
disease
HLA-A*31:01 1 93.00 (93)
Rheumatologic conditions 2 76.00 (67-85)
. .. TMPT 9 78.77 (58-87)
(rheumatoid arthritis and
systematic upus AIDS/HIV acquired immune deficiency syndrome/human
erythematosus) immunodeficiency virus, IPF idiopathic pulmonary
fibrosis, NSCLC non-small cell lung cancer, EGFR
IPF 1 78.00 (78) epidermal growth factor receptor, HER2 human
Autoimmune disease 1 86.00 (86) epidermal growth factor receptor 2, HLA-B*1502 human
leukocyte antigen B*1502, HLA-B*S701 human leukocyte
Oncology 12 89.17 (62-99) antigen B*5701, HOXBI3-IL17BR two gene ratio, KRAS
Breast cancer (early stage) 3 82.00 (62-93) Kirsten —rat sarcoma viral oncogene  homolog,
HLA-A*31:01 human leukocyte antigen 31:01, TMPT
Metastatic breast cancer 1 95.00 (95) thiopurine methyltransferase
Metastatic colorectal 4 91.75 (86-99)
cancer
Acute lymphoblastic ) 8650 (86-87) Main Characteristics of the Studies
leukemia
All main characteristics of the studies are
Advanced NSCLC 2 94.50 (94-95) . . .
presented in Table 5. The included studies
Active ingredient were published between 2002 and 2015. In the
Abacavir 5 88.20 (78-91) years 2000, 2001, and 2003 we did not find
Azathioprine 7 76.57 (58-86) publications that satisfied the inclusion criteria.
Carbamazepine 3 90.00 (85-93) Two-thirds of the selected articles were
. published in the last 7years. Furthermore,
Cetuximab 3 93.67 (89-99) . . .
studies carried out in recent years (between
Ceruximab + panitumumab 1 86.00 (86) 2009 and 2015) achieved a higher QHES average
Erlotinib 1 94.00 (94) score than those published previously. AZA is
Gefitinib 1 95.00 (95) the most frequently considered active
Mercaptopurine 2 86.50 (86-87) ingredient for which PT were evaluated (seven
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studies out of the 27 included here). Five of
these seven evaluations were published between
2002 and 2006, and the latest article was
published in 2014. TMPT, which predicts the
potential effectiveness of AZA application, is the
most commonly evaluated biomarker. Six of the
nine studies focusing on TMPT were published
between 2002 and 2006. Over two-fifth of the
studies included here evaluated the CE of
PT-guided therapy in oncological diseases.
Table 5 shows the subdivision of the included
studies according to the main categories as well
as QHES average score and range in the
corresponding category.

Cost-effectiveness of Pharmacogenetics
Testing in Specific Therapeutic Areas

Epilepsy

The cost-effectiveness of pharmacogenetics
testing in the treatment of epilepsy was
evaluated in three studies. The latest study
from Plumpton et al. [50] focused on the
HLA*A*31:01 allele screening test. An ICER of
£37,314 (US$53,674) per cutaneous avoided
ADR for a prior HLA*A*31:01 allele test and
carbamazepine (CBZ) administration following
the test result was calculated. Studies from Dong
et al. [37] and Rattanavipapong et al. [52] also
CE of PT prior to CBZ
administration; however, these analyses aimed
at identifying the presence of the HLA-B*15:02
allele. Rattanavipapong et al. [52] examined the

examined the

influence of prescribing CBZ with and without
prior HLA-B*15:02 allele test for epilepsy as well
neuropathic pain. In the case of epilepsy, they
calculated an ICER of THB 220,000 (US$7066)
per QALY, while for neuropathic pain, the ICER
was THB 130,000 (US$4137) per QALY, gained
through PT and CBZ administration following
the test results. Dong et al. [37] investigated the
CE of HLA-B*15:02 allele testing prior to

initiation of CBZ therapy in Singapore. In
and CBZ
patients, the test

comparison with no testing
prescription to all
result-based CBZ administration achieved an
ICER of US$29,750. The frequency of
HLA-B*15:02 allele differs between the three
ethnical populations
Singapore. Therefore, separate ICERs were
calculated for each of these groups. The test
strategy led to an ICER of US$37,030 per QALY
for Singapore Chinese, an ICER of US$7930 per
QALY for Singapore Malays, and an ICER of
US$136,630 per QALY for Singapore Indians.
Regarding the US$50,000 threshold, PT before
CBZ administration is
Singapore Malays and Singapore Chinese.

major present in

cost-effective  for

HIV/Aids
All HIV/AIDS studies included here analyzed
the CE of HLA-B*57:01 allele test before
abacavir (ABC) administration. Hughes et al.
[42] compared the CE of HLA-B*57:01 allele test
prior to ABC prescription (patients with a
positive test result received an alternative
treatment and patients without HLA-B*57:01
allele were treated with ABC) with that of
patients treated with ABC but not tested. A
dominant ICER was determined in the first
group. However, the incremental CE depends
on the costs of the alternative treatment: based
on the costs of the highly active antiretroviral
therapy (HAART) alternative, a range of
dominant ICER (alternative treatment is less
expensive and more effective) up to an €22,811
(US$26,714) per avoided HSR was calculated.

Schackman et al. [53] determined an ICER of
US$36,700 per QALY for a previous
HLA-B*57:01 allele test and a test result-based
treatment in comparison with no testing.

On the other hand, Nieves Calatrava et al.
[48] assessed an ICER of €630.16 (US$807) per
avoided HSR, and Kauf et al. [44] calculated an
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even lower ICER of only US$328 per avoided
HSR for a HLA-B*57:01 allele test-based ABC
treatment (as opposed to the prescription of
ABC without a predictive test).

The latest published study by Kapoor et al.
[43] provides a detailed analysis for HLA-B*57:01
allele testing before ABC prescription in three
Furthermore,
regarding the disease stage (early and late stage)
and the treatment strategy (tenofovir and ABC
can be prescribed as first-line treatment while
some patients were contraindicated to tenofovir)
were described. For early stage treatment, where
tenofovir and ABC can be prescribed as first-line,
the CE for a HLA-B*57:01 allele test-based ABC
treatment (in contrast to administration of ABC
without testing) resulted in an ICER of
US$415,845 per QALY for Han-Chinese, an
ICER of US$318,029 per QALY for
Southeast-Asian ~ Malays, and ICER of
US$208,231 per QALY for South-Asian Indians.
For this treatment line, where both active

ethnicities. differential results

ingredients were prescribed, a CE analysis was
also performed for patients at a later stage of the
disease. In the latter case, ICERs of US$926,938
per QALY for Han-Chinese, of US$624,297 per
QALY for Southeast-Asian Malays, and of
US$284,598 per QALY for South-Asian Indians
were calculated. This study also included a CE
these three groups
contraindicated for tenofovir. For the early
stage treatment group, ICERs of US$252,350
per QALY for Han-Chinese, of US$154,490 per
QALY for Southeast-Asian Malays, and of
US$44,649 per QALY for South-Asian Indians
were analyzed. For patients at a later stage of the
disease, ICERs of US$757,270 per QALY for
Han-Chinese, of US$454,223 per QALY for
Southeast-Asian Malays, and of US$114,068 per
QALY for South-Asian Indians were found. This
study indicates that a predictive test prior to ABC

analysis for patients

administration is not effective, independently
of the stage.
tenofovir-contraindicated early-stage patients.

disease Exceptions  are

Immunology

Inflammatory Bowel Diseases Winter et al.
[56] conducted a CE analysis for a PT, which
analyzed TMPT activity. The dosage of AZA is
based on TMPT activity. Hence, a standard AZA
dose without prior testing was compared to an
activity-based AZA dosage administration. Costs
of £487 (US$776) per LSY for a 30-year-old
patient and of £951 (US$1515) for a 60-year-old
patient were determined.

On the other hand, Dubinsky et al. [39] and
Priest et al. [51] identified CE for a genotype
test-based TMPT activity initiation of AZA,
compared to administering a standard dosage
of AZA without a prior predictive test.
Furthermore, Priest et al. [51] compared the
phenotypic and genotypic testing and showed
that the phenotypic TMPT test strategy was the
most cost-effective approach.

Rheumatologic  Conditions  (Rheumatoid
Arthritis and Systematic Lupus
Erythematosus) Marra et al. [47] and Oh
et al. [49] evaluated the CE of PT in the
therapeutic area of rheumatologic conditions.
In both studies, administering a TMPT test
result-based dose of AZA is more effective and
less costly than administering a standard dose

of AZA without prior testing.

Idiopathic  Pulmonary Fibrosis Hagaman
et al. [22] evaluated the CE of TMPT testing in
idiopathic pulmonary fibrosis. The performance
of a TMPT test and the test result-based AZA
dosage (in contrast to the administration of a
standard dose AZA without prior TMPT test)
resulted in an ICER of US$29,663 per QALY.
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Autoimmune Disease Thompson et al. [12]
investigated the CE of TMPT testing prior to
AZA administration in autoimmune diseases.
An incremental cost of £421.06 (US$625) and
an incremental net benefit of £256.89 (US$381)
for TMPT prior to AZA
administration (in contrast to the
administration of a standard dose of AZA
without TMPT test) were determined.

activity  test

Oncology

Breast Cancer (Early Stage) Lyman et al. [46]
investigated the CE of PT in early stage breast
cancer relative to the recurrence of the disease.
A comparison between testing the risk of relapse
and administration of the standard therapy,
consisting of tamoxifen and chemotherapy, was
conducted. Patients at low risk of relapse only
received tamoxifen, the others tamoxifen and
chemotherapy. Lyman et al. [46] determined an
ICER of US$3385 per LYS (no indication of age),
whereas Hall et al. [41] indicate an ICER of
US$8852 per QALY (patients above 60 years of
age). In this study, Hall et al. [41] concluded
that a
cost-effectiveness could not be made because

general  statement on  the
of substantial uncertainties.

Blank et al. [34] investigated the CE of PT in
early stage breast cancer prior to administration
of trastuzumab. In this study a comparison of a
test result-based administration of trastuzumab
and the administration of the drug without a
prior test was conducted. In the test strategy,
patients with proven HER2 overexpression
received  trastuzumab, whereas patients
without HER2 overexpression received an
alternative therapy. Two testing procedures
were considered: immunohistochemistry (IHC
test) and fluorescence in situ hybridization
(FISH test). The therapy with both tests alone
or in combination (compared with no previous

test) had significantly lower costs, but the FISH

test alone was considered the most

cost-effective approach. However,
administering trastuzumab with no previous
test achieved a higher benefit, as a result of the
imperfect sensitivity and specificity of the tests.

A CE ratio was not calculated.

Metastatic Breast Cancer Elkin et al. [40]
evaluated the CE of PT prior to trastuzumab
administration in metastatic breast cancer.
HER2 overexpression test prior to trastuzumab
prescription ~was compared with  the
prescription of trastuzumab and chemotherapy
without a predictive test. Patients with HER2
overexpression
treatment, consisting of trastuzumab and
chemotherapy. Patients HER2
overexpression only received chemotherapy.
In this study, IHC and FISH tests were used to
determine HER2 overexpression. The use of a
FISH test resulted in a dominant ICER.
Furthermore, performing the IHC test before
the FISH test was the most cost-effective

received a combination

without

approach. However, the benefit provided by

this strategy compared to trastuzumab

administration without prior test was less.

Metastatic Colorectal Cancer Shiroiwa et al.
[54] analyzed the CE of a PT prior
administration of cetuximab in metastatic
colorectal cancer. A comparison of KRAS
mutation test and a result-based
administration of cetuximab (patients with
KRAS

patients with KRAS mutations received best

wild-type received cetuximab and

supportive  care, BSC) and cetuximab
treatment without a predictive test were
conducted. A dominant ICER for the testing
strategy was determined.

Vijayaraghavan et al. [55] determined the
cost-effectiveness of a KRAS mutation test prior
to administration of cetuximab monotherapy,
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treatment with cetuximab in combination with
chemotherapeutics, and panitumumab
monotherapy. Patients with a KRAS mutation
received

exclusively chemotherapeutics in

combination therapy  and BSC for
monotherapy. The use of a KRAS mutation test
before prescription of cetuximab monotherapy,
panitumumab monotherapy, and cetuximab
combination therapy achieved a dominant
ICER compared to the treatment without the
predictive test.

Blank et al. [35] evaluated the CE for a KRAS
mutation test and a subsequent BRAF gene test
before administration of cetuximab in
combination with BSC for metastatic colorectal
cancer. Patients with a KRAS or BRAF mutation
received exclusively BSC. The subsequent
verification of BRAF status after KRAS test was
the most cost-effective approach compared to
treating all patients without testing or solely
after the KRAS test. However, perhaps as a result
of the imperfect sensitivity and specificity, there
was a higher benefit in prescribing cetuximab
without a prior test compared with the test
strategies. An ICER for a predictive test prior
cetuximab administration as compared to
without prior testing and treating all patients
with cetuximab was not reported.

Behl et al. [33] also evaluated the CE of a
subsequent BRAF gene test in addition to a
KRAS mutation analysis prior to cetuximab
administration in combination with BSC. The
subsequent verification of BRAS status after the
KRAS test was also the most cost-effective
approach. However, even in this case, perhaps
as a result of the imperfect sensitivity and
specificity of the testing procedures, cetuximab
without a prior test led to a higher benefit. An
ICER was not stated.

Acute Lymphoblastic Leukemia Van den
Akker-van Marle et al. [32] conducted a CE

study for a PT prior to mercaptopurine
administration in  acute lymphoblastic
leukemia in children. There, an ICER of €4800
(US$5702) per LYG for a genotypic TMPT
and TMPT
dosage,
testing and administration of a standard initial
dose of mercaptopurine, was determined.

On the other hand, in the study by Donnan
et al. [38] neither a phenotypic nor a genotypic
test for determining TMPT activity prior to
mercaptopurine administration proved to be

activity  test activity-based

mercaptopurine compared to no

cost-effective (higher costs for the same
benefit).
Advanced Non-Small Cell Lung

Cancer Carlson et al. [36] conducted a CE
study for a PT prior to erlotinib administration
in advanced non-small cell lung cancer
patients. A comparison was made between the
use of an EGFR test and the result-based
erlotinib administration in patients with EGFR
mutations or an alternative therapy for patients
without EGFR mutation, and the treatment of
all patients with erlotinib without a prior test.
An ICER of US$162,018 per QALY for the use of
a gene copy number test was determined. The
ICER clearly surpassed that of the study set
threshold of US$100,000 to US$150,000 per
QALY.

De Lima Lopes et al. [45] evaluated the
cost-effectiveness of the EGFR test prior to
gefitinib prescription. A dominant ICER for
the comparison of the use of an EGFR test
prior to gefitinib administration and no testing
while  prescribing
subsequent
determined. In the test strategy, patients with

chemotherapy  with
gefitinib  administration  was
an EGFR mutation received gefitinib followed
therapy.
Patients without EGFR mutation received

by chemotherapy as second-line

chemotherapy with subsequent BSC.
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Main Results of This Systematic Review

In this systematic review, six main results were

obtained:

1. In the majority of studies, a PT-guided
administration of an active ingredient was
found to be cost-effective or leads to cost
savings.

2. A general statement on CE for a test-guided
application of an active ingredient
(independently of the indication for which
it has been prescribed) was not observed.

3. The majority of studies analyzed the CE of
targeted therapies in oncological diseases.

4. The CE depends on various factors (e.g.,

Costs,

prevalence of ADRs,
response rate of therapy).

5. The CE of a PT-guided therapy can differ

between indications as well as within the

prevalence of biomarkers, test

threshold wvalue,

same indication.
6. The results depend on the perspective of the
study (society, healthcare system, and

payer).

DISCUSSION

This comprehensive review analyzed the CE of
PT-guided therapies. For this propose we
included only studies that compared the CE of
the administration of an active ingredient with
or without a prior predictive test. PTs serve to
determine the effectiveness of active
ingredients, to take a therapeutic decision, and
ultimately to optimize patient benefit by
avoiding ADRs. Preventing ADRs leads to an
increase in drug safety and is therefore the
central argument for the application of PTs
[57, 58]. However, the usefulness of such
pharmacogenetic tools depends on their CE.

CE analyses are essential for reimbursement

decisions of new technologies as well as pricing
by decision-makers. This review investigated
whether PTs contribute to an efficient therapy
management.

An average value of 85.81 for all 27 assessed
studies was calculated. The evaluation through
the QHES instrument is a quality assessment
regarding the methodology of the studies. This
evaluation considered the specific stratified
medicine inadequate. Important criteria in the
assessment of PTs are the prevalence of
biomarkers, sensitivity, and specificity of the
test, as well testing costs.

Generally, innovations are used if they have
a significant influence on the outcomes (e.g., on
the survival or on the improvement in the
quality of life). As a result of the limited
healthcare budget, it is essential to assess the
additional benefits of the
comparison with previous

innovation in
standards.
Therefore, CE analyses are necessary and were
used for reimbursement decisions. The CE of a
medical intervention depends on whether it
will be able to provide benefits at a reasonable
cost. CE analyses estimate the ICER of
interventions. ICER is an analytical tool of the
CE analysis (CEA),
differences in cost of two treatments based on

which compares the

their different outcomes (e.g., new treatment vs.
previous treatment). Threshold values vary
from country to country. For example, a
threshold of US$50,000 is stated as
cost-effective in the USA [59]. An intervention
with an ICER of less than US$50,000 per
additional QALY is classified as cost-effective.
The CE depends on several factors. In this
comprehensive review some divergent features
in the study design, which influenced the CE,
were identified.

Perspective of the study The CE of a study
depends, among other things, on the chosen
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perspective (e.g., healthcare system, society)
[60]. The missing consideration of indirect cost
allows no final assessment and comprehensive
interpretation. Ideally, the cost should be
collected from a societal perspective. However,
for this purpose, the required costs are difficult
to quantify (e.g., loss of wages) [61].

Time horizon/discounting Different CE values
arise because of the various time horizons. For
the consideration of ADRs, a time horizon of
1 year would be sufficient. This is because ADRs
caused by pharmacogenetic applications
immediately appear after the active ingredient
has been administered [62]. A defined time
horizon would lead to an improved
contrast, for the
consideration of pharmacodynamic effects, a

comparability. In

life-long time horizon should be considered,
since the costs for long-term consequences or
the avoidance of them have a considerable
importance.

Impact of sensitivity and specificity of the test
procedures Weaknesses in the sensitivity and
specificity of the predictive tests may influence
the CE of a strategy. Sensitivity and specificity
are characterized by a great heterogeneity. This
could lead to an incorrect classification as
responder or non-responder. Thus, it may
result in the administration of ineffective
drugs, undesirable effects, or the exclusion of
an effective therapy. Generally, this implies
losses of effectiveness for the relevant therapy.

Prevalence of biomarkers Biomarker prevalence
in the specific study populations is based on
different assumptions. Dong et al. [37]
differentiated the study population according
to allele frequencies. The HLA-B*1502 allele
frequencies differ between various ethnic
groups. The corresponding classification leads
to an increased degree of stratification.
Fundamentally, a lower biomarker prevalence

leads to a lower CE of the PT [63]. According to

the lower likelihood to identify a responder, the
overall benefit is low. Homogenous groups
enable an increase in test validity or the
likelihood to identify a responder, as well as
the examination of biomarker prevalence values
by sensitivity analysis.

Costs of testing procedures Various yearly
prices, countries, test characteristics, lack of
transparency on test prices, as well as often used
estimates, reduce the possibility of comparing
the costs of testing procedures. Sensitivity
of the price may reduce the
incomparableness.  Possible
reductions of PTs will have a positive impact
on the CE.

Lack of evidence-based data The data used for
CE evaluations are partially of insufficient

analyses
future cost

quality and quantity. The evaluations often
derived from retrospective studies. Randomized
controlled trials (RCT) enable the generation of
evidence-based data and provide a valid basis for
CEA. RCTs are regarded as the gold standard of
data collection [64, 65]. The main problems in
this context are low funding, low interest in
clinical trials (except studies for approved
medications), small patient populations, as well
as lack of valid discoveries [66]. It is difficult to
conduct an RCT for pharmacogenetic
applications. The anticipated differences in
treatment effectiveness accompanying the test
strategies and the need to generate significant
outcomes in patients with a similar genotype
require large group sizes [67].

Oncology is the most frequently discussed
disease area for CEA. This indication area is
characterized by the high toxicity of
chemotherapeutic agents as well as poor
clinical outcomes [68, 69]. This raises the
potential to be one of the largest and most
fields for pharmacogenomics
application. Oncology is particular well suited
to show CE, because it is an area with a large

attractive
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number of affected patients and with expensive
cancer-associated outcomes
ADRs, death).
outcomes affect the CE, because expensive

(chronic pain,
Minor improvements of
outcomes such as long hospital stays can be
prevented.

There are some economic, clinical, and
practical challenges in connection with the
development and the application of PTs.
development of
pharmacogenetic applications is characterized
by some regulatory challenges [70, 71] and high
costs to prove clinical benefits [72]. There is a
disincentive for pharmaceutical companies to
invest in companion diagnostics [73, 74]: an

Research and

investment into a market without free pricing is
a risk for pharmaceutical companies. Genetic
analyses (subgroup analysis) divide the market
and reduce the total turnover. In countries
without the possibility of dynamic pricing or
changes in price according to subgroups or
indications, the different value of PTs for the
specific subgroups is appropriate. A general
problem of personalized medicine is the
development of drugs for small patient groups
but with the same costs of the research and
development needed for the development of
drugs for larger groups [75]. The danger of low
total turnover by small user groups hinders
further research and development in the field of
targeted therapies. Therefore, in areas with
larger market segmentations, pharmacogenetic
research should be financed by public resources
[76]. Moreover, payers link pharmacogenetic
applications with concerns. PTs as well as
proteomic tests seem to be more expensive
than conventional diagnostic and prognostic
tools [77]. Actually, only a few pharmacogenetic
examinations were financed within the uniform
value scale, on the basis of pricing of ambulant
services (EBM). Performing a PT for eight of 47
active ingredients is not compulsory. For 10 of

CEA were
insufficient basis for a

these 47 active
conducted. The
conclusion can be used as a reason for the

ingredients

restrained reimbursement for PTs.

Furthermore, the clinical benefit of an
intervention (e.g., CE, net benefit) is an
essential prerequisite for PT application.
However, because of the lack of evidence for
the correlation between the influence of a PT on
the clinical outcome [78], it is difficult to prove
the benefit. No test can perfectly predict
whether a patient will respond positively to a
particular treatment. Various factors influence
the therapeutic outcome. Generally, ADRs often
occur immediately after treatment [79]. Thus,
the outcomes (e.g., cost per avoided ADR) can
be quickly and easily observed [61], especially in
oncological studies. Moreover, the effects also
depend on monitoring ADR quality.

Some practical challenges are connected
with the routine use of PT. The partly missing
reimbursement [27, 80], the lack of clinical
guidelines [81], and the processing time
associated with treatment delays [82] preclude
their widespread application. Furthermore, the
use of PT essentially depends on its acceptance
by physicians [83]. The restrained use of PT is
the result of the missing clinical validation for
the clinical application as well of the missing
practical and standardized guidelines [84].
There are also ethical concerns regarding the
use of PT. Patients were excluded from target
therapies as a result of the test results. The
insufficient sensitivity and specificity of PTs
may lead to a wrong stratification and therefore
to the lack of an effective treatment.

The costs of the tests and which savings
could be achieved through the use of predictive
tests must be known. If there are higher savings,
it is economically sensible to conduct a PT. In
modelling the CE of PT, important factors such
as the sensitivity and specificity of these tests,
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degree of gene penetrance, association between
genotype
prevalence in the population, likelihood for

genotype and clinical outcome,

ADR, and survival according to the genotype
and the should be
considered.

treatment strategy

The quality assessment through the QHES
may be subjective and may represent a major
limitation of this study. The assessment of study
aspects is easy to determine. In contrast, aspects
which aim to evaluate the adequacy are
characterized by variances. Therefore, two
researchers  performed  the  assessment
independently to minimize this subjectivity of
the QHES instrument.

National and international standards for the
assessment of PT should be defined and
implemented to improve the quality of the
study. Uncertainties may be decreased by more
accurate estimations of effectiveness and costs
[85]. Furthermore, an independent financing
system (e.g., public financing) could enhance
the credibility of the results. Such studies are
focusing not solely on effectiveness but also on
efficiency.

CONCLUSION

The application of personalized therapies is
partly associated with high economic costs.
This review has demonstrated that, in the
majority of the studies included here,
test-guided personalized therapies are more
cost-effective than non-test-guided personalized
therapies. Hence, a prior test before drug
administration seems to be useful for
therapeutic decisions, dosing according to the
different genotypes or gene activity, and/or
reducing adverse drug reactions. However, the
results of the studies are mainly influenced, e.g.,

by sensitivity and specificity of the test

procedures, prevalence of biomarkers, and the
perspective of the study. Generally, analyses of
the CE are an
reimbursement recommendations. However, to

essential part of the

guarantee a comparability of CE of stratified drug
therapies, national and international standards
for evaluations studies should be defined.
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Supplementary Material 1: Approved personalized drugs

recommended or obligate

active ingredient therapeutic area testing of test description test

Abacavir HIV Adverse effects HLA-B*5701 Compulsory test since 02/2008
Afatinib Lung cancer Effectiveness EGFR Compulsory test since 09/2013
Anastrozole Breast cancer Effectiveness Hormone receptor positive breast cancer cells Compulsory test since 06/1996
Arsenic trioxide Acute promyelocytic leukaemia Effectiveness Promyelocytic leukaemia- /Retinoic acid receptor alpha (PML/RAR-alpha) gene Compulsory test since 03/2002
Ataluren Duchenne muscular dystrophy Effectiveness Nonsense-Mutation of the dystrophy -gene Compulsory test since 07/2014
Azathioprine Immunosuppressant Adverse effects TMPT Recommended
Blinatumomab Acute lymphatic leukaemia Effectiveness Philadelphia-Chromosome Compulsory test since 11/2015
Bosutinib Chronic myelogenous leukaemia Effectiveness Philadelphia-Chromosome Compulsory test since 03/2013
Brentuximab vedotin Hodgkin Lymphomas and anaplastic large cell lymphoma Effectiveness Test of CD30 overexpression Compulsory test since 10/2012
Carbamazepine Epilepsy Adverse effects HLA-B*1502-allele Recommended

Ceritinib Lung cancer Effectiveness Anaplastic lymphoma kinase (ALK) Compulsory test since 05/2015
Cetuximab Colorectal cancer Effectiveness Non-mutated (wild-type) RAS-gene Compulsory test since 07/2008
Cobimetinib Melanoma Effectiveness BRAF V600 mutation Compulsory test since 11/2015
Crizotinib Lung cancer Effectiveness EML4-ALK Compulsory test since 10/2012
Dabrafenib Melanoma Effectiveness BRAF V600 mutation Compulsory test since 08/2013
Dasatinib Acute lymphatic leukaemia Effectiveness Philadelphia-Chromosome Compulsory test since 11/2006
Eliglustat Gaucher Disease Effectiveness Cytochrome-P450 Type 2D6 (CYP2D6) Compulsory test since 01/2015
Erlotinib Lung cancer Effectiveness EGFR Compulsory test since 08/2011
Everolimus Breast cancer Effectiveness HER2/neu-expression Compulsory test since 07/2012
Exemestane Breast cancer Effectiveness Estrogen receptor positive breast cancer cells Compulsory test since 12/1999
Fulvestrant Breast cancer Effectiveness Hormone receptor positive breast cancer cells Compulsory test since 03/2004
Gefitinib Lung cancer Effectiveness EGFR Compulsory test since 07/2009
Ibrutinib Chronic lymphatic leukaemia Effectiveness Deletion or TP53-mutation Compulsory test since 10/2014
Imatinib Acute lymphatic and chronic myelogenous leukaemia Effectiveness Philadelphia-Chromosome Compulsory test since 11/2001
Ivacaftor Mucoviscidosis with specific mutations Effectiveness Specific mutation of the CFTR-gene Compulsory test since 07/2012
Lapatinibe Breast cancer Effectiveness HER2-overexpression Compulsory test since 06/2008
Letrozol Breast cancer Effectiveness Hormone receptor positive breast cancer cells Compulsory test since 01/1997
Lomitapide Increased cholesterol- or blood lipid level Effectiveness Genetic evidence of homozygous familial hypercholesterolemia Recommended test since 07/2013
Lumacaftor/Ivacaftor Mucoviscidosis Effectiveness Homozygous F508del-mutation in the CFTR-gene Compulsory test since 11/2015
Maraviroc HIV Effectiveness CCR5-tropic HI-viruses Compulsory test since 09/2007
Mercaptopurine Acute lymphatic leukaemia Adverse effects TMPT Recommended

Natalizumab Multiple sclerosis Adverse effects Anti-JCV-antibody Recommended test since 06/2011
Necitumumab Non-small cell lung cancer Effectiveness EGFR Compulsory test since 02/2016
Nilotinib Chronic myelogenous leukaemia Effectiveness Philadelphia-Chromosome Compulsory test since 11/2007
Olaparib Ovarian cancer Effectiveness BRCA Compulsory test since 12/2014
Osimertinib Non-small cell lung cancer Effectiveness EGFR Compulsory test since 02/2016
Oxcarbazepine Epilepsy Adverse effects HLA-B*1502-Allele Recommended test since 07 /2012
Panitumumab Colorectal cancer Effectiveness Non-mutated (wild-type) RAS-gene Compulsory test since 12/2007
Pertuzumab Breast cancer Effectiveness HER2 -overexpression Compulsory test since 03/2013
Ponatinib Acute lymphatic leukaemia Effectiveness Philadelphia-Chromosome Compulsory test since 07/2013
Tamoxifen Breast cancer Effectiveness Hormone receptor positive breast cancer cells Recommended

Toremifen Breast cancer Effectiveness Hormone receptor positive breast cancer cells Compulsory test since 02/1996
Trametinib Melanoma Effectiveness BRAF V600-mutation Compulsory test since 06/2014
Trastuzumab Breast cancer und gastric cancer Effectiveness HER2 -overexpression, HER2, gene copy number Compulsory test since 08/2000
Trastuzumab emtansin Breast cancer Effectiveness HER2 -overexpression Compulsory test since 11/2013
Vandetanib Medullary carcinoma of the thyroid Effectiveness RET-mutation Recommended test since 02,/2012
Vemurafenib Melanoma Effectiveness BRAF-V600 mutation Compulsory test since 02/2012




Supplementary Material 2: Summary of the included publications

Author Country/ Disease Treatment Active Biomarker Treatment strategy Result/[price year] Consideration of Funding
(publication year) perspective ingredient test
costs/Sensitivity
and specificity
van den Akker-van  Four Acute ns. Mercaptopurine  TPMT (a) TPMT-genotyping: dosing mercaptopurine according to TPMT activity (wildtype ICER (a) vs. (b): €4800 ($5702) per LYG yes/yes European
Marle, M. E./ European lymphoblasti (normal), intermediate, or deficient) Commissions:
Gurwitz, D./ member c leukaemia [price year 2004] European Science and
Detmar, S. B. etal. states (ALL) (b) no TPMT-testing: standard doses Technology
(2006) [32] (Germany, Observatory network
Ireland, (ESTO)
Netherlands,
UK)/societal
perspective
Behl A.S./Goddard ~ USA/perspec  Metastatic Second-line Cetuximab vs. KRAS + (a) No KRAS-Testing and no anti-EGFR therapy (cetuximab): all patients receive BSC ICER (b) vs (a): $648,396 pro LYS yes/no National Cancer
KA. tiven.s. colorectal therapy (after BSC (BRAF) Institute at the
B./Flottemesch T. J. cancer failed (b) KRAS and BRAF-mutation screening: Patients without KRAS and BRAF mutation ICER (b) vs. (d): most cost effective strategy National Institutes of
etal. (2012) [33] (mCRC) chemotherapy) receive anti-EGFR therapy (cetuximab) (significantly lower costs at marginally less Health
benefit)
(c) KRAS mutation screening: Patients without KRAS mutation receive Cetuximab
ICER (c) vs. (d): is dominated by (b) vs. (d)
(d) no KRAS testing: anti-EGFR therapy (Cetuximab)
[price year 2010]
Blank, P. Switzerland/  Breast cancer Second-line Trastuzumab HER2 (a) IHC-/ FISH-Test: all patients: reference strategy (no Trastuzumab) ICER (c) vs. (a): €12,245 (US$15,676) per yes/yes ETH Zurich
R./Schwenkglenks,  health care (early stage)  therapy (after QALY Foundation;
M./Moch, H. et al. system adjuvant or (b) IHC-test and subsequent FISH-test for I[HC2+ patients: trastuzumab treatment for Competence Center for
(2010) [34] neoadjuvant FISH+ or IHC3+ patients; standard therapy for all other patients ICER (f) vs. (e): €13,456,577 (US$17,226,646) Systems Physiology
chemotherapy) per QALY and Metabolic Diseases
(c) FISH-Test: trastuzumab treatment for FISH+ patients; standard therapy for all (CC-SPMD)
other patients ICER (€) vs. (c): €400,154 (US$512,263) per
QALY
(d) THC-Test: trastuzumab treatment for IHC 2+ and IHC3+ patients; standard therapy
for all other patients ICER (b) vs (a): dominated (higher costs and
less effective)
(e) IHC-test and FISH-test (parallel): trastuzumab treatment for IHC2+ and IHC3+
and/or FISH+ patients; standard therapy for all other patients (e) vs. (f) is dominated by (c) vs. (f)
(f) No IHC-test/FISH-Test: all patients receive trastuzumab (d) is dominated by (c): less effective and
more expensive
(b) is extendedly dominated by (c): less
expensive but also less cost-effective
[price year n.s."]
Blank, P. R./Moch, Switzerland/  Metastatic Second-line Cetuximab + KRAS + (a) no KRAS-Test and no treatment with cetuximab: all patients receive BSC ICER (b) vs. (a): €62,653 (US$83,279) pro yes/yes ETH Zurich
H./ Szucs, T.D.etal.  health colorectal therapy (after BSC (BRAF) QALY Foundation;
(2011) [35] system cancer failed vs. BSC (b) KRAS Test and a subsequent BRAF Test: KRAS and BRAF wild-type tumour Competence Center for
(mCRC) chemotherapy) patients receive cetuximab + BSC; patients with a mutation of KRAS and/or BRAF ICER (c) vs. (b): €313,537(US$416,755) pro Systems Physiology
gene receive BSC QALY and Metabolic Diseases
(CC-SPMD)
(c) KRAS Test: KRAS wild-type tumour patients receive cetuximab + BSC; patients ICER (d) vs. (c): €314,588 (US$418,152) pro
with a mutation of KRAS gene receive BSC QALY
(d) No KRAS-Test: all patients receive cetuximab + BSC
[price year n.s.’]
Carlson, J. USA/societal ~ Advanced Second-line Erlotinib vs. EGFR (a) EGFR protein expression test: ICER (b) vs. (c): US$162,018 per QALY yes/no The author was
]./Garrison, L. perspective non-small therapy (after docetaxel high protein expression (positive) = erlotinib until progression; low protein supported in part by a
P./Ramsey, S. D. et cell lung failed expression (negative)= docetaxel until progression (IHC) ICER (a) vs. (c): US$179,612 per QALY pre-doctoral
al. (2009) [36] cancer chemotherapy) Fellowship in Health
(NSCLC) (b) EGFR gene copy test: high gene copy number (positive) = erlotinib until ICER (b) vs. (a): dominant (ICER of (b) vs. (c) outcomes from PhRMA

progression; low gene copy number (negative)= docetaxel until progression (GC)

(c) no EGFR-Test: erlotinib until progression

is better than ICER of (a) vs. (c))

[price year 2006]

Foundation




Dong, D./Sung, Asia/perspec  Epilepsy First-line Carbamazepine =~ HLA-B*1502 (@) no HLA-B*1502-Test: all patients receive CBZ/phenytoin (PHT) ICER (b) vs. (a): US$29,750 per QALY yes/yes Duke-NUS Graduate
C./Finkelstein, E.A.  tiven.s. therapy (CBZ) vs. Medical School
(2012) [37] valproate (VPA) (b) HLA-B*1502-Test: negative test result = patients receive CBZ/PHT; positive test ICER (c) vs. (b): is dominated (higher costs
result = patients receive VPA and same efficacy)
(c) no HLA-B*1502-testing: all patients receive VPA ICER (b) vs. (a) for 3 major ethnical
populations in Singapore:
Singapore Chinese: US$37,030 pro QALY
Singapore Malays: US$7930 pro QALY
Singapore Indians: US$136,630 pro QALY
[price year 2010]
Donnan, ].R./Ungar, Canada/healt Acute ns. Mercaptopurine ~ TPMT (a) genotypic TPMT-test: dosing mercaptopurine accordingly TPMT activity; (a) total expected costs per patient CAD- yes/yes Atlantic Canada
W.]./Mathews, M. h care lymphoblasti TPMT deficiency: dose reducing; no TPMT deficiency: weight-based dosing $1090 (US$883), expected survival 2.9997 Opportunities Agency,
etal. (2011) [38] system cleukaemia months the provincial
(ALL) (b) enzymatic-TPMT-test: dosing mercaptopurine accordingly TPMT activity- TPMT government of
deficiency: dose reducing; no TPMT deficiency: weight-based dosing (b) total expected costs per patient CAD- Newfoundland and
$1020 (US$826), expected survival 2.9997 Labrador
(c) no testing: weight-based dosing mercaptopurine (standard of care) months
(c) total expected costs per patient CAD-$654
(US$530), expected survival 2.9997 months
[price year 2008]
Dubinsky, M. Countryn.s.  Inflammator  First-line Azathioprine TPMT (a) Community care: therapy started on lowest AZA dose threshold of 50 mg; AZA (a) is dominated by (b), (c) and (d): higher yes/no n.s.
C./Reyes, E./Ofman, /Third-party y bowel therapy (AZA) dose could increase to 100 mg AZA, if a patient did not respond clinically at 3 months;  costs and longer time to reach sustained
J.etal. (2005) [39] payer disease (IBD) After 6 months, patients responding to the 100 mg dose AZA continued current response
perspective treatment.
(c) vs. (b): higher costs (US$5877 vs.
(b) TPMT screening: AZA dose according to TPMT-genotype: initial doses by TPMT US$3681) and faster time to reach sustained
wild-type (normal) = 100 mg AZA; TPMT intermediate = 50 mg AZA; TPMT deficient=  response (19.10 vs. 18.96 weeks) (no ICER is
no AZA (patients receive MTX (25 mg) reported)
(c) TPMT screening and metabolite monitoring: similar to TPMT screening; initial (d) vs. (c): higher costs (US$6441 vs.
dosing depends on patients” TPMT genotype: initial dosing by TPMT wild-type US$5877) and faster time to reach sustained
(normal) = 100 mg AZA; TPMT intermediate = 50 mg AZA; TPMT deficient = no AZA response (18.66 vs. 18.96 weeks) (no ICER is
(patients receive MTX therapy (25 mg); After 4 weeks AZA dose could be adjusted reported)
according to patients” metabolite level
[price year 2004]
(d) Metabolite monitoring: Initial dose at 50 mg AZA; AZA dose could be adjusted
according to patients” metabolite level
Elkin, E. USA/societal ~ Metastatic First-line Trastuzumab + HER2 (a) no IHC-/FISH-Test: chemotherapy alone ICER (b) vs. (c): less effective (ruled out by yes/yes National Library of
B./Weinstein, M. perspective breast cancer therapy chemotherapy extended dominance) Medicine Research
C./Winer, E. P. et al. vs. (b) IHC-Test: trastuzumab and chemotherapy for IHC +3 patients; for all others Training Program in
(2004) [40] chemotherapy chemotherapy alone ICER (d) vs. (c): dominated (more costly + Medical Informatics

(c) IHC-Test and confirmatory FISH-test for patients with +2 und +3: trastuzumab +
chemotherapy for FISH+ patients; for all others chemotherapy alone

(d) IHC-Test and confirmatory FISH-Test for patients with IHC +2; trastuzumab +
chemotherapy for FISH+ or IHC +3 patients; for all others chemotherapy alone

(e) IHC: trastuzumab + chemotherapy for IHC +2 und +3 patients; for all others
chemotherapy alone

(f) FISH-Test: trastuzumab + chemotherapy for FISH+ patients; for all others
chemotherapy alone

(g) no IHC-/ FISH-Test: trastuzumab + chemotherapy for all

equally effective)

ICER (g) vs. (f): dominated (higher costs +
same effectiveness)

ICER (e) vs. (g): dominated (less effective +
more expensive

ICER (c) vs. (a): US$125,100 pro QALY
ICER (f) vs. (c): US$145,400 pro QALY

[price year 2002]




Hagaman, . USA/perspec  Idiopathic ns. Azathioprine TPMT (a) TPMT-Test: Dosage of AZA according TPMT-activity: normal TPMT activity: ICER (a) vs. (c): US$49,156 per QALY yes/no n.s.
T./Kinder, B. tiven.s. pulmonary (AZA) in standard doses; TPMT intermediate (reduced TPMT activity): reduced doses; TPMT
W./Eckman, M. H. fibrosis (IPF) combination deficient (absent TPMT-activity): conservative therapy without AZA ICER (a) vs. (b): US$29,663 per QALY
(2010) [22] with N-
acetylcysteine (b) no TPMT-Test: AZA [price year 2007]
and steroids vs.
conservative (c) conservative therapy
therapy (no
AZA)
Hall, P. S./McCabe, UK/NHS Early-stage First-line Tamoxifen + HOXB13- (a) Test of recurrence (Oncotype DX): ICER (a) vs. (b): £5529 (US$8852)" per QALY  yes/no No external funding
C./Stein, R. C. et al. lymph node- therapy chemotherapy IL17BR low recurrence score (RS < 18): no chemotherapy, only tamoxifen; (starting age of the patient cohort was 60
(2012) [41] positive breast vs. tamoxifen high recurrence score (RS > 18): chemotherapy + tamoxifen years)
cancer
(b) standard of care: chemotherapy + tamoxifen [price year 2011]
Hughes, D. A./Vilar,  UK/NHS HIV/AIDS First-line Abacavir- HLA-B*5701  (a) HLA-B*5701-Test: negative test result = Abacavir-containing regimens (by a HSR: (a) vs. (b): ranged from dominant strategy yes/yes n.s.
F.]./Ward, C. C. et therapy containing further treatment with alternative HAART); positive test result = alternative HAART (less expensive + more effective) up to
al. (2004) [42] combination €22,811 (US$26,714) per avoid HSR
therapy vs. (b) no HLA-B*5701-Test: Abacavir-containing regimens (by a HSR: further treatment (population of 1000 patients)
alternative with alternative HAART) (depending on the costs of respective
highly active alternative HAART: low cost = ICER
antiretroviral dominant; high cost = ICER up to €22,811
therapy (US$26,714) per avoid HSR)
(HAART)
without [price year 2002]
abacavir
Kapoor, Singapore/he HIV infection First-line First-line ABC- HLA-B*5701  Tenofovir and abacavir can be prescribed as first-line treatment ICER (b1) vs. (al): US$415,845/QALY yes/yes n.s.
R./Martinez-Vega, althcare (early and late therapy based ART Early Stage
R./Dong, D. etal. system stage) substituted with (a) No HLA-B*5701-testing: ABC as first line (Chinese (al); Malays (a2); Indians (a3)  ICER (b2) vs. (a2): US$318,029/QALY
(2015) [43] tenofovir-based (b) HLA-B*5701: ABC as first-line Chinese (b1); Malays (b2); Indians (b3)
ART as second- (c) HLA-B*5701-testing before ABC: Tenofovir as first line Chinese (c1); Malays (c2);  ICER (b3) vs. (a3): US$208,231/QALY
line in the event Indians (c3)
of side effects (d) No HLA-B*5701 done before ABC: Tenofovir as first-line [Chinese (d1); Malays ICER (f1) vs. (e1): US$926,938/QALY
(d2); Indians (d3)]
vs. ICER (f2) vs. (e2): US$624,297/QALY
Late stage:
(e) No HLA-B*5701-testing: ABC as first line Chinese (e1); Malays (e2); Indians (e3) ICER (f3) vs. (e3): US$284,598/QALY
first-line (f) HLA-B*5701: ABC as first-line Chinese (f1); Malays (f2); Indians (f3)
tenofovir-based (g) HLA-B*5701-testing before ABC: tenofovir as first line Chinese (g1); Malays (g2);  ICER (j1) vs. (i1): US$252,350/QALY
ART substituted Indians (g3)
with ABC-based (h) No HLA-B*5701 done before ABC: tenofovir as first-line Chinese (h1); Malays ICER (j2) vs. (i2): US$154,490/QALY
ART in the event (h2); Indians (h3)
of side effects ICER (j3) vs. (i3): US$44,649/QALY
Patients who are contraindicated to tenofovir
ICER (I1) vs. (k1): US$757,270/QALY
Early stage
(i) No genetic testing Chinese (i1); Malays (i2); Indians (i3) ICER (12) vs. (k2): US$454,223/QALY
(j) HLA-B*5701-testing Chinese (j1); Malays (j2); Indians (j3)
ICER (13) vs. (k3): US$114,068/QALY
Late stage
(k) No genetic testing Chinese (k1); Malays (k2); Indians (k3)
(1) HLA-B*5701-testing Chinese (11); Malays (12); Indians (13)
Kauf, T. L./Farkouh, ~ USA/health HIV/AIDS First-line Abacavir and HLA-B*5701  (a) HLA-B*5701-Test: negative test result = abacavir-containing regimens (by a HSR: () vs. (b): US$328 per avoid HSR yes/yes GlaxoSmithKline, Inc.
R. A./Earnshaw, S. care system therapy lamivudine + further treatment with alternative HAART); positive test result = alternative HAART (Research Triangle
R.etal. (2010) [44] efavirenz (fixed [price year 2007] Park, NC, USA)
dosed regimen) (b) no HLA-B*5701-Test: abacavir-containing regimens (by a HSR: further treatment
vs. alternative with alternative HAART)
high active
antiretroviral
therapy
(HAART) with
tenofovir+emtri
citabine+efavire
nz (fixed dosed )
de Lima Lopes, Asia/perspec  Non-small cell First- or Gefitinib vs. EGFR (a) no EGFR-testing: chemotherapy as first-line therapy, subsequent treatment with ICER (b) vs. (a): dominant (less expensive and  yes/no AstraZeneca
G./Segel, ]. E./Tan, tiven.s. lung cancer second-line chemotherapy gefitinib as second-line treatment (standard therapy) more effective) (Singapore) Pte Ltd
D.S.etal. (2012) (NSCLC) therapy (biopharmaceutical
[45] (b) EGFR-testing: patients with activating EGFR-mutation receive gefitinib as first-line  [price year 2010] company)

therapy and chemotherapy as second-line therapy; patients without mutation receive
chemotherapy as first-line therapy and BSC as second-line therapy




Lyman, G. USA/societal ~ Early-stage First-line Tamoxifen + HOXB13- (a) 21-gene RT-PCR assay: low risk patients (recurrence score <18): tamoxifen alone;  ICER (a) vs. (c): US$1944 per LYS yes/no Genomic Health;
H./Cosler, L. perspective breast cancer therapy chemotherapy IL17BR intermediate (recurrence score 18-30) and high-risk patients (recurrence score = 31) Amgen
E./Kuderer, N. M. et vs. tamoxifen receive chemotherapy and tamoxifen. ICER (a) vs. (b): US$3385 per LYS
al. (2007) [46)
(b) no test: chemotherapy + tamoxifen [price year n.s. ]
(c) no test: tamoxifen
Marra, C. A./Esdaile, Canada/paye Rheumatological n.s. Azathioprine TPMT (a) genotype TPMT-Test: AZA dosing according to genotype/TPMT-activity = TPMT (a) dominates (b) (more effective and less yes/yes Canadian Arthritis
J.M./Anis, A. H. r perspective  conditions (AZA) homozygous wild type (normal TPMT-activity): target dose of 2.0-2.5 mg/kg/day; costly) Network (a Canadian
(2002) [47] (rheumatoid TPMT heterozygous (reduced TPMT-activity): target dose 1.0 mg/kg/ day; TPMT Network of Centres of
arthritis and homozygous mutant (deficient of TPMT-activity): target dose 0.25 mg/kg/day [price year 1999] Excellence)
systemic lupus
erythematosus) (b) no TPMT-Test: normal dosing
Nieves Calatrava, Spain/Nation  HIV infection First-line Abacavir (ABC) HLA-B*5701  (a)HLA-B*5701-Test: positive test result: patients receive a HAART regimen without Incremental cost: (a) vs. (b) €630.16 yes/yes GlaxoSmithKline
D./Dela Calle- al Health Therapy ABC; patients with a negative test result receive a HAART regimen with ABC (US$807) per HSR avoid
Martin, System
0./Iribarren- (b) No HLA-B*5701-Test: all patients receive ABC
Loyarte, ].(2009) [price year 2008]
[48]
Oh, K.-T./Anis, A. Korea/ Rheumatoid Second-line Azathioprine TPMT (a) genotypic TPMT-Test: AZA dosing according to genotype/TPMT-activity: (@) vs. (b): dominant (less costly + more yes/yes Korea Health 21 R&D
H./ Bae, S.-C. (2004)  societal arthritis and therapy (AZA) « TPMT wild type (high activity): Initial dosage 1 mg/kg, dose increment beganat4  effective) project - Ministry of
[49] perspective systemic lupus weeks; further increment: 0.5 mg/kg steps at 4-week-intervals (target daily dose: Health and Welfare
erythematosus 2.5 mg/kg); [price year 2002] (Republic of Korea)
o TPMT intermediary/heterozygous mutant type(reduced activity): Initial dosage:
0.5 mg/kg, dose increment began at 4 weeks, further increment: 0.5 mg/kg steps at
4-week-intervals (target daily dose: 1 mg/kg);
* TPMT deficient/ homozygous mutant type (low or no activity): Initial dosage: 0.25
mg/kg, no increment.
(b)no TPMT-Test: conventional weight-based dosing of AZA started at 1 mg/kg daily,
dose increase began at 8 weeks in 0.5 mg/kg steps (4-week intervals) up to the target
dose of 2.5 mg/kg.
Plumpton, C./Yip, UK/National  Epilepsy First-line Carbamazepine ~ HLA-A*31:01 (a) No HLA-A*31:01-testing: all patients receive CBZ ICER (b) vs. (a) per LYG: dominated yes/no NIHR Cochrane
V./Marson, A. et Health therapy (CBZ) ICER (b) vs. () per seizure-free year: Programme Grant
al.(2015) [50] Service (b) HLA-A*31:01-Testing: positive test result: patients receive CBZ; negative test dominated Scheme 10/4001/18:
(NHS) result: patients receive lamotrigine Clinical and cost
ICER (b) vs. (a) per cutaneous ADR avoid: effectiveness of
£37,314 (US$53,674) interventions for
epilepsy in the NHS;
ICER (b) vs. (a) per QALY gained: £12,808 and the NIHR
(US$18,424) Invention for
Innovation (i41)
[price year 2010-2011""] scheme:
Priest, V. L./Begg, E. New Inflammatory First-line Azathioprine TPMT (a) no TPMT-Test: standard dosage AZA (a) is dominated by (b) and (c) yes/yes No external funding
J./Gardiner, S. . et Zealand/pay  bowel disease therapy (AZA)
al. (2006) [51] er’s (IBD) (b) genotypic-TPMT-Test: dosage of AZA according to TPMT-activity (c) vs. (b): dominant (less costly and more
perspective effective)
(the New (c) phenotypic-TPMT-Test: dosage of AZA according to TPMT-activity
Zealand [price year 2004]
government
and patients
with IBD
Rattanaviopapong,  Thailand/soc  Epilepsy and First-line Carbamazepine ~ HLA-B*15:02  (a) No HLA-B*15:02-Screening: Patients receive CBZ Epilepsy: yes/yes n.s.
W./Koopitakkajorn, ietal neuropathic therapy (CBZ) ICER (b) vs. (a): 220,000 THB (US$7066) per
N./Mahasirimongko  perspective pain (b) HLA-B*15:02-Screening for all patients: patients with a positive test result receive ~ QALY
1,S.etal the alternative drugs; negative tested patients receive CBZ ICER (c) vs. (a): 32,522,000 THB

(2013) [52]

(c) No HLA-B*15:02-Screening: all patients receive an alternative drug treatment

(US$1,035,073) per QALY

neuropathic pain

ICER (b) vs. (a): 130,000 THB (US$4137) per
QALY gained

ICER (c) vs. (b): 35,877,000 THB
(US$1,141,852) per QALY gained

[price year 2011]




Schackman, B. USA/perspec  HIV/AIDS First-line Abacavir-based HLA-B*5701  (a) HLA-B*5701-testing: negative test result: abacavir-based treatment (abacavir + ICER (a) vs. (b): US$36,700 pro QALY yes/no National Institute of
R./Scott, C. tiven.s. therapy treatment vs. lamivudine + efavirenz); positive test result: tenofovir-based treatment Allergy and Infectious
A./Walensky, R. P. tenofovir-based ICER (c) vs. (b): is dominated (higher costs + Diseases;
etal. (2008) [53] treatment (b) No HLA-B*5701-testing: abacavir-based therapy (abacavir + lamivudine + less effective) National Institute on
efavirenz); occurrence of HSR: further treatment with tenofovir-based treatment Drug Abuse
[price year 2006]
(c)No HLA-B*5701-testing: tenofovir-based therapy (renofovir + emtricitabine +
efavirenz); occurrence of nephrotoxicity: substituting abacavir and lamivudine
Shiroiwa, T./Motoo, Japan/health  Metastatic First-line Cetuximab vs. KRAS (a) KRAS testing: patients with KRAS wild-type receive cetuximab; patients with ICER (b) vs. (c): US$160,000 pro LYG; yes/no Roche Diagnostics KK.
Y./Tsutani, K. care payer colorectal therapy BSC KRAS-mutation receive BSC US$230,000 pro QALY
(2010) [54] cancer (mCRC)
(b) no KRAS-testing - all patients receive cetuximab ICER (@) vs. (¢): US$120,000 pro LYG;
US$180,000 pro QALY
(c) no KRAS-testing - all patients receive BSC
ICER (@) vs. (b): dominant (lower cost with
the same or better outcome)
[price year 2010]
Thompson, UK/health Autoimmune ns. Azathioprine TPMT (a)No TMPT- genotyping (current practice): Incremental costs (adjusted) for TPMT- yes/no TARGET-Study: The
AJ./Newman service diseases (AZA) o TMPT-wild type (normal activity): starting dose: 0.86 +/- 0.53 mg AZA; genotyping: (b) vs. (a): £421.06 (US$625) Department of Health
W.G/Elliott, R. A.et  perspective Maintenance dose at 4 months: 1.74 +/-0.50 mg AZA; UK; A.J. Thompson:
al. o TMPT-heterozygous (low activity): starting dose: 0.93 +/- 0.64 mg AZA; Incremental QALY for TPMT-genotyping: NIHR School for
(2014) [12] Maintenance dose at 4 months: 1.62 +/-0.56 mg AZA (b) vs. (a): -0.008 Primary Research;
Prof. Payne-Research
(b) TPMT genotyping: Incremental net benefit (b) vs. (a): £256.89 Councils UK (partly)
« TMPT-wild type (normal activity): starting dose: 0.92 +/- 0.60 mg/kg/d AZA; ($381)
Maintenance dose at 4 months: 1.62 +/-0.55 mg/kg/d AZA
* TMPT-heterozygous (low activity): starting dose: 0.61 +/- 0.33 mg/kg/d AZA;
Maintenance dose at 4 months: 1.80 +/-0.89 mg/kg/d AZA
[price year 2009-2010"]
Vijayaraghavan, USA and Advanced Second-line Cetuximab KRAS (a) no KRAS-testing: panitumumab ICER (b) vs. (a): dominant (lower costs + yes/yes Roche Molecular
A./Efrusy, M. Germany/he  metastatic therapy same effectiveness) Systems, Inc., United
B./Goke, B. et al. alth care colorectal (after failed panitumumab (b) KRAS-testing: panitumumab States (Roche)
(2012) [55] payer cancer (mCRC) prior ICER (d) vs. (c): dominant (lower costs + same
perspective chemotherap ~ Combination (c) no KRAS-testing: cetuximab effectiveness
y) therapy (US:
cetuximab+irino (d) KRAS-testing: cetuximab (f) vs. (e): less expensive + less effective = no
tecan; Germany: ICER stated
cetuximab+FOL (e) no KRAS-testing: combination therapy:
FIRI) USA: cetuximab + irinotecan, Germany: cetuximab + FOLFIRI (g) vs. (e): lower costs + same effectiveness,
Combination no ICER stated
therapy (US: (f) KRAS-testing: combination therapy: USA: cetuximab + irinotecan, Germany:
cetuximab+irino cetuximab + FOLFIRI; (Assumption: patients with KRAS mutation will not receive ICER (g) vs. (f): US$35,539 pro LYS
tecan; Germany: chemotherapy)
cetuximab+FOL [price year 2009]
FIRI) vs. (g) KRAS-testing: combination therapy:
irinotecan (US) USA: cetuximab + irinotecan, Germany: cetuximab + FOLFIRI; patients with KRAS
or FOLFIRI mutation (wild type) receive irinotecan (US) and FOLFIRI (Germany)
(Germany)
Winter, J./Walker, UK/perspecti  Inflammatory Second-line Azathioprine TPMT (a) TMPT-Test: AZA dosing according to genotype/TPMT-activity: homozygote does () vs. (b): £487 (US$776) per LYS (for a 30 yes/yes n.s.
A./Shapiro, D.etal.  ven.s. bowel disease therapy (AZA) vs. not receive AZA, heterozygotes receive a reduced dose AZA year old patient) or £951 (US$1515) per LYS
(2004) [56] (IBD) alternative (for a 60 year old patient)
treatment (b) no TMPT-Test: all patients receive AZA

[price year n.s.’]

Abbreviations: ICER: incremental cost-effectiveness ratio; LYS: life-year saved; LYG: life-year gained; QALY: quality adjusted life years; n.s.: not stated; HSR: hypersensitivity reaction; ADR: adverse drug reaction; THB: Thai Baht; CAD: Canadian Dollars
*As price year, the second year prior to the publication year, was assumed.
** Not calculated by the authors

*** An average exchange rate of these two price years was calculated.
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Objective: The aim of this study was to identify the preferences for whole genome sequencing
(WGS) tests without genetic counseling.

Methods: A discrete choice experiment was conducted where participants chose between
two hypothetical alternatives consisting of the following attributes: test accuracy, test costs,
identified diseases, probability of disease occurrence, and data access. People from the general
German population aged =18 years were eligible to participate in the survey. We estimated
generalized linear mixed effects models, latent class mixed-logit models, and the marginal
willingness to pay.

Results: Three hundred and one participants were included in the final analysis. Overall, the
most favored WGS testing attributes were 95% test accuracy, report of severe hereditary diseases
and 40% probability of disease development, test costs of €1,000, and access to test results
for researchers. Subgroup analysis, however, showed differences in these preferences between
males and females. For example, males preferred reporting of results at a 10% probability of
disease development and females preferred reporting of results at a 40% probability. The test
cost, participant’s educational level, and access to data influenced the willingness to participate
in WGS testing in reality.

Conclusion: The German general population was aware of the importance of genetic research
and preferred to provide their own genetic data for researchers. However, among others, the
reporting of results with a comparatively relatively low probability of disease development at
a level of 40%, and the test accuracy of 95% had a high preference. This shows that the results
and consequences of WGS testing without genetic counseling are hard to assess for individu-
als. Therefore, WGS testing should be supported by qualified genetic counseling, where the
attributes and consequences are explained.

Keywords: whole genome sequencing, discrete choice experiment, genetic testing, preferences,
willingness to pay, latent class model

Introduction

In the past 10 years, significant progress has been achieved in the fields of genomics
and genetics.! The usage of genetic information has steadily increased in medical
research, diagnosis, and therapy. Essential drivers for this development are as follows:
1) technological progress such as next-generation sequencing (NGS) technologies,
2) the reduction in costs of sequencing,’ 3) growth in population and clinical-based
biobanks,’ and 4) the increasing knowledge of genotype—phenotype correlations based
on genome-wide association studies (GWAS).*
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Genetic information is essential for personalized
medicine. This knowledge enables preventive health care
management as well as the administration of personalized
and targeted therapies based on an individual’s genetic char-
acterization.’ The scope of analysis (gene, panel, exome, or
whole genome sequencing [WGS]) and the amount of genetic
data vary with the aim of the investigation. WGS provides an
opportunity to identify almost all disease-causing variants.®
For this reason, WGS seems to be the most appropriate
method for comprehensive predictive analysis.

In recent years, the suitability of WGS as a screening tool
has been discussed, especially in newborn’ or population-
based screening.® Notwithstanding the economic (eg, clinical
utility),’ ethical, and legal debates (eg, information of self-
determination),'’ the detection of rare and/or highly penetrant
diseases before the onset of disease may have considerable
advantages. For example, previous surveys indicated that
early diagnosis of cystic fibrosis'' or Lynch syndrome'? is
beneficial for treatment, and the knowledge of predisposi-
tions to oncological and cardiovascular diseases can be useful
for prevention. Knowledge of a BRCA I/BRCA II mutation
allows the development of a prevention strategy including
regular checkups and mastectomy.!3

Several studies showed that people are interested in
genetic testing.!*!'® They want to take a proactive role in
preventive health care management for themselves as well
as for their family members.!” However, WGS testing aimed
at primary prevention without a suspected disease is gener-
ally not covered by health insurance plans (eg, in Germany).
Genetic analysis distributed via the Internet is a less expen-
sive alternative than the conventional market.'® Such offers
often lack qualified genetic counseling,'® which is essential
for an informed decision regarding WGS testing. Qualified
genetic counseling supports complex decision-making with
regard to the following questions: Do the results affect my
family members? Who has access to my genetic information?
What is the potential for genetic discrimination (eg, in terms
of insurability)? Am I willing to pay for the testing out-oft-
pocket? Do I want to know the probability of developing
all diseases or only the probability of developing treatable
diseases? How sensitive is the test?

For the purpose of identifying relevant attributes of online
WGS testing, we conducted a discrete choice experiment
(DCE) to evaluate the preferences of the general popula-
tion. We investigated the people’s preference estimates
without prior qualified genetic counseling. We analyzed 1)
the preferences of our study population and subgroup effects

(eg, sociographic characteristics, genetic predisposition,
and desire for children), 2) the willingness to pay of these
subgroups, and 3) factors influencing the willingness to take
part in WGS tests.

Methods
DCE

We conducted a DCE to measure the preferences for WGS
testing. A DCE is a de-compositional approach to the mea-
surement of stated preferences. Participants have to choose
between hypothetical alternatives. One alternative consists
of several attributes with varying levels.?’ The attributes are
characteristics of the alternatives that are specified by their
levels for each alternative.

Attributes and levels

First, we conducted a literature search to achieve a compre-
hensive overview of the available attributes of WGS. How-
ever, no literature focusing on preferences for WGS attributes
could be identified. Hence, we adopted relevant attributes
from actual discussions and literature focused on genetic
analysis. The final relevant attributes for the DCE were “test
accuracy”,?' “test cost”,? report of results®* (divided into
“identified diseases” and “probability of occurrence”), and
“access to data”.?® The range of levels was also determined
by specific discussion points or based on the literature on
the subject. Finally, attributes and levels were discussed with
experts. To improve the validity and reliability of each item,
a pretest of the questionnaire was conducted with 11 people.
Table 1 illustrates the attributes and their corresponding lev-
els. The attributes and levels are explained using colloquial
language and icons, and they were adjusted after the pretest.

Data collection and recruitment

People from the German general population aged 218 years
were eligible to participate in the survey. It was an online
survey via Facebook and Xing that was conducted from
June to August 2016, as well as by direct (and random)
approach of passersby with a paper—pencil questionnaire
at the main railway station in the city of Hannover (north-
western Germany). We used a simple random sampling
strategy and did not select participants according to age and
sociodemographic or economic status. We obtained study
approval from the ethics committee of Hannover Medical
School (Re No 3325-20016) prior to the start of the survey.
To take part in the study, participants had to give written
informed consent.
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Table | Overview of attributes with the corresponding levels

Attribute Description in the questionnaire

Level | Level 2 Level 3 Level 4

Accuracy Test accuracy describes the proportion of persons with

(sensitivity) an identified genetic mutation that actually have this
mutation

For example, a level of 90% means that 90 of the 100
people really have the risk to develop a certain disease.

In contrast, in 10 of the 100 people, a disease risk is

identified because of inaccuracy of the test, although they

do not have this risk

You can choose between different tests with different
accuracy values

You can choose about the test results you want to be
informed

You can choose the test results that you want to be

Identified
diseases

informed about. You have the choice between reporting
of all test results, only treatable diseases (preventive and
therapeutic treatments), and serious hereditary diseases
In case of serious hereditary diseases, it is assumed
that these are inherited with a high probability and are
characterized by a serious disease progression
Test costs A WGS is an innovative, diagnostic instrument and
currently associated with high execution costs. You
should decide how much money you are willing to pay
for this comprehensive genetic analysis

Probability of
occurrence

The results of a WGS determine the risk of being
affected by a specific disease. A genetic mutation enables
statements about the probability of developing different
diseases.

You can decide which probability of developing a disease
you want to be informed

Access to data  WGS is associated with a large amount of personal data.

You can decide who can get access to your test results in

addition to you and your treating physician
For example, you can make your genetic data accessible
to researchers and thus contribute to medical research

90%

95%

99%

Serious
hereditary
disease

All diseases Treatable disease

€500 €1,000 €1,500

&

10% 40% 70%

Insurer Researcher Insurer and

PN o

No one else
Ii.'=< (]

researcher

Abbreviation: WGS, whole genome sequencing.

Questionnaire

The final questionnaire consisted of three sections. The first
part was the DCE choice sets. In total, the attributes and levels
resulted in 3*x4'=324 possible combinations (four attributes
with three levels and one attribute with four levels).?’ To gen-
erate feasible choice sets of the DCE, a D-efficient fractional
factorial design (reduced design) was created using the R
statistical program. The best D-efficiency occurred for 18
choice sets. To avoid overstraining of the participants, we
divided the 18 choice sets into two questionnaires (blocking).
Therefore, participants answered nine DCE decisions with
two alternatives (called Test 1 and Test 2) each. Additionally,
we asked whether the participant would carry out the chosen
test in reality (refer the example of the choice in Figure 1).
The second part focused on sociodemographic questions,

such as sex, age, education, occupation, monthly net income,
and insurance company (statutory or private). The third part
included questions about overall health status, prevention
behavior, hereditary diseases, and desire for children.

Data analysis

Following survey completion, we cleaned the data set and
determined descriptive statistics for the variables (median,
standard deviation [SD], and percentages). We tested the
potential independent variables for multicollinearity to reduce
the bias of the results. In the multivariate analyses, we applied
generalized linear mixed-effects models (GLMMs) and latent
class mixed logit models (LCMLMs) to identify systematic
or group differences for the participants’ WGS preferences.
The choice of an alternative between two hypothetical WGS

Pharmacogenomics and Personalized Medicine 2018:1 1
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How much money you are willing to pay for this
comprehensive genetic analysis.

Test 1 Test 2
Test accuracy
How many people are to be identified who
actually have the disease risk? * *

95% 99%

Identified diseases
_Wh'Ch test results you want to be Treatable diseases Serious hereditary diseases
informed?
Test costs

€500

Probability of occurrence
Which probability of developing potential
diseases you want to be informed?

10% 70%

Access to data

Who can get access to your test results in
addition to you and your treating physician?

¥
UmU "

Insurer No one else

Which test would you choose?

[ Test1
[ Test2

Would you carrry out the chosen test under the given condition also in reality?

[ Yes
] No

Figure | Example of a choice set.

Notes: Explanation for the example choice set: The participant could choose between test | and test 2. Test | is characterized by a lower test accuracy (95%), with the
reporting of treatable results at a 10% probability of disease occurrence as well as higher cost (€1,500), and the access for insurer. Test 2 is designed with a higher accuracy
(99%), with the reporting of serious hereditary diseases at a higher probability of disease occurrence (70%) and at lower cost (€500). Furthermore, in test 2, no one else had
access to the test results. The participant has to trade-off between a test accuracy of 95 and 99%, the costs of €1,500 and €500, and so on.

tests (choice) was used as the dependent variable, whereas
the attributes and levels were the independent variables in
all models. In addition, personal characteristics of the par-
ticipants were used as independent variables, mixed effects
(taking into account that personal characteristics influence the
response behavior and therefore including subgroup specific
“baseline” values [random intercept] or slope adjustments
[random slope] for some of the independent variables in
addition to the fixed effects), or class-membership effects (for
LCMLM). We calculated the average marginal willingness to
pay (mWTP) for each attribute by dividing the coefficients
for the other attributes by the coefficient of the cost attribute

(test costs). Therefore, we used the attributes as metric inde-
pendent variables in conditional logit models and conducted
the mWTP analysis separately for the different classes from
the LCMLM analyses. Coefficients of attributes above zero
were favored, and negative coefficients were disfavored. The
95% confidence intervals (CIs) are based on the Krinsky and
Robb?” method.

We calculated the GLMM for participants willing to
participate in reality (potential users) and the full sample
separately, so that any differences between these two groups
could be identified. In the GLMM, we used the set ID
(identification number of the choice set) as a mixed effect to
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inform the model about which of the alternatives formed a
set. Finally, we investigated the factors influencing the will-
ingness to participate in genetic testing in reality. Therefore,
we applied another GLMM based on the variable “real” as a
dependent variable. The random effect used in this model was
the person identifier (PersonID) to enable us to investigate
influencing participants’ characteristics and test character-
istics based on the decision. An overview of used variables
is provided in Table S1.

We tested different independent variables and mixed
effects in the models (Table S2) and chose the model with
the best fit for data based on Akaike and Bayesian informa-
tion criteria. All analyses were conducted with R statistics
3.1.2 and the packages “lme4” (for GLMM), “lemm” (for
LCMLM), and “support.CEs” (for mWTP analyses).

Results

Descriptive statistics

In total, 323 people participated in the study and 301 people
could be included in the DCE analyses. All sample charac-
teristics are provided in Table 2. Twenty-two participants had
to be excluded because of missing data for all DCE tasks or
an age of <18 years. The sample consisted of 69% women,
and the median age was 28 years. The educational level
was higher compared to that of the general population of
Germany,? but the average amount of income was similar.?’
Both facts indicated that the proportion of students was higher
compared to the general population. The majority (56%) of
the participants were in good health.

In a second step, we prepared the data for the multivari-
ate analyses. We found strong correlations between age and
employment status, having children and employment status,
and age and desire to have a child (refer correlation plot in
Figure S1). Therefore, we adapted the models for these cor-
relations due to not using both correlating variables in one
model or due to including interaction effects between the
correlating variables.

Subgroup-specific preferences for WGS
tests

In the LCMLM, we identified two classes that differed in
regard to their preferences for genetic testing (Figure 2 and
Table S3). Class 1 comprised 46.13% (n=137) of the sample.
The only significant differentiator between the people in the
two classes was their sex. The proportion of women was
significantly lower in class 1 than in class 2 (refer the table in
Figure 2). The educational level, health status, and income are

Table 2 Sample description

Variable Occurrence in
the sample
Participants (number) 323
With at least one valid DCE task 301
Sex (% women) 69
Age in years (median, SD) 28 (13.86)
Own children (% having at least one child) 41
Desire to have children (%)
Yes 50
No 39
Unsure I
Highest level of education (%)
No graduation |
Primary school 6
Secondary school 34
High school 24
University 34
Income (%)
No own income (€) 16
<1,000 27
1,000—<2,000 29
2,000—<3,000 17
3,000—<4,000 6
>4,000 4
Participation in screening program (%)
Never 51
Every 10 years 3
Every 5 years 9
Every 2 years 21
1-2 times a year 15
Subjective health status (%)
Very bad 0
Bad 4
Medium 24
Good 56
Very good 16
Hereditary diseases in the family (% yes) 20
Afraid of hereditary diseases (% yes) 21

Note: Median: average.
Abbreviations: DCE, discrete choice experiment; SD, standard deviation.

relevant for the class membership but did not show significant
differences between the classes.

In class 1, a higher proportion of men compared to
the other classes strongly preferred the restricted “access
to data only for themselves” (8, =0.76, reference
level) and disfavored the “access to data for insurer” the
mOSt (B, | sccess m=—0-48, P < 0.001). They also disfavored

any “test costs” where €1,000 had a utility weight of ~0 but
was not significant. Class 1 preferred “serious hereditary

lass 1,access no

diseases identified” and a “10% probability of occurrence”
B 1 ra=0-16, B 1004 0e=0-16, P<0.001) (Figure 2). In
contra’st, class 2 disfavored “10% and 70% probability of
occurrence” but also preferred “serious hereditary diseases

Pharmacogenomics and Personalized Medicine 2018:1 1

submit your manuscript I I

Dove



Plothner et al Dove
u Class 1 (higher proportion of man)
= Class 2 (higher proportion of woman)
0.76
0.80
0.60 0.31* 0.36
28"
0.40 0.01 . 0.23 0
' W, CaL: ' ; . 007 0.14
0.08 0.08* 0.16 [ 0511 0.16 e 0.08
0.20 _ -“ -3 . 1 -
000 - = ] L T 5
_ I 9 ) -0.08* —0.09* . \ -0.04
0.20 | 023 008 -0.25 _0.22* 02 -0.26 —0.2*
-0.40 -0.15* 0.4~ 04
-0.48*
080T T g8 5 s sls RS 55 8%
515 s § 0§ 3 sl ols T g el el 2|3
& b} b} S £
% £l 2| % - 2 £
z o 2 > 14 2
rel ° ° S
% d & o
e 2 8 =
[ 3 5
= 0w
[} =4
g =
[2]
=]
2
53
1]
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occurrence

Access to data

Graph adjusted for further effects: mixture = —Att_TA + Att_DIS + Att_TC + Att_ACC, random = ~seti, subject= “personID”, classmb= ~sex + EDL + INCn + HSn

Class-membership effects

Class 1 (ref = class 2)

Coefficient Standard error P-value
Intercept 1.93 0.94 0.04
Sex (ref = male) -0.64 0.29 0.03
Educational level 0.09 0.14 0.54
Health status -0.28 0.19 0.14
Income —-0.09 0.1 0.40

Figure 2 LCMLM for preferences concerning genetic testing — attribute effects.
Note: *Significant values (P<0.05).

Abbreviations: EDL, educational level; HSn, health status (numeric); INCn, income (numeric); LCMLM, latent class mixed logit model.

identified”. Indeed, the highest preferences occurred for
access to data only for themselves and “for researchers”
(Bjass 2. access ng=0-36, reference level; B o =031,
P<0.001). Class 2 also preferred “access to data only for
insurer and researcher”. Class 2 disfavored “90% and 99%
test accuracy” and showed a significant positive utility for
“€1,000 test costs”.

To conclude, men emphasized the importance of access to
data only for themselves and favored a test with 95% accuracy
also for diseases with a low probability of occurrence. The
class with a higher proportion of women favored instead a
test that identifies serious hereditary diseases, where test costs
on the intermediate level arise, and that enables data access
for themselves or researchers.

In addition, we calculated the mWTP for each attri-
bute, separated for class 1 and class 2 from the LCMLM
(Table 3). The mWTP showed different starting points
for class 1 and class 2 models (intercept ,  : €786.3 and
intercept, : €-1,931.3). From this, it can be concluded

class 2°

that people in class 2 were willing to pay less money for
genetic testing than those in class 1. Furthermore, class
2 was willing to pay on average €740 for an increase of
one unit (90%—95% or 95%—-99%) in test accuracy (CI:
€489.5; €1,218.2) and on average €1,500 (€1,071.5;
€2,435.5) for diseases with higher probability of occur-
rence. In contrast, the mWTP was negative for the iden-
tified diseases (€-303.7 [€-560.2; €-127.1]) and the
access to data (€-383.8 [€-645.3; €-228.7]). Therefore,
people were willing to receive monetary compensation for
identifying only treatable and hereditary diseases. Class
1 was willing to pay on average less for a higher test
accuracy, although the monetary value was still positive
(intercept €786—128=€658 for a change from 90% to
95%). In addition, this class showed negatively associ-
ated mWTP for identified diseases (€-164.6 [€-289.7;
€-45.1]) and the probability of occurrence (€-502.3
[€-707.4; €-356.8]). In contrast, class 1 was willing to
pay ~€723 [€561.2; €967.9] more for less access to data.
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Table 3 Marginal willingness of classes to pay for test attributes

Attribute Levels

Class I: mWTP in € (95% CI)  Class 2: mWTP in € (95% ClI)

Intercept
Test accuracy 90%-99%

All, treatable, hereditary
10%-70%

Insurer, researcher and insurer, researcher,

Identified diseases
Probability of occurrence
Access to data

no one else

786.3 (308.5; 1,233.9)
~127.6 (-258.7; -17.9)
—164.6 (-289.7; —45.1)
—502.3 (-707.4; —356.8)
722.9 (561.2; 967.9)

~1,931.3 (-3,935.2; -905.2)
737.8 (489.5; 1,2182)
~303.7 (-560.2; —127.1)
1,514.5 (1,071.5; 2,435.5)
-383.8 (—645.3; -228.7)

Note: Class I: higher proportion of men; Class 2: higher proportion of women.
Abbreviations: Cl, confidence interval; mWTP, marginal willingness to pay.

Analysis of participation in genetic testing
We estimated GLMMs (full sample, potential users) to
identify the preferences for genetic testing. The most
important attribute level for genetic testing for both sub-
groups was the “identification of severe hereditary diseases”
(Table S4). Therefore, this attribute level is more important
for potential users (8 . =0.88) than for the full sample
(Biuiserais =0-49). However, the most disfavored attribute
level for both subgroups was access to data for insurer
Bratiinsu=—0-81, B oring=—0-64, both P<0.001). It is strik-
ing that for test accuracy, identified diseases, test costs, and
probability of occurrence, the intermediate level gained
the highest utility weight in both subgroups. Although the
preferences were similar between the subgroups, the full
sample preferred “95% test accuracy”, €1,000 test costs,
and “access to data for researchers” more strongly than the
potential user subgroup.

In the last step, we investigated the factors that influenced
the willingness of respondents to participate in genetic test-
ing in reality or if they just preferred the chosen alternative
hypothetically. The GLMM showed that from the attributes,
only test accuracy and access to data were relevant for the
decision (Table 4). All costs reduced the willingness to
participate in genetic testing; however, €500 was the least
disfavored level (f€,,=—0.024). In addition, people were
more willing to participate when the access to data would
be denied to insurers and researchers. In contrast to previous
models, the decision to participate in reality was positively
influenced by access to data for researchers and not “only for
themselves”. Educational level showed a negative association
to the participation in genetic testing. In addition, people who
would participate in screenings if the social or private health
insurance (SHI) subsidized it were more willing to participate
in genetic testing (8, ,=1.86, P<0.001). “Employment
status”, “income”, and “fear of genetic diseases” did not show
significant results, although the direction of the coefficients
was as expected.

Table 4 GLMM fixed-effects results for participation in genetic
testing

Variables Levels Coefficient SE P-value

Test costs  €1,500 -0.261 0.100 0.009
€1,000 -0.237 0.090 0.009
€500 (ref) —-0.024

Probability  10% —-0.089 0.101 0375

of 40% -0.012 0.094 0.897

occurrence  70% (ref) -0.077

Access to Insurer and researcher -0.275 0.118 0.019

data Researcher 0.097 0.106 0.358
Insurer —0.349 0.134 0.009
No one else (ref) —0.024

Educational level —0.693 0.263 0.008

Employment status —0.858 0.541 0.113

Income 0.338 0.226 0.134

Screening utilization: subsidy by SHI 1.857 0.465 0.000

Afraid of genetic diseases 0.975 0.564 0.084

Notes: Intercept coefficient 1.409; SE 1.231; P 0.252 and random intercept
PersonlD variance 9.765; standard deviation 3.125.

Abbreviations: GLMM, generalized linear mixed-effects model; SE, standard error;
SHI, social or private health insurance.

Main findings

The most preferred test for the overall sample was character-
ized by the following aspects: 1) the test accuracy of 95%,
2) report of severe hereditary diseases, 3) the test cost of
€1,000, 4) report of results for diseases with a probability
of occurrence from 40%, and (5) access to genome data for
researcher but not for insurers (Table S4). Except for “access
to genome data”, all intermediate levels achieved the high-
est utility weights in both the full sample and the sample of
potential users (Table S3).

Discussion
In this study, the preferences for WGS testing without quali-
fied genetic counseling were assessed.

The test accuracy of 95%, especially sensitivity in this
case, was the most favored level of this attribute. This may
show that the participants did not understand (or only partly
understood) the underlying concept of test sensitivity and
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false-positive results. We expected that the most preferred
level would be 99% test accuracy. False-positive findings lead
to anxiety and uncertainty for the tested person as well as for
their families.*® This in turn may require an additional diag-
nostic clarification or leads to an increased treatment demand
(eg, psychological counseling). Finally, false-positive results
could cause an unnecessary rising cost for the statutory health
insurance. Otherwise, the participants may understand the
underlying concept but accept the uncertainties to receive
other advantages, eg, lower test costs.

The amount of reported results was also an important
aspect for the decision regarding WGS tests. This aspect is
represented by the probability of occurrence (in this experi-
ment 10%, 40%, or 70%) as well as by the kinds of reported
diseases (all disease dispositions, only treatable [potential]
disorders, or only severe hereditary diseases). The majority of
the participants preferred the reporting of serious hereditary
diseases. “All disease dispositions” were not attributed with
the highest utility score; this may be in accordance with the
aspects of efficiency and evidence. Technological progress
and genetic research enables the detection of a majority of
diverse gene variants. However, many identified genetic varia-
tions are not assigned to phenotypes, or the interaction of the
specific gene variants is actually unknown.?! This may change
in the future because of further genomic research, especially
through GWAS. So far, there are no therapy options for most
of the identified gene variants and diseases. However, the par-
ticipants preferred 40% “probability of disease occurrence”.
This may indicate that the general population cannot assess
the absolute risks for developing a disease without counseling
or the influence on disease development caused by lifestyle
changes (e.g., sports, nutrition), or that prevention measures
may be assessed as a more important and changeable fac-
tor. These preferences could occur because of unawareness
about genetic risk factors of the participants, due to lack
of qualified counseling, or because of their risk aversion.
Another limiting factor could be the three given levels of
the probabilities. Since the participants were forced to prefer
one of the given levels, the range of the outcomes could also
be limited. However, the first explanation is emphasized by
the negative effect of educational level on the willingness to
participate (Table 4).

Cost reduced the willingness to participate in the WGS
testing in reality (Table 4). Accordingly, subsidies by SHI for
WGS testing showed a positive effect on the willingness to
participate in testing. However, €1,000 received the highest
approval in the LCMLM. This may be due to the association
between the rising costs and the quality or the knowledge of

the “$1,000 genome”, which means the often discussed cost
reduction of a WGS to $1,000 in recent years.*> Otherwise,
health care systems with little or no out-of-pocket payments
for prevention measures could influence the importance of
cost attributes for the participants’ decisions. However, the
participants’ income did not influence the class membership
and preferences. In the mWTP analyses, we found that the
willingness to pay in class 2 (higher proportion of women)
was highest for the attribute of probability of disease occur-
rence, whereas the highest mWTP occurred for access to
data in class 1 (higher proportion of men). Furthermore, the
direction of mWTP for several attributes was different for
these two classes. Thus, the mWTP seemed highly dependent
on the examined subgroup. The formation of class 1 (higher
proportion of women) and class 2 (higher proportion of men)
highlights the differences between males and females. While
males preferred restricted access to data only for themselves,
females wanted to make their genetic data accessible to
research. Secrecy of personal data is seemingly very impor-
tant to men, while women may want to contribute to genetic
research. Further differences arose in reporting of results.
Females and males preferred a reporting of results at a 40%
and 10% probability of disease occurrence, respectively. Fear
of a variety of predictive findings (women) or the desire to
know almost all dispositions (men) may be possible explana-
tions for this finding.

In the future, cost reductions will be expected because of
the focus on genetic analyses of specific variants. Currently,
for example, in the case of presumed heredity of breast
cancer, the first-degree-relative risk patients are often tested
only for the specific variant (eg, BRCA I and BRCA 1I).*
Further improvements in WGS testing could contribute to
it becoming the favorable alternative compared to panel or
single gene sequencing.

Potential users as well as the full sample rejected the
access of test results to insurance agencies. Fear of genetic
discrimination, eg, in terms of insurability or direct and/or
indirect risk selection, seems to be particularly substantial.**
However, due to a ban on discrimination and the obligation to
contact, this risk is excluded in the statutory health insurance
in Germany. In other insurance areas (private health insur-
ance, life insurance, and occupational disability insurance),
these data could have a stronger influence on insurability
and insurance premium, which may lead to uncertainty and
anxiety. Despite the strong regulations, anxiety and fear of
data misuse seem to be the sensitive issues. Further research
is needed in these areas. However, the DCE results suggested
that potential users preferred to give researchers access to
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genetic data. Genetic research is a dynamic field, and com-
prehensive genetic databases are the prerequisite for research.
The fear of disease as well as the interest in research and
further medical developments may be essential drivers for
the preferences in this study. Thus, people have the opportu-
nity to contribute to medical research. With regard to large
genome sequencing projects, such as the 100,000 Genomes
Project (UK),* the Saudi Human Genome Program (Saudi
Arabia),’® and the GoNL (the Netherlands),”” the German
population also showed interest. The reporting of test results
could be restricted or completely rejected in qualified WGS
testing, eg, to findings of the ACMG-positive list (Recom-
mendations for Reporting of Incidental Findings in Clinical
Exome and Genome Sequencing).*® Basically, the decision
for or against a WGS test in reality depended on the specific
design (characteristics level) in 53.26% of the cases. While
26% of the participants rejected a WGS test independent of
specific levels, 20.74% of the participants would execute a
WGS test independent of the test characteristics in reality.
The possibilities for using genetic testing results in
diagnosis and therapy have steadily increased. Therefore,
the WGS offers an opportunity to detect a majority of dis-
orders, especially using a predictive approach. However,
in Germany, the costs of genetic analyses for patients at
risk (eg, first-degree relatives of breast cancer patients) are
covered by a variety of health insurance plans, whereas
predictive genetic testing for nonpredisposed people is an
out-of-pocket expense. Therefore, comprehensive genetic
direct-to-consumer (DTC) analysis via the Internet seems
to be a less expensive alternative,'® although DTC options
often lack qualified genetic counseling.!” As we can see
from our survey, not all stated preferences are consistent
with the qualified recommendations. Therefore, our study
results emphasize the importance of genetic counseling. In
Germany, human genetic counseling for predictive analysis
is obligatory in accordance with the § 10 German Act of
Gene Diagnostics (GenDG). Two main results underline the
claim for genetic counseling: 1) the chosen test accuracy of
95% and the associated higher risk of false-positive results
(in contrast to a test accuracy of 99%) and 2) the selected
probability of disease occurrence at a level of 40% for the
reporting of results. For a majority of disease dispositions,
there are no treatment options at the moment. Therefore,
people may be confronted with information on a large num-
ber of potential diseases, which will lead to anxiety. Genetic
counseling may help to understand what penetrance really
means and which consequences of a finding with a prob-
ability of 40% occurrence will arise. However, a possible

explanation for these preferences might be that people assume
that their doctors will receive the WGS test results and help
them to understand and interpret their results. The attribute
access to data is characterized by the possibility of access
to the genetic information by the treating physician. Due
to medical secrecy, we excluded the risk and the anxiety of
data misuse. A person can decide if they want to share these
genetic results with the treating physician, which would be
beneficial for understanding. Prior genetic consultations may
have an influence on the general decision for the execution
and the scope of reporting of the results. However, in the pres-
ent study, we excluded such a prior consultation to explore
the preferences without a qualified genetic counseling (which
is partially lacking in a genetic DTC analysis).

One limitation of this experiment is the hypothetical
character. The revealed preferences may lead to another
distribution of utility weights. Furthermore, the importance
of test specificity was neglected. The difference between
sensitivity and specificity is difficult for the general popula-
tion to understand, and therefore, we focused on test sensi-
tivity in the DCE. The representativeness of the sample is
also limited. The sample of a primarily online acquisition is
mainly characterized by younger and Internet-savvy people.
However, we assumed that the topic is most relevant for this
group. In the direct approach, we only recruited a small
number of participants (n<10), so we could exclude a selec-
tion bias. Although we included the relevant test attributes
and important sociodemographic characteristics of the study
population, further factors (eg, risk aversion) could influence
the preferences. The calculations of mWTP should be consid-
ered with caution. We treated the level differences as linear,
although this is not intuitive. For example, we assumed that
the difference from 90% test accuracy to 95% had the same
effect as a change from 95% to 99% in mWTP. However, we
needed to assume linear effects for calculating the average
willingness to pay and show differences between the classes.
At the time of our study, there was a lack of literature describ-
ing the levels used for the attributes. Therefore, we considered
the available literature and current discussion to derive the
characteristics of the attributes. These data were discussed
and approved by experts. Having a published qualitative
study available would have led to a higher objectification of
attribute and level selection. However, due to the short dura-
tion of the study, we had to forgo this possibility. In order to
assess the relevance of the test conditions for nontest-savvy
participants, an integration of an opt-out option was omit-
ted. The study can be considered a feasibility study based on
the number of participants. To extrapolate the results to the
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whole country, the number of participants needs to be larger
and nationally representative.

This study reports on the interest and preferences for
WGS testing among Germans. Our study sample from the
general population of Germany was aware of the importance
of WGS results, and they preferred to make their data acces-
sible for researchers but not for insurers because of possible
discrimination. A positive attitude toward population-wide
screening projects could therefore be assumed if data privacy
is assured and the costs do not exceed €1,000. In general,
the decision for or against a WGS is complex and could have
far-reaching consequences. Hence, this decision should be a
result of an informed consent process, where the attributes
and consequences of a WGS are clarified.
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Supplementary materials

Table S1 Overview of used variables

Topics Variable Meaning Explanation Characteristics Type
Questionnaire
8 Set
?‘é Seti Questionnaire combined with set
S Alternative |
& 2
% Choice 0: no
8 I:yes
[a} Realn Real decision (numeric) Would you also choose the chosen  0: no Numeric
alternative in reality? I:yes
Ate_TA Test accuracy Test accuracy 1: 90%
2:95%
3:99%
Att_DIS Identified diseases Test results 3:all
2: treatable diseases
|: serious hereditary disease
P Att_TC Test costs Test costs 3: €1,500
E 2: €1,000
S 1: €500
< Att_PROB Probability of occurrence Probability of occurrence of 1: 10%
disease 2: 40%
3:70%
Access to data Access to data 4: insurer and researcher
Att_ACC 3: researcher
2: insurer
I: no one else
PersonlD Person identifier
Sex Sex I: male Binary
2: female
Age Age Numeric
EDL EDL Highest level of education 0: no graduation Numeric
:SJ I: primary school
=8 2: secondary school
_S 3: high school
'§- 4: university
2 ES ES 0: nonemployed Numeric
g I:in training/student
3 2: employed/self-employed
é INCn INCn 0: no own income Numeric
1: <€1,000
2: €1,000-<€2,000
3: €2,000-<€3,000
4: €3,000-<€4,000
5: *€4,000
SHI Insurance |: statutory Binary
2: private
g %" PSC PSC program I: 1-2 times the year Numeric
g § 2: every 2 years
5 8 3: every 5 years
2% 4: every 10 years
'_E _§ 5: never
§ 8  PSChin PSC program at full-cost 0: no Numeric
I3 coverage by health insurance I:yes
PSCshare_r PSC if health insurance pays Recoded variable if Kostzu =I or 0: no Binary
a share Kostal =| then Kostzu_r =1 I:yes
(Continued)
18 submit your manuscript Pharmacogenomics and Personalized Medicine 2018:1 1

Dove



Dove Preferences for whole genome sequencing tests

Table S1 (Continued)

Topics Variable Meaning Explanation Characteristics Type
PSCsharen PSC if health insurance pays a 0: no Numeric
share (numeric) I: yes
PSCpocketn PSC on own payment 0: no Numeric
(numeric) I:yes
HSn Subjective HSn I: very bad Numeric
2: bad
3: medium
4: good
5: very good
8 FHD Known FHD 0: no Binary
§ I: yes
g FHDfree Open questions to hereditary Free text Free text
s diseases in the family
g CHin CHin 0: no Binary
o I: yes
f; DCHin DCHlin 0: no Numeric
f I: | do not know
2: yes
AFHD AFHD 0: no Numeric
I:yes
AFHDfree Fear of which hereditary Free text Free text

disease

Abbreviations: AFHD, afraid of hereditary disease; CHIn, children (numeric); DCHIn, desire to have children (numeric); FHD, family hereditary disease; EDL, educational
level; ES, employment status; HSn, health status (numeric); INCn, income (numeric); PSC, participation in screening; SHI, social or private health insurance.

Table S2 Overview of included independent variables used in GLMM and LCMLM

Model Dependent Independent variables Mixed effects Lean model
variable tested
GLMM (for both  Choice Att_TA + Att_DIS + Ate_TC + PersonlD, serial, Set, Seti, age, Wahl ~ Att_TA + Att_DIS +
participants and Att_PROB + Att_ACC, ES x EDL, KF, sex, EDL, ES Att_TC + Att_PROB + Att_ACC
full-sample) AFHD, CHI, DCHI, SE, HSn, PSC + ES X EDL + (1|Seti)
LCMLM Choice Att_TA + Ate_DIS + Att_TC + Ate_ PersonID, Att_TA + Att_DIS Wahl ~ Att_TA + Att_DIS +
PROB + Att_ACC + Att_TC + Att_PROB + Att_TC + Att_PROB + Att_ACC,

Att_ACC, classmb: age, sex, SHI,
ES, EDL, INCn, HSn, PSC, KF,
AFHD, CHI, DCHI, Kostzu_r,

random = ~ Seti, subject =
“PersonID”, mixture = ~ Att_TA
+ Att_DIS + Att_TC + Att_PROB

EDL x HSn + Att_ACC, classmb = ~ sex +
EDL + INCn + HSn, ng =2, data =
Daten, link = “linear”
GLMM real Real Datentn$Att_TA + Datentn$Att_DIS  PersonlD Datentn$sex + Real ~ Att_TC + Att_PROB +
+ Datentn$Att_TC + Datentn$Att_ Datentn$age, +PSCpocketn + Att_ACC + EDL + ES + INCn +
PROB + Datentn$Att_ACC SHI, EDL+ES + INCn + PSC + Kostzu_r + AFHD (I |PersonID)

Kostzu_r + Khf + CHIn + HSn +
DCHiIn + PSC, AFHD

Abbreviations: AFHD, afraid of hereditary disease; CHI, children; CHIn, CHI (numeric); DCHIn, desire to have children; DCHIn, DCHI (numeric); EDL, educational
level; ES, employment status; GLMM, generalized linear mixed-effects model; HSn, health status (numeric); INCn, income (numeric); KL, known familar hereditary diseases;

LCMLM, latent class mixed logit model; PSC, participation in screening; SHI, social or private health insurance.
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Table S3 Latent class mixed logit model results — attribute effects

Attributes and levels Class | (higher proportion of men) Class 2 (higher proportion of woman)
P coefficient SE P-value P coefficient SE P-value

Test accuracy
90% -0.002 0.04244 0.962 -0.234 0.03229 0.000
95% 0.079 0.035%96 0.027 0.015 0.03102 0.634
99% (ref) -0.081 -0.248

Identified diseases
All diseases 0.082 0.0405 0.043 0.137 0.03581 0.000
Treatable diseases -0.078 0.03621 0.030 -0.088 0.03373 0.009
Serious hereditary disease (ref) 0.160 0.225

Test costs
€1,500 -0.216 0.03467 0.000 —0.151 0.03073 0.000
€1,000 -0.016 0.03283 0.620 0.108 0.03043 0.000
€500 (ref) -0.200 -0.259

Probability of occurrence
10% 0.158 0.03623 0.000 —0.398 0.0341 0.000
40% 0.075 0.03431 0.029 0.007 0.03158 0.834
70% (ref) 0.083 —0.404

Access to data
Insurer and researcher -0.200 0.04125 0.000 0.142 0.03933 0.000
Researcher 0.282 0.03912 0.000 0314 0.03644 0.000
Insurer -0.478 0.04563 0.000 —0.043 0.03765 0.258
No one else (ref) 0.760 0.357

Intercept

0 NA NA —0.01679 0.0276 0.54311

Notes: Adjusted for class-membership effects, sex, educational level, and income; subject, “PersonlD”.
Abbreviations: SE, standard error; NA, not applicable.

Table S4 Results from the generalized linear mixed-effects model

Topics Variables Levels Full sample Potential users
p coefficient ~ SE P-value  f coefficient SE P-value
Test 90% -0.330 0.050 0.000 —-0.251 0.072  0.000
accuracy 95% 0.120 0.051 0.020 0.028 0.075 0.709
99% (ref) -0.450 —0.279
Identified All diseases 0.228 0.049 0.000 0.496 0.071 0.000
diseases Treatable diseases —0.259 0.050 0.000 —0.386 0.073 0.000
Serious hereditary disease (ref) 0.487 0.882
" Test costs €1,500 -0.515 0.051 0.000 -0.497 0.073 0.000
% €1,000 0.067 0.046 0.148 -0.013 0.067  0.842
B €500 (ref) -0.582 -0.483
< Probability of 10% -0.411 0.051 0.000 -0.373 0.073 0.000
occurrence 40% 0.100 0.050 0.043 0.092 0.072 0.199
70% (ref) -0.511 —0.466
Access to Insurer and researcher —0.011 0.062 0.860 —-0.033 0.089 0.709
data Researcher 0.755 0.065 0.000 0.554 0.092 0.000
Insurer -0.812 0.067 0.000 —0.636 0.102 0.000
No one else (ref) 0.046 0.049
P Employment 0.000 0.131 1.000 —0.007 0342 0983
8 (§ s Educational level 0.000 0.076 1.000 —0.006 0.194 0975
< &8 Employment X educational level 0.000 0.045 1.000 0.106  0.981
Intercept 0.007 0.258 0.978 0.020 0.654 0975
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Figure S| Correlation plot of independent variables.

Notes: The significance level was a P-value of 0.05. X: not significant correlations. Dark blue indicates highly positive correlations. Dark red indicates highly negative
correlations. Larger circles indicate higher correlations. PSCshare_r, PSC if health insurance pays a share.

Abbreviations: AFHD, afraid of hereditary disease; CHIn, children (numeric); DCHIn, desire to have children (numeric); EDL, educational level; ES, employment status;
FHD, family hereditary disease; HSn, health status (numeric); INCn, income (numeric); PSC, participation in screening; SHI, social or private health insurance.
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Zusammenfassung

Hintergrund: Sowohl die Einsatzmoglichkeiten von genetischer Diagnostik als auch das Interes-
se der Bevolkerung an pradiktiven genetischen Analysen wird immer grofier. Genetische Bera-
tungen stellen einen obligaten Bestandteil im qualitdtsgesicherten Versorgungsprozess dar, um
eine informierte Einwilligung in Bezug auf die Durchfiihrung, Chancen und Risiken als auch die

Ergebnisinterpretation gewahrleisten zu konnen.

Ziel der Arbeit: Die Analyse der aktuell verfligbaren Beratungskapazititen wurde im Kontext
pradiktiver Analysen, fiir die zwei genetische Beratungen gesetzlich verpflichtend sind, evalu-

iert.

Methoden: Basierend auf Daten der Bundesarztekammer von 2015 wurde eine Kapazitidtsana-
lyse der aktuell verfligbaren Beratungskapazititen durchgefiihrt. Kapazitdatsveranderungen
durch unterschiedliche Anteile des Beratungsaufwandes an der Arbeitszeit im ambulanten und
stationdren Setting als auch Differenzierungen des Beratungsaufwandes pro Fall, wurden mit

Hilfe von Sensitivitdtsanalysen simuliert.

Ergebnisse und Diskussion: Die Kapazititsanalyse ergab mit einem mittleren Beratungsum-
fang von 105 Minuten je Analyse eine jahrlich moégliche Fallzahl von 143.520 pradiktiv-
genetischen Analysen. In 2015 kdénnten ca. 19 % der Neugeborenen und 0,17% der deutschen
Bevolkerung unter der Restriktion der begrenzten Beratungskapazititen einer pradiktiv-
genetischen Analyse unterzogen werden. Faktoren, wie die Ausweitung der Einsatzmoglichkei-
ten und die Kostensenkungen von genetischen Analysen werden perspektivisch die Attraktivitat
von pradiktiven Genanalysen steigern. Dieser steigenden Nachfrage steht jedoch eine kleine
Anzahl von Humangenetikern gegeniiber. Strukturelle Anpassungen sind somit zukiinftig not-

wendig um einem potentiell drohenden Engpass entgegen zu wirken.

Schliisselworter: Genetische Beratung; Kapazitatsanalyse; Pradiktion; Humangenetiker; Gene-
tischer Berater; Genetische Diagnostik



Abstract

Background: The application possibilities of genetic diagnostic as well as the interest of the
population in predictive genetic analyzes are steadily increasing. Genetic counselling is in a qual-
ity-assured care process obligatory. Thus, an informed consent regarding to opportunities, risks

and interpretation of results can be ensured.

Aim: An evaluation of the currently available counseling capacities in the context of predictive

genetic analyzes, for which two genetic counseling sessions are legally compulsory.

Methods: Based on data from the German Medical Association in 2015, a capacity analysis of the
currently available consulting capacities was conducted. Capacity changes due to different pro-
portions for counselling on working time in in- and outpatient care as well as differences in

counselling time per case were simulated by sensitivity analysis.

Findings and Discussion: The capacity analysis resulted in a possible yearly case number of
143,520 for predictive genetic analysis by an average consultation time of 105 minutes per anal-
ysis. In 2015 approximately 19 % of all newborns and only 0.17 % of the general German popu-
lation could be undergo a predictive genetic analysis under the restriction of limited counseling
capacities. Aspects, such as the extension of application possibilities and cost reductions of ge-
netic analysis will lead to an increasing attractiveness of predictive genetic analysis in future.
This growing demand for genetic analysis is being countered by a small number of human ge-

neticists. Structural adaptations will be necessary to counteract the potential bottleneck.

Keywords: Genetic counselling; capacity analyses; prediction; human genetic expert; genetic
counsellor; genetic diagnostics



Hintergrund
Genetische Diagnostik kann als das zentrale Werkzeug der zukiinftigen medizinischen Versor-

gung angesehen werden. Der medizinisch technische Fortschritt und die stetigen Wissens- und
Erkenntniszugewinne fiihren nicht nur zu einer Ausweitung der Applikationsgebiete sondern
auch zu stetig wachsenden Moglichkeiten in den Bereichen von Therapie und Pravention [1]. Die
derzeitigen Moglichkeiten sind bereits mannigfaltig und reichen von der diagnostischen Abkla-
rung auf molekulargenetischer Basis (z.B. seltene Erkrankungen oder Spezifikation bzw. Klassi-
fikation einer onkologischen Erkrankung) [2, 3] iber Wirksamkeitstests im Vorfeld einer Medi-
kamentenapplikation (z.B. mit dem Ziel der Reduktion von unerwiinschten Nebenwirkungen
oder zur Bestimmung der Ansprechrate auf spezifische Chemotherapeutika etc.)[4] bis hin zu
pradiktiven Analysen (z.B. Abkldrung von hereditdren Mutationen beim Neugeborenen und in
pranatalen Untersuchungen oder pradiktiven Analysen zur Identifikation von Erkrankungsdis-
positionen) [5-7]. Vermehrte Bestrebungen konnten bereits auch im Bereich der Gentherapie
verzeichnet werden. 2014 erfolgte bspw. erstmals die Zulassung eines gentherapeutischen Me-
dikaments im Bereich der Ophthalmologie zur Behandlung eines angeborenen Lipoproteinlipa-

se-Defizits [8].

Die Integration bzw. Anwendung dieser genotyp-basierten Applikationsmoglichkeiten erfordert
in der klinischen Versorgung sowohl die Berticksichtigung von rechtlichen, ethischen und 6ko-
nomischen Aspekten als auch die Bereitstellung diverser organisatorischer Strukturen und Ka-
pazitaten [9]. Im Jahr 2010 wurde das deutsche Gendiagnostikgesetz (GenDG) erlassen und re-
gelt seither u.a. die genetischen Untersuchungen zu medizinischen Zwecken. Regelungsgegen-
stande sind hierbei bspw. neben dem Arztvorbehalt (§ 7 GenDG), der Aufklarung (§ 9 GenDG),
der Verwendung und Vernichtung genetischer Proben (§ 13 GenDG) auch die Erfordernisse,
welche an eine genetische Beratung (§ 10 GenDG) gestellt werden. Die genetische Beratung soll
fiir den ,Patienten bzw. Durchfiihrenden die Méglichkeit schaffen {iber Risiken, das Durchfiih-
rungsprozedere und die potentiellen Ergebnisse und daraus resultierenden Folgen sowohl fiir
die eigene Person als auch fiir die Familienmitglieder aufgeklart zu werden [10, 11]. Eine unzu-
reichende Aufklarung und Beratung kann zu erheblichen Folgen fiir die Ratsuchenden fiihren. Es
besteht die Gefahr, dass die Sequenzierten zu sogenannten ,gesunden Kranken“ werden und
durch Verangstigung oder Furcht negative Lebensqualititseffekte bedingt werden [12, 13]. Zu-
dem stellt die humangenetische Beratung ein essentielles Instrument dar, um den Interessierten
eine informierte Einwilligung in Bezug auf die Durchfiihrung, Chancen, Risiken und Auswirkun-

gen zu ermoglichen [14, 9].



Die humangenetische Beratung vor und nach der Durchfithrung einer genetischen Analyse wur-
de somit zum obligaten Bestandteil einer qualititsgesicherten Versorgungspraxis. Nicht nur
durch die steigende Anzahl der genetischen Analysen in einer Vielzahl von Indikationsgebieten
[15], sondern auch durch die Zunahme der Komplexitit der Beratungen [16-18] aufgrund der
nicht-intendierten Befunde kdnnte es zukiinftig zu strukturellen Engpassen in der Versorgung

kommen.

Mit Hilfe dieser Analyse soll veranschaulicht werden, fiir welche Anzahl an genetischen Beratun-
gen im Rahmen von pradiktiven indikationsunabhdngigen Analysen die aktuell im deutschen

Setting vorherrschenden humangenetischen Strukturen ausgelegt sind.

Humangenetische Beratung nach § 10 GenDG
§ 10 GenDG stellt die Regelungsgrundlage der humangenetischen Beratung dar. Dabei werden

vom Gesetzgeber die notwendigen fachlichen Anforderungen nach Analyseart bzw. Untersu-
chungsintention unterschieden. Wahrend genetische Analysen zur diagnostischen Abklarung
von Arzten ohne humangenetische Fachausbildung initiiert werden diirfen und die genetische
Beratung als fakultatives Angebot zu verstehen ist, bediirfen pradiktive genetische Analysen
einer Veranlassung von Arzten mit entsprechender humangenetischer Qualifikation. Eine hu-
mangenetische Beratung ist somit vor- und nach einer genetischen Analyse auf Grundlage des §
10 Abs. 2 GenDG notwendig. Nach dieser gesetzlichen Grundlage ergeben sich somit folgende
Anwendungs- bzw. Regelungsbereiche, bei welchen eine humangenetische Beratung mittels
eines Facharztes flir Humangenetik notwendig werden: (1) Abklarung von erblich-bedingten
Erkrankungen (monogene Erkrankungen)- (1a) indikationsspezifische und (1b) indikationsun-
abhdngige Analysen (z.B. genetisches Neugeborenenscreening), (2) Pradiktive indikationsspezi-
fische Analysen (z.B. onkologische und kardiovaskuldre Dispositionen) und (3) vorgeburtliche
Untersuchungen. Im Anschluss an eine genetische Analyse ist eine abschliefdende Ergebnisbeur-
teilung mit genetischer Beratung, vor allem im pradiktiven Kontext, ein obligater Bestandteil des

genetischen Diagnostikprozesses.

Aktuelle verfiigbare Beratungskapazitiaten
Basierend auf Daten der Bundesarztekammer gab es im Jahr 2015 208 berufstatige Humangene-

tiker, wobei 135 im ambulanten und 88 von diesen im stationdren Setting tatig waren. Weitere
18 waren bspw. in Behdrden, Kérperschaften oder sonstigen Bereichen tatig [19]. Fiir die Be-
rechnung der aktuell verfligharen humangenetischen Beratungskapazititen werden diese 18
Humangenetiker aufgrund einer angenommenen fehlenden direkten Versorgungsrelevanz aus
der Kalkulation exkludiert. Der prozentuale Anteil humangenetischer Beratungen an der Ar-

beitszeit eines Humangenetikers divergiert zwischen dem stationdren und ambulanten Setting.
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Es wird die Annahme getroffen, dass im stationdren Setting, aufgrund bspw. labortechnischer
Arbeiten, Forschung und Lehre, weniger zeitliche Ressourcen fiir humangenetische Beratungen
im Vergleich zur ambulanten Versorgung zur Verfiigung stehen. Fiir die Basis-Kalkulation wird
deshalb im stationdren Setting von einem Beratungsanteil von 40% an der Gesamtarbeitszeit
ausgegangen und im ambulanten Setting von 80%. Diese Beratungskapazitdten werden mittels
Sensitivitdtsanalysen in 10 %-Schritten variiert, sodass im ambulanten Setting auch Aussagen zu
geringeren und im stationdren Setting zu hoheren Beratungskapazititen getroffen werden kon-
nen. Zudem wird eine Arbeitszeit von 42 h/Woche entsprechend des Tarifvertrages fiir Arzte
des Bundeslandes Niedersachsen [20] und eine Anzahl von 46 Arbeitswochen/Jahr angenom-
men. Fiir eine Beratung vor als auch nach der genetischen Untersuchung sind Expertenschat-
zungen zufolge jeweils 45-60 Minuten notwendig [21]. Im Mittel ergibt sich somit ein Bera-
tungsaufwand von 105 Minuten bzw. 1,75 Stunden fiir die beiden obligatorischen humangeneti-
schen Beratungen im Rahmen einer pradiktiven Analyse. Fiir eine retrospektive Bedarfsanalyse
von notwendigen Kapazititen fiir humangenetische Beratungen werden als Referenz fiir Ver-
gleiche zum einen (1) die Geburtenzahlen des Jahres 2015 und zum anderen (2) die Bevdlke-
rungsanzahl des Jahres 2015 auf Basis des Statistischen Bundesamtes herangezogen [22]. Somit
kann eine Aussage dazu getroffen werden, wie viele der 737.575 Neugeborenen im Hinblick auf
die aktuell verfligbaren Beratungskapazititen einer breiten indikationsunabhingigen geneti-
schen Analyse unterzogen werden kénnen oder fiir welchen prozentualen Anteil der deutschen
Bevolkerung (82,18 Millionen Menschen) humangenetische pradiktive Analysen im Hinblick auf

die zwei obligaten Beratungen verfiigbar gewesen wéren.

Aktuell verfiigbare Kapazitaten fiir humangenetische Beratungen
Die Tabelle 1 stellt die Kapazititsanalyse in der Basis-Kalkulation dar. Bei einer Arbeitszeitauf-

wendung von 80% im ambulanten und 40% im stationdren Setting fiir humangenetische Bera-
tungen ergeben sich insgesamt 251.160 Beratungsstunden pro Jahr. Bei einem mittleren Bera-
tungsaufwand von 105 Minuten bzw. 1,75 Stunden pro Fall ergibt sich eine jahrliche Kapazitit

von 143.520 fiir genetische pradiktive Analysen.

[Tabelle 1]

Wird diese Kapazitatsbeschrankung bei der gegebenen Basis-Kalkulation in das Verhaltnis zur
Anzahl der Neugeborenen gesetzt, bedeutet dies, dass ca. 19% der Neugeborenen einer umfas-
senden pradiktiven genetischen Analyse unterzogen werden kénnen bzw. deren Eltern der ver-
pflichtende Beratungsumfang zur Verfiigung steht. Bezogen auf die deutsche Gesamtbevdlke-
rung konnen jahrlich unter gegebenen Bedingungen lediglich ca. 0,17 % der Bevolkerung eine

pradiktive genomweite Analyse unter der Restriktion bzw. Voraussetzung einer mittleren Bera-



tungsdauer sowohl fiir die pra- als auch fiir die postanalytische humangenetische Beratung
durchfiihren lassen. Eine Fallzahlanpassung unter Variation der Beratungsdauer wird in der in
Figur 1 dargestellten Sensitivitdtsanalyse simuliert. Eine Reduktion auf die untere Beratungs-
dauer (90 Minuten bzw. 1,5 Stunden) fiihrt zu einer Kapazitatserweiterung um ca. 16,6% auf
167.440 genetische Analysen pro Jahr. Im Gegensatz hierzu fithren umfangreichere Beratungen
(120 Minuten bzw. 2 Stunden) zu einer Reduktion der beratungsbedingten Durchfiithrungskapa-
zitdten um etwa 12,5% auf 125.580 jahrliche Falle.

[Abbildung 1]

Diskussion

Die vorliegende Analyse zur Bedarfsermittlung der Kapazitdten fiir humangenetische Beratun-
gen verdeutlicht allein am Beispiel des Neugeborenenscreenings ein potentiell drohendes struk-

turelles Defizit in der humangenetischen Versorgung.

In diesem Bereich trifft eine der zahlenmafiig kleinsten Facharztgruppen auf einen Versor-
gungsbereich, welcher zukiinftig die Ausgangsbasis fiir eine Vielzahl von praventiven und thera-
peutischen Entscheidungen darstellen kénnte und somit mit einem stetig wachsenden Bedarf an

genetischen Beratungen einhergeht [23, 24].

Um dem Mangel an Fachirzten fiir Humangenetik und Arzten mit der Zusatzbezeichnung Medi-
zinische Genetik entgegenzuwirken, veranlasste im Jahr 2011 die Gendiagnostik-Kommission
(GEKO), die ,Qualifikation zur fachgebundenen genetischen Beratung“. Die GEKO ist eine inter-
disziplindre und unabhdngige, beim Robert-Koch-Institut angesiedelte Kommission und nach §
23 des GenDG fiir die Erarbeitung der Ausfithrungsbestimmungen des GenDG zustindig. Seither
bediirfen genetische Beratungen einer arztlichen Person, welche sowohl die Voraussetzungen
des § 7 Abs. 1 und 3 GenDG als auch der GEKO-Richtlinie erfiillt. Die fachgebundene genetische
Beratung richtet sich an Fachdrzte des jeweiligen Indikationsgebietes. Eine Ausbildung betragt
72 Stunden und umfasst dabei einen Basisteil (genetische Grundlagen, methodische Aspekte,

Risikoermittlung), psychosoziale und ethische Aspekte als auch des fachspezifische Inhalte [25].

Durch diese Mafnahme konnen die Kapazitdten an arztliche-genetischer Beratung zwar indika-
tionsspezifisch erweitert werden, jedoch bleibt die Frage nach der Sicherstellung der geneti-
schen Beratung im Falle von indikationsunabhdngigen Anwendungsgebieten und somit ohne
eine spezifische Fragestellung, wie bspw. im Falle eines genomweiten genetischen Neugebore-

nenscreenings.

Unabhadngig von der Erweiterung des Kreises der zur Durchfiihrung einer genetischen Beratung

Befugten, muss die durch das pradiktive Potential gestiegene Komplexitit der Beratung [26]
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Beriicksichtigung finden. Spezifische genetische Analysen gehen mit einem deutlichen geringe-
ren Beratungsaufwand einher, da sich diese entweder auf Einzelgenanalysen beschranken [27]
oder Filter bei umfangreicheren Analysen weitere von der Fragestellung unabhingige Befunde,
sogenannte Zufallsbefunde [28], ausselektieren [29]. Hingegen werden bei indikationsunabhan-
gigen Analysen oder Analysen, welche sich auf eine bis dato unbekannte Ursache richten, um-
fangreichere Analysen, wie bspw. die Sequenzierung des Exoms oder des Genoms durchgefiihrt.
Diese weisen eine grofiere ,Sequenzierungstiefe* auf und besitzen somit ein deutlich gréfieres
Potential pradiktive Befunde zu generieren. Die Interpretation dieser Befunde bedarf einer um-
fangreichen Berticksichtigung diverser Faktoren. Nach dem derzeitigen Wissenstand existieren
nur wenige Mutationen bzw. genetische Variationen, wie bspw. Chorea Hungtington [30], bei
welchen mit einer Wahrscheinlichkeit von 100% eine Erkrankungsmanifestation vorausgesagt
werden kann. Interaktionen zwischen den einzelnen Mutationen bzw. Genen (Kompensation
oder Verstarkung der Funktion) [31-33], wenig bekannte Einflussfaktoren fiir die phanotypi-
sche Krankheitsausbildung [34], die Berticksichtigung der Sensitivitits- und Spezifititswerte

[35] etc. sind nur einige Aspekte, welche die Interpretation der Analyseergebnisse erschweren.

Im Jahr 2013 haben laut der GfH 15 Teilnehmer die Qualifikationsmafdnahme zur fachgebunde-
nen genetischen Beratung erfolgreich abgeschlossen [36]. Die Ausweitung des zur genetischen
Beratung befugten Personenkreises stellt einen wichtigen Schritt zur Sicherstellung einer quali-
tatsgesicherten humangenetischen Versorgung dar. Inwieweit diese Ausweitung der durch den
Trend der personalisierten und individualisierten Medizin gestiegenen Nachfrage nach geneti-
schen Beratungen gerecht werden kann, ist unter diversen Gesichtspunkten zu betrachten. Das
Kalkulationsbeispiel betrachtete die genomweite Analyse von Neugeborenen und bereits bei
einem Sequenzierungsanteil von lediglich 10% aller Neugeborenen in 2015, erreichen die aktu-
ellen Kapazitaten ihre Grenzen. Diverse Studien belegen das Interesse der Bevolkerung an gene-
tischen Analysen [37, 38]. Die Detektion bzw. der Ausschluss von genetischen familidren Dispo-
sitionen steht hierbei im primaren Fokus. Zum aktuellen Zeitpunkt iibernehmen bspw. bereits
eine Vielzahl an Krankenkassen nicht nur die Genanalysen zur Detektion von BRCA I und BRCA
II bei familidren Mamma- und Ovarialkarzinomen sondern auch weiterfithrende Mafdnahmen,
wie Mastektomie und Mamma-Rekonstruktionen [39]. Hierbei handelt es sich um familienan-
amnetisch-induzierte Einzelgenanalysen, welche hinsichtlich der Beratung dem Regelungsbe-
reich der fachgebundenen humangenetischen Analyse/Beratung unterliegen. Einigen Studien
zufolge wachst allerdings auch das Interesse an genomweiten Analysen, wie Exom- und Ge-
nomsequenzierungen [39, 40]. Da bei diesen kein konkreter Indikationsbezug vorherrscht un-
terliegen diese Analysen im pradiktiven Kontext genetischen Beratungen von Facharzten fiir

Humangenetik.



Die erhebliche Relevanz qualifizierter genetischer Beratungen bleibt unumstritten. Eine umfas-
sende genetische Beratung hinsichtlich der Chancen und Risiken im Vorfeld als auch der qualifi-
zierten Ergebnisinterpretation im Nachgang einer genetischen Analyse ist fiir den Interessier-
ten/Sequenzierten und dessen Angehorigen essentiell. Den Interessierten wird somit eine in-
formierte Einwilligung ermdglicht und versetzt diesen sogleich in die Lage die Konsequenzen
einer genetischen Analysen abschitzen und die Aussagekraft probabilitischer Befunde in den

Erkrankungskontext einordnen zu kénnen [9].

Lander, in welchen genetische Analysen zum aktuellen Zeitpunkt einen gréfieren Verbreitungs-
grad in der medizinischen Versorgung besitzen, konnen als Organisations- und Strukturver-
gleich herangezogen werden. Im Falle von potentiell notwendigen Kapazitdtsausweitungen, auf-
grund des steigenden Beratungsbedarfs, konnen Strukturverdnderungen nach internationalen
Vorbildern durchgefiihrt bzw. angepasst werden. Im Hinblick auf genetische Beratungen haben
viele Lander innerhalb (z.B. Belgien, Ddnemark, Finnland, Frankreich, Grof3britannien, Island,
[talien, Niederlande, Norwegen, Portugal, Rumanien, Slowenien, Spanien, Schweden, Schweiz,
Tiirkei, Zypern) als auch aufderhalb Europas (Australien, Kanada, Neuseeland, Siidafrika, USA,
Chile, Kuba, Saudi-Arabien, Israel, Japan, Taiwan) genetische Berater als anerkannten Ausbil-
dungsberuf implementiert. In Deutschland und einigen anderen wenigen Lindern (z.B. China,
Indien, Ungarn, Brasilien) ist dies allerdings kein anerkannter Ausbildungsberuf [41] und die
genetische Beratung unterliegt dem Arztvorbehalt (§ 7 Nr. 3 GenDG). Der Erkenntnisfortschritt
in der genetischen Versorgung bedarf jedoch komplexer werdender Beratungen, welche einer zu
kleinen Anzahl von qualifizierten Arzten gegeniiber standen bzw. noch immer stehen [41]. Die
durchgeflihrte Kapazititsanalyse verdeutlicht im Falle von stetig wachsenden Nachfragen nach
pradiktiven genetischen Analysen ein drohendes strukturelles Defizit im Hinblick auf die geneti-
schen Beratungsstrukturen. Eine potentielle Losung bzw. Entlastung dieser Facharztgruppe
konnte durch die Integration nicht-arztlicher Mitarbeiter in den Beratungsprozess erzielt wer-
den. Die Ausbildung von genetischen Beratern divergiert hierbei zwischen einzelnen Landern.
Wiahrend in Deutschland ein Studium zum Facharzt fiir Humangenetik Voraussetzung fiir gene-
tische Beratungen ist, existieren bspw. in Frankreich [42] spezielle Masterstudiengange fiir ge-
netische Berater und in Danemark kénnen Krankenschwestern, Laboranten, Hebammen etc. die
genetische Beratung durchfiithren. Der Eintrag in zertifizierte ,,Genetic Counesllor Registration
Bords (GCRB)“ wie z.B. in Grof3britannien kann dabei als ein Instrument der Sicherstellung der
Qualifizierung bzw. Qualitdtssicherung dienen [43]. Abhdngig vom jeweiligen System arbeiten
Genetische Berater aufderhalb des Aufsichtsbereiches des Arztes (z.B. in Frankreich, den Nieder-
landen, Norwegen, Tiirkei) oder in Zusammenarbeit mit dem behandelnden Arzt (z.B. Island,
Déanemark, Irland, Schweden, Grofdbritannien) [42]. Multidisziplindre Teams haben sich dabei

als ein wichtiger Faktor einer effizienten Durchfiithrung von genetischen Analysen erwiesen [44].
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Die Aufgaben genetischer Beratung stellen die Vermittlung notwendiger Informationen, die Un-
terstiitzung zu einer eigenstandigen Entscheidung die genetische Analyse durchfiihren zu lassen
und die emotionale Unterstiitzung bei der Verarbeitung der Diagnose dar [43]. Genetische Diag-

nosen obliegen weiterhin dem Facharzt [42].

Der Bedarfsplanungsrichtlinie zu Folge ist im Bereich der Humangenetik zu aktuellen Zeitpunkt
keine Unterversorgung erkennbar [45]. Bedingt durch die zunehmende Nachfrage nach geneti-
schen Analysen und der zunehmenden Komplexitidt von Beratungen aufgrund des Erkenntnis-
fortschritts werden perspektivisch moglicherweise Anpassungen notwendig. Eine Erweiterung
des zur genetischen Beratung befugten Personenkreises unter Wahrung des Arztvorbehalts oder
die Implementierung von genetischen Beratern stellen dabei zwei mégliche Optionen dar, gene-
tischen Beratungen im Trend einer genotyp-basierten Medizin gerecht zu werden. Um die An-
zahl der drztlichen Berater zu erhdhen, konnten Ausbildungsmoglichkeiten, welche diese auch
fiir indikationsunabhdngige Beratungen legitimeren oder Anreize fiir das Studium zum Human-
genetiker (z.B. Vergiitungen von Famulaturen, Stipendienprogramm des Strukturfonds zur Si-
cherstellung der arztlichen Versorgung, Vergiitungsanreize) [46] geschaffen werden. Auf der
anderen Seite konnte ein Ausbildungsberuf zum genetischen Berater aufgrund der kiirzeren
Ausbildungsdauer (zwei jahriges Masterprogramm zum Genetic Counselling M.Sc. [47]) nicht
nur auf eine steigende Nachfrage flexibler reagieren sondern stellt auch eine kostengiinstigere
Alternative im Vergleich zur facharztlichen Beratung dar. Bereits kurzfristig kdnnte dies zu einer
Entlastung der Solidargemeinschaft aufgrund der kostengiinstigeren Durchfiihrung fiihren. Eine
Anzahl von 4.000 zugelassenen genetischen Beratern in den USA verdeutlicht die Relevanz die-
ses Berufs im Kontext der genotyp-basierten Medizin [48] vor allem im Hinblick auf den in vie-

len Landern identifizierten bzw. prognostizierten Engpass an genetischen Beratern [49, 50].

Der vorliegenden Kapazititsanalyse liegen Limitationen zugrunde. Die Analyse wurde lediglich
fiir Beratungen im pradiktiven Kontext, welche zwei humangenetischen Beratungen erfordern,
durchgefiihrt. Um ein realistisches Abbild der Kapazititsbegrenzungen zu erhalten, ist ebenfalls
eine additive Betrachtung der durch Humangenetiker durchgefiihrten Beratungen im genetisch-
diagnostischen Kontext notwendig. Diese konnten aufgrund der aktuell fehlenden Datenlage im
Hinblick auf die durch Humangenetiker durchgefiihrten genetischen Beratungen im pradiktiven,
prognostischen und diagnostischen Kontext als auch der generell durchgefiihrten Anzahl an
genetischen Beratungen (inklusive der fachgebundenen genetischen Beratung) nicht adidquat
abgebildet werden. Durch eine additive Betrachtung ist jedoch von einer Reduktion der berech-
neten Kapazitidten auszugehen. Weiterhin handelt es sich bei dieser Analyse um eine Kalkulation
im Maximalansatz. Die ebenfalls fehlende Studienlage zur Anzahl der durchgefiihrten geneti-

schen Analysen bzw. der Anzahl potentiell an genetischen Analysen Interessierter erschwerte



eine Analyse anhand des aktuellen Bedarfs. Zudem bleiben Weiterbildungsassistenten, welche
sich in der Facharztausbildung zum Humangenetiker befinden und auch schon wahrend dieser
Ausbildungszeit humangenetische Beratungen durchfithren, aufgrund der fehlenden Datenlage
von der Analyse unberiicksichtigt. Eine Beriicksichtigung hatte einen positiven Einfluss auf die

Kapazitatskalkulation.

Fazit
Der Trend einer Medizin deren Grundstein auf dem genetischen Profil des Patienten fufst, wird

sich weiter fortsetzen. Eine qualifizierte und gesicherte Beratung bildet dabei den essentiellen
Grundstein fiir informierte Entscheidungen fiir bzw. gegen eine genetische Analyse, deren Um-
fang sowie der Ergebnisinterpretation und Unterstiitzung im Umgang mit der Diagnose. Der
stetig steigenden Nachfrage an genetischen Analysen steht eine kleine Anzahl von zur geneti-
schen Beratung befugten Arzten gegeniiber. Es ist mittelfristig eine Aufgabe des Gesetzgebers
mit strukturellen Anpassungen einem potentiell drohenden Defizit an genetischen Beratungen

entgegen zu wirken.
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Tabellen und Abbildungen

Tabelle 1: Kapazititsanalyse fiir humangenetische Beratungen

Setting
Ambulant-titige Facharzte Stationar-tatige Facharzte
(n=135) (n=55)
1.932 100 260.820 106.260
1.739 90 234.738 95.634
1.546 85.008
1.352 70 182.574 74.382
1.159 60 156.492 63.756
966 50 130.410 53.130
B ST 104325 [ o]
580 30 78.246 31.878
386 20 52.164 21.252
193 10 26.082 10.626
Anzahl Beratungsstunden Base Case (9 251.160
Fallzahl (1,75 h/ Beratung) 143.520

Abbildung 1: Sensitivitdtsanalyse der Fallzahlen in Abhédngigkeit der Beratungsdauer
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Abstract

Background: The global genetic direct-to-consumer (DTC)
market will reach a volume of USD 230 billion in 2018. The
expenditures for this genetic analysis are borne by the cus-
tomer, whereas consequential costs may arise for a solidarily
financed system. In a first step, it is essential to gain an over-
view of the currently available offer in the German setting.
Methods: In April 2016, we conducted a systematic internet
search in the Google search engine. In November 2016, we
updated the information of the webpages in terms of coun-
try, language, types of health-related tests, additional offer
of non-health-related DTC test, information about sensitivity
and specificity, certification and accreditation, costs as well
as reference to German Act on Genetic Testing. Results: Thir-
ty-five webpages were included in the final overview. A plu-
rality of different predictive analysis options was identified.
Price information was not available for all offered genetic
analyses. Costs for predictive analysis in one disease vary be-
tween EUR 90 and 990, for predictive package analysis be-
tween EUR 232.18 and 375, and for genetic lifestyle analysis

between EUR 84.55 and 570.20. Conclusions: Genetic results
may lead to uncertainty and anxiety; therefore, subsequent
costs for a solidarily financed system may arise. Genetic DTC
tests may have an influence on different players on the mi-
cro-, meso- and macro-levels, which may have a cost-cutting
or cost-increasing effect on health-care expenditures. The
increased interest in genetic analysis as well as the possibil-
ity of worldwide internet-based access to genetic tests re-

quires population-wide education. ©2017 5. Karger AG, Basel

Introduction

The community is characterized by an increased health
consciousness [1]. Patients are becoming increasingly re-
sponsible and informed and also want to take a proactive
role in their health-care management [2]. Besides the tra-
ditional health-care sector (e.g., medical services by phy-
sicians), citizens are using additional sources for getting
health information [3]. For this purpose, the internet
constitutes an essential tool for health information access
[4]. Health information is thus easily available from home
and the-so called “Dr Google” is often the primary source
for health-related questions [5].
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In the genomic century, the knowledge of health-in-
fluencing genetic factors is steadily increasing [6]. The
two main factors for the growing genetic knowledge are:
First, progress in genetic technology, which is character-
ized by cheaper and faster genetic analysis [7]; and sec-
ond, increased genomic knowledge as a result of genome
wide-association studies (GWAS). GWAS enable a better
understanding of genotype and phenotype correlations
and also provide information about the probability for
the development of specific diseases [8-10]. Hence, ge-
netic information can be used for diagnosis, prognosis,
and treatment [11] as well as for a “genome-guided pre-
ventive medicine” [12]. Based on the known associations
between genetics and common diseases, the demand for
genetic analysis has increased, particularly with a preven-
tive approach [13].

In Germany, preventive or predictive genetic analyses
without a direct and specific indication or only for inter-
ested people are basically not part of the standard benefit
of the statutory health insurance. As a result, such genet-
ic analyses can be accessed through case-by-case decision
(e.g., predictive analysis for the risk of breast cancer due
to the family history) or private payment. Besides the tra-
ditional market, an internet-based market — the so called
direct-to-consumer (DTC) market - has been developed.
The development of this market has been encouraged by
alower price, no geographic restriction, as well as the easy
availability from home [14, 15]. Estimates suggest that the
global genetic DTC market will reach a volume of USD
230 billion in 2018 [16]. DTC genetic tests are directly ad-
dressed to customers via television, print advertisements,
or the internet [17]. Customers receive a test kit and send
a sample (mostly saliva) back to the company. After ana-
lyzing the genetic material in their own or an outsourced
laboratory, the information about the personal genetic
makeup will subsequently be sent to the customers [18].

Opverall, genetic DTC tests can be differentiated into
health-related and non-health-related tests. Tests for
identity (e.g., paternity and ancestry) can be classified as
non-health-related DTC tests, whereas diagnostic and
predictive tests (risk of disease) as well as lifestyle tests
(nutrition, aging, behavior, etc.) can be classified as
health-related tests [19-21]. In contrast to predictive or
diagnostic genetic tests, lifestyle tests can be attributed a
lower clinical value [21]. Therefore, the German Act on
Genetic Testing (GenDG) heavily regulates the execution
of genetic analysis with a predictive or diagnostic ap-
proach, which makes the integration of a physician neces-
sary. However, this law is only obligated for companies
located in Germany, and the access to offers of companies

2 Public Health Genomics
DOI: 10.1159/000477559

located in other countries is not restricted. According to
the increased demand for genetic analysis [22] and the
associated increasing use of predictive and therapeutic
measures, it is important to analyze which kinds of ge-
netic analysis the population is confronted with. In gen-
eral, the costs for the execution of a genetic DTC test are
borne by the customers, whereas follow-up costs may
arise in the solidarily financed system. An informed pa-
tient develops other priorities, and this may have an influ-
ence on the different players in the health-care system.
For this purpose, we conducted a systematic internet
analysis to identify the currently available health-related
genetic DTC offers in the German setting. Therefore, the
review had the following objectives: (1) to identify the of-
fer of health-related genetic DTC tests in the German set-
ting; (2) to highlight and discuss the implications of ge-
netic DTC tests for a solidarily financed health-care sys-
tem

Methods

First, review elements (objective/aim, inclusion and exclusion
criteria, and outcomes) were defined in order to focus on the sci-
entific issue and facilitate the internet search (Table 1).

In April 2016, we conducted a systematic internet search using
the Google search engine. To generate the maximum number of
heterogeneous hits, we deactivated the installed adblocker as well
as the standard activated web protocol. For the search strategy, we
used single and combined terms in the German language. For sin-
gle terms, we used different common German terms for genetic
analysis and combined the most common with genetic DTC test-
specific terms. Accordingly, the following search strategies were
used: (1) genetic analysis, (2) genetic test, (3) genetics test, (4) ge-
netic testing, (5) DNS testing, (6) DNA analysis, (7) genetics anal-
ysis, (8) DNA testing, (9) DNS analysis, (10) genetic analysis, (11)
DNS test, (12) DNA test, (13) genetic test, (14) genetic analysis
AND diseases, (15) genetic analysis AND lifestyle, (16) genetic
analysis AND health, (17) genetic analysis AND private, (18) ge-
netic analysis AND at home, (19) genetic analysis AND cancer,
(20) DNS test AND diseases, (21) DNS test AND lifestyle, (22)
DNS test AND health, (23) DNS test AND private, (24) DNS test
AND at home, (25) DNS test AND cancer, (26) DNA test AND
diseases, (27) DNA test AND lifestyle, (28) DNA test AND health,
(29) DNA test AND private, (30) DNA test AND at home, (31)
DNS test AND cancer, (32) genetic test AND diseases, (33) genet-
ic test AND lifestyle, (34) genetic test AND health, (35) genetic test
AND private, (36) genetic test AND at home, (37) genetic test
AND cancer.

The systematic internet search was performed independently
on two computers. Furthermore, the assessment of the webpages
was also conducted independently by 2 researchers. Disagree-
ments were resolved through discussion. Criteria for inclusion
were as follows: (1) webpages offering a health-related genetic
DTC test (diagnostic and predictive tests as well as lifestyle-tests);
(2) tests were primarily targeted at customers (not physicians or
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Table 1. Review objective

Objective/aim

To point out the available offer of health-related genetic DTC tests; highlight the

potential implications of health-related genetic DTC tests for a solidarily financed
health-care system

Inclusion criteria

Webpages that offer health-related genetic DTC tests (predictive and diagnostic

tests as well as lifestyle tests; webpages were not restricted to specific predictive/
diagnostic analysis or lifestyle tests or registered offices and languages; tests were
targeted at customers; direct selling webpages

Outcomes

Type of tests and costs; further comparative aspects (registered offices, languages,

additional supplement of non-health-related tests, information about sensitivity
and specificity, reference to GenDG and information about certification and/or

accreditation)

other medical providers); and (3) direct selling webpages (web-
pages only with test links or advertisements were not included)
(see Table 1). In the course of an update in November 2016, offers
and the provided information in the webpages were actualized.
The included webpages were not restricted to countries, languages,
and specific types of genetic analysis. To ensure comparability, the
costs were converted to EUR at the exchange rate of the current
year [23].

Results

The systematic internet search retrieved 11,199 web-
pages. After screening for eligibility, 35 webpages were
included in the final overview (Fig. 1).

The webpages are characterized by a variety of aspects,
such as country, language, types of health-related tests,
cost of the specific tests, information about sensitivity and
specificity, information about certification and accredita-
tion, as well as information about the availability of and
additional supplement of non-health-related tests. A de-
tailed overview is provided in Table 1.

Country and Language

The majority of included webpages (17x) have their
headquarters located in Germany, followed by Switzer-
land (3x) and Slovenia (3x). Overall, 12 different coun-
tries were identified as company headquarters. Twelve of
the included webpages present their offer only in Ger-
man, whereas 8 of these are German companies and 4 are
foreign companies. One company provides a translation
service, whereby a variety of languages is available. Fur-
thermore, one company provides a direct selection of 11
languages. Five of the included webpages provide no Ger-
man translation, whereas 4 of these are only represented
in English.

Health-Related Genetic DTC Tests in the
German Setting

Offer of Health-Related DTC Tests

Eleven webpages offer only genetic lifestyle tests and
16 webpages offer only predictive or diagnostic genetic
DTC tests. An offer of genetic lifestyle DTC tests as well
as predictive and diagnostic genetic DTC was identified
on 8 webpages. Of the 17 webpages with their headquar-
ters located in Germany, 5 offer genetic lifestyle tests, 8
predictive and diagnostic DTC tests, and 4 both types of
genetic analysis. The offer of the 8 webpages represents
one genetic analysis in the diagnostic content (lactose in-
tolerance gene mutation analysis) and 7 genetic analyses
in the predictive content (prenatal test [3x], tests of ther-
apeutic safety and tests of genetic disease dispositions
[3x]).

Generally, in terms of predictive analysis, a plurality
of genetic analyses were identified for general diseases
(type 1 and 2 diabetes, migraine etc.), immune system
(lupus, multiple sclerosis etc.), aging (Alzheimer dis-
ease, osteoporosis, etc.), cancer dispositions (bladder,
breast, prostate, colon, etc.), and pharmacogenetic test-
ing (antidepressants, oncology products, etc.). Thereby,
customers have the possibility to choose between pre-
dictive analyses especially for single diseases (8x) or
purchase a package with an analysis of different genetic
dispositions (9x). Four providers offer a mixed range of
single and/or package analysis. For example, in terms of
prenatal analysis, some offers provide a choice between
a single analysis of trisomy 21 or trisomy 21, 18, and 13;
additionally with sex determination, chromosomal ab-
normality, and/or sex chromosomal disorders. Some
providers offer a package of genetic analyses for up to
35 diseases, gender-specific analysis, and an additional
analysis of pharmacogenetics effects (partly up to 230
drugs). Genetic lifestyle DTC tests for weight, nutrition,
and fitness are represented by a variety of different
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Fig. 1. Flow diagram of websites identified on the basis of inclusion criteria. */**, two different search terms in
the German language; n, number of displayed hits.

terms (e.g., gene-weight analysis, metabolic analysis,
nutrigenetic analysis, fitness). Some bundled offers pro-
vide an analysis in areas of weight, nutrition, and fit-
ness, and others focus only on one area. Moreover, ge-
netic analysis for hair loss, body height, day or night
person, memory performance, etc. was also identified.
Furthermore, the majority of the included providers fo-
cus only on health-related analysis. Only 6 webpages
provide an additional supplement of non-health-relat-
ed genetic DTC test (paternity test, test for relationship
etc.).

4 Public Health Genomics
DOI: 10.1159/000477559

Costs of Predictive and Diagnostic Genetic DTC Tests

Most of the companies (20x) provide price informa-
tion for all offered analyses. However, the webpages of 10
companies do not communicate any price information.
Three companies provide price information only for a
few analyses. Two webpages directly refer price informa-
tion on request online or by physician or hotline. There
is a wide variety of prices. The cost for predictive single
analysis can vary between EUR 89 (e.g., test for risk of
thrombosis) and EUR 990 (e.g., test for risk of dystrophy
or test for risk of metabolic disease). The cost for predic-
tive package analysis varies between EUR 232.18 (test of
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risk for 34 different diseases) and EUR 375 (test of risk for
28 common diseases). The identified prices for pharma-
cogenetic testing range between EUR 160.88 (test for
therapeutic safety of clopidogrel) and EUR 395.49 (test
for therapeutic safety of antidepressants). Cost differenc-
es of EUR 220 and 395.49 for an efficacy test of tamoxifen
were identified. In the diagnostic content, especially in
terms of genetic analysis for dietary intolerances, costs
between EUR 69 (e.g., lactose) and EUR 700 (e.g., food
intolerances) were found. Prices for prenatal testing vary
according to the extent of genetic analysis (e.g., trisomy
21 or trisomy 21, 18, 13) and partly on the processing
time. Hence, prices are between EUR 249 and 649.42.

Costs of Lifestyle-Related Testing

The cost for genetic lifestyle analysis varies between
EUR 84.55 (analysis for obesity and overweight) and EUR
570.20 (genetic weight analysis).

Additional Information

Six webpages provide information about sensitivity
and/or specificity. Five of these are located in Germany
and one in Canada. Another provider advertises regard-
ing “highest accuracy” [32]. All of these are offers in a
predictive or diagnostic context. Of all 35 webpages in-
cluded, 10 provide some information about the GenDG.
All of these, except one, are located in Germany. All ex-
cept 14 provide information about certification and/or
accreditation. The majority of these are located in Ger-
many.

Discussion

This comprehensive review presents an overview
about the current available health-related genetic DTC
tests in the German setting. It shows that a variety of
health-related but also non-health-related DTC tests ex-
ist. The offer of health-related genetic DTC tests is repre-
sented by lifestyle tests as well as predictive and diagnos-
tic tests. According to the GenDG, predictive and diag-
nostic genetic tests are restricted to physicians, whereas
predictive tests may only be performed by human genet-
icists. However, some companies created possibilities to
offer genetic tests while meeting the conditions of the
GenDG. Examples of these identified methods are as fol-
lows. (1) The execution of the genetic analysis (labora-
tory process) will only be performed after a genetic coun-
selling and with the signature of a qualified physician
[31], or the genetic test can only be ordered by or with a

Health-Related Genetic DTC Tests in the
German Setting

physician, and afterwards the results are transmitted to
the physician. (2) Companies additionally provide the
possibility of genetic counselling by their own physician
[35]. Therefore, the properties of a genetic DTC test in a
strict sense (order, saliva sample, and receipt of results at
home) are not fulfilled by such access methods. However,
the offer is directly addressed to the customer, and the
additional integration of physicians for German-located
companies could be a possibility to conform to the Gen-
DG.

The GenDG is an act that highly restricts access to ge-
netic analysis. However, in Europe there are no common
regulations for genetic analyses, and therefore also not for
DTC tests. Borry et al. [59] provide an overview about the
different regulations for genetic analyses in 7 European
countries (Belgium, Germany, France, the Netherlands,
Portugal, Switzerland, and UK). This report shows that
none of these countries has specific regulations for ge-
netic DTC testing. Rather, it is a transfer of the existing
legislation to the DTC context. In some of these countries
(France, Germany, the Netherlands, Portugal, and Swit-
zerland), genetic analyses are restricted to physicians, and
genetic counselling is obligatory. Due to the fact of miss-
ing European regulations and the unlimited access to var-
ious international genetic DTC offers, some organiza-
tions and agencies (for example, Initiative of European
Academies Science Advisory Council [EASAC] and the
Federation of European Academies of Medicine [FEAM]
[60] or the Human Genetics Commission [61]) published
statements for information and education about DTC ge-
netic testing.

This market analysis provides an overview of the exist-
ing variety of health-related genetic testing (genetic pre-
dictive or diagnostic tests as well as lifestyle analysis) in
the German setting. The supplement is characterized by
a plurality of aspects, which makes a comparison for cus-
tomers difficult. In the context of lifestyle analysis, inter-
ested people are faced with different terms, extensions of
analysis as well as prices. In the predictive context, people
have to decide between analysis for one specific disease
and a package analysis. Costs for single analysis are part-
ly more expensive than those for comprehensive analysis.
Moreover, information about the amount of investigated
gene variations may be difficult for costumers to evaluate
[62]. Furthermore, tests and costs for a specific indica-
tion, for example the risk of thrombosis (Table 2) are not
or hardly comparable for customers. Test cost varies with
the analysis of the specific targets. However, mostly there
is no information about it, and this shows a lack of trans-
parency for interested people.
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Table 2. Overview of included webpages

General information

Offer

Additional information

company registered languages health-related tests costs non- sensitivity or reference certification
office health-  specificity/  to GenDG and/or
related accuracy accreditation
tests
Abnehmgene  Spain German Gene-weight analysis EUR No ns ns Yes
[24] 398/419!
Adison Lab? Ireland Spanish, Genetic analyses of food intolerances EUR700  No ns ns ns
[25] English,
French,
German,
Ttalian,
Russian,
Romanian
Amway [26] Germany  German, Weight EUR 570.20 No ns ns ns
English,
Turkish,
Russian
Ceneta [27] Germany  German, Trisomy 21, 18, 13, and sex chromosomal EUR299  No Yes Yes ns
English, disorders and XY chromosomal disorder
Turkish (as required for sex determination)
Trisomy 21, 18, 13 (as required sex EUR 299
determination)
Trisomy 21 (as required sex determination) EUR 249
Coloalert [28]  Germany German Colon cancer prevention test EUR98.50 No Yes ns Yes
DNAdirekt [29] The German Risk of thrombosis EUR 99 Yes ns ns Yes
Netherlands Risk of hemochromatosis EUR 99
Prader-Willi syndrome ns
Apo-E Alzheimer disease EUR 99
DNAFit [30] UK English Diet (diet type, carbohydrates response, saturated EUR 119- No ns ns ns
fat response, lactose intolerance) (different 239
packages: core info or more than core info or all
information)
Fitness (different packages: core info: power EUR 145-
endurance response, sports injury resilience, 179
recovery speed, recovery nutrition needs) or all
information (aerobic [VO, yux] potential, fitness
genotype breakdown)
Diet and fitness EUR 338
DNA Plus- Germany  German, Nutrition (dietary, weight); digestion (lactose, ns No ns Yes ns
Zentrum fiir English gluten, colon); metabolism (iron, diabetes,
Humangenetik (UK and Alzheimer, detoxification); movement (sport,
[31] us), joints, bones); pharma (drugs, remuneration,
Hungarian ~ hormone replacement); eyes (glaucoma, macula);
heart (thrombosis, heartbeat, blood pressure,
artery); beauty (hair loss male and female,
periodontitis); trainees (pregnancy, baby100+);
cancer (prostate, breast); allergy
DTC Austria German Risk of heart attack EUR890  Yes ns® Yes* Yes
DNATesting Risk of cancer EUR 790
Center [32] Risk of diabetes EUR 290
Risk of stroke EUR 640
Risk of osteoporosis EUR 490
Point of aging EUR 990
Risk of cystic fibrosis EUR 890
Risk of anemia EUR 790
Risk of dystrophy EUR 990
Risk of metabolic disease EUR 990
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Table 2 (continued)

General information

Offer Additional information

company registered languages
office

health-related tests costs non- sensitivity or reference
health-  specificity/  to GenDG

related accuracy
tests

certification
and/or
accreditation

DNAnutri Austria English,
Control [33] German

Weight sensor ns No ns Yes
Nutrition sensor ns
Sport sensor ns

Yes

DNA Weight  Switzerland German,
Control [34] English

Genetic metabolic analysis ns No ns ns

ns

Dr. Seibt Germany  German,
Genomics [35] English

Several tests for: DNA and diseases (alpha-1- price on No ns Yes
antitrypsin-deficiency, Alzheimer, atherosclerosis request
risk, caffeine, Gilbert syndrome, hereditary
hemochromatosis, histamine intolerance,
hyperlipoproteinemia, lactose intolerance,
Bekhterev’s disease, Crohn’s disease, periodontitis
risk, risk of thrombosis (factor 2, factor 5, PAI-1,
MTHER), celiac disease; panel-analyses: adiposity,
Alzheimer disease/dementia, BRCA1&2,
BRCA1&2 ovarian carcinoma, cardiologic
analysis, dermatologic analysis, metabolism of
drugs and exogenous substances, type 2 diabetes,
hereditary disease, estrogen-specific analysis,
glaucoma, health, capsule fibrosis, cancer hotspot,
macula, osteoporosis, pharmacogenomics,
prostate, starter); DSG-combi: three different,
DSG sequencing: WES, WGS

Liquid biopsy marker: 23 different; liquid biopsy
panel and liquid biopsy exome

Pharmacogenetics tests: antidepressants (13
different); atypical neuroleptics, beta-blockers,
oncological (9 different), opiates, proton pump
inhibitor (2 different), statins, thrombocyte
aggregation inhibitors; DSG-combi analysis (5
different); drug interaction check

ns

EasyDNA [36]  Switzerland German,
English,
French

Analysis includes: cancer predisposition (bladder, CHF 375  No ns ns
breast, colon, stomach, lung, prostate, skin), (EUR

general (overweight, migraine, type 1 and 2 347.01)

diabetes), aging (Alzheimer disease, osteoarthritis,

rheumatoid arthritis), cardiovascular events

(aneurysm, atrial fibrillation, venous

thromboembolism, peripheral arterial occlusive

disease, heart diseases); immune system (lupus,

Graves’ disease, celiac disease, multiple sclerosis,

psoriasis)

FutureGenetic ~ Canada German,
[371] English

Test includes 28 of the most common diseases: ~ EUR375  No ns ns
age-related macular degeneration, alopecia,
Alzheimer disease, atrial fibrillation, basal cell
carcinoma, bladder cancer, breast cancer, celiac
disease, colon cancer, coronary heart disease,
exfoliations glaucoma, stomach cancer, Graves’
disease, intracerebral aneurysm, lung cancer,
lupus, melanoma, migraine, multiple sclerosis,
obesity, open-angle glaucoma, peripheral arterial
occlusive disease, prostate cancer, psoriasis,
rheumatoid arthritis, type 1 and 2 diabetes, venous
thromboembolism

Health-Related Genetic DTC Tests in the

German Setting

Public Health Genomics
DOI: 10.1159/000477559

Downloaded by:
TIB Hannover

130.75.112.82 - 6/23/2017 10:32:25 AM



Table 2 (continued)

General information Offer Additional information

company registered  languages health-related tests costs non- sensitivity or reference certification
office health-  specificity/  to GenDG and/or
related accuracy accreditation
tests
Genetic balance Germany  German Genetic balance (diet, weight, nutrition) basic EUR 399.00 No ns Yes Yes
[38] package®
Genetic balance (diet, weight, nutrition) medium EUR 419.00
package®
Genetic balance (diet, weight, nutrition) premium EUR 449
package®
Health control - cardiovascular diseases ns
Health control - metabolism ns
Health control - bone health ns
Health control - eye health ns
Health control - Alzheimer disease and ns
prevention
Genoris [39] Italy Italian, DNA and weight ns No ns ns Yes
German DNA and nutrition ns
Premium plus sensor female/male: 35 different  ns
diseases/110 gene variations/effect or adverse
events of 230 drugs
Premium sensor female/male: 22 different ns
diseases/90 gene variations/ adverse events of 230
drugs
Female sensor:12 different diseases/65 gene ns
variations/ adverse events of 73 drugs/assessment
of risks and advantages of hormone replacement
therapy (especially for women 40+)
Male sensor: 65 gene variations, 12+ different ns
diseases, adverse events of 73 drugs, assessment
of risks and advantages of hormone replacement
therapy, assessment the needs of minerals (male
sensor 40+)
Risk of breast cancer: 9 gene variations, genetic ~ ns
checkup program, adjustments in lifestyle, 13+
gene variations for the effect of 40 relevant drugs
Primary prevention: 52 gene variations, more ns
than 10 different diseases, effects and adverse
events of 54 drugs
Gastrointestinal sensor: 5 gene variations, ns
2 food intolerances, early detection of Crohn’s
disease
Geneplanet [40] Slovenia  German, Nutrigenetic analysis EUR399  No ns ns Yes
Slovenian,
Croatian,
English,
Hungarian
coCap [41] Germany  German, Metabolic analysis (3 analyses with different ca. EUR 330°No ns ns ns
English extension)
Genovia [42] Germany A variety of Hormonal risk of thrombosis during pregnancy EUR 89 Yes ns ns Yes
translation  Risk of thrombosis EUR 89
options Test of drug intolerance EUR 130
Test of tamoxifen intolerance EUR 220
Macular degeneration EUR 89
Lactose intolerance EUR 89
Alcohol intolerance EUR 84.55
Coffee intolerance EUR 89
Obesity and overweight EUR 84.55
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Table 2 (continued)

General information Offer Additional information
company registered  languages health-related tests costs non- sensitivity or reference certification
office health-  specificity/  to GenDG and/or
related accuracy accreditation
tests
Humatrix [43] Germany German Therapeutic safety of antidepressants EUR 395.49 Yes Yes? Yes? Yes
Therapeutic safety of clopidogrel EUR 160.88
Therapeutic safety of statins EUR 261.43
Therapeutic safety of contraceptives ns
Therapeutic safety of tamoxifen EUR 395.49
1llid [44] Germany  German Metabolic analysis EUR 300- No ns ns ns
4007
Jenagen [45] Germany German Lactose intolerance EUR 69 Yes ns Yes Yes
LifeCodexx [46] Germany German, Trisomy 21 and genetic sex determination EUR299 No Yes Yes Yes
English, Trisomy 21, 18, 13 and genetic sex determination EUR 349
French, Trisomy 21, 18, 13, test of maldistribution of sex EUR 399
Italian chromosome, genetic sex determination
Lifegenetics [47] Slovenia  English DNA slim test (nutrition and metabolism and EUR 229 No ns ns ns
therefore, weight)
DNA test premium (health and prevention EUR 279

factors: alcohol metabolism, bone health, caffeine

and nicotine metabolism, cardiovascular health,

celiac disease, detoxification ability of your body;

fat, sugar and insulin regulation, lactose

intolerance, muscular potential and cramps)

DNA test premium + DNA test slim EUR 299
DNA test baby (health and prevention factors: ~ EUR 279°
bone health, caffeine and nicotine metabolism,
cardiovascular health, celiac disease, detoxification

ability of your body; fats, sugar and insulin

regulation, lactose intolerance, muscular potential

and cramps)

Meinlabtest [48] The German Nutrigenetic analysis EUR399 No ns ns Yes
Netherlands Gene analysis includes 19 different diseases: EUR 499
Alzheimer disease, asthma, arterial fibrillation,
basal cell carcinoma, breast cancer, celiac cancer,
colon carcinoma, diabetes type I and II, gallstones,
glaucoma, heart attack, hypertension, lung cancer,
multiple sclerosis, psoriasis, restless leg syndrome,
rheumatoid arthritis, venous thromboembolism)
and analysis of drug reactions (statins,
omeprazole, clopidogrel, metformin, perindopril,
warfarin) as well as analysis of character and
talents (metabolic system, muscle structure,
memory capacities, pain sensitivity, etc.)

Nutrigenetic analysis + personal gene EUR 799
MIADNA [49] ns English Diet and nutrition (exercise potential, eating USD149 no ns ns ns
behavior, etc.) (EUR
139.79)
Wellness and lifestyle (hair loss, learning, memory USD 119
performance, etc.) (EUR
111.62)
Children’s DNA discovery (body height, day or ~ USD 119
night person, athletic potential) (EUR
111.62)
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Table 2 (continued)

General information Offer Additional information
company registered  languages health-related tests costs non- sensitivity or reference certification
office health-  specificity/  to GenDG and/or
related  accuracy accreditation
tests
Medical Rogaska Slovenia  English, Genetic analysis includes 13 diseases: arterial ns No / / Yes
[50] German, fibrillation, stroke, colon and rectum carcinoma,
Russian, Crohn’s disease, multiple sclerosis, hypertension,
Italian, peripheral arterial disease, type 1 and 2 diabetes
Slovenian mellitus, skin cancer, rheumatoid arthritis,
myocardial infarction, chronic kidney disease); for
women additional test of risk of breast and
ovarian cancer, for men additional test of risk of
prostate and lung cancer
Extended genetic analysis includes 19 diseases: ~ ns
additional Alzheimer disease, leukemia, age-
related degeneration, gallstones, asthma, celiac
disease; for women additional test of risk of breast
and ovarian cancer, for men additional test of risk
of prostate and lung cancer
Diet test includes 35 analyses for body weight,  ns
metabolism and health, vitamins and minerals,
nutrition habits, metabolic efficiency,
detoxification and antioxidants, sport and leisure
time as well as dependencies and ageing; in total
110 gene variations
Nifty [51] China Chinese, Prenatal test of the most common trisomies price No Yes ns ns
Thai, (T21, T18, T22, T16, T9), deletion syndromes, information
Romanian,  sex chromosomal aneuploidy by physician
Korean, or hotline
Bulgarian,
Turkish,
Russian,
Polish,
Slovenian,
Arabic,
English
Nutrilite [52] ~ Germany German Weight ns No ns ns Yes
Oncotype [53]  Germany German, Breast cancer test/21 gene expression test ns No ns ns ns
English,
French,
Greek,
Spanish,
Portuguese,
Japanese,
Irish
Prenatalis [54] Germany German, Trisomy 21, 18, 13 EUR 427.94/ No Yes Yes Yes
English EUR 532.85°
Trisomy 21, 18, 13, and gonosomal aberrations ~ EUR 544.85/
EUR 649.42°
Primahome [55] Switzerland English, Celiac disease and/or lactose ns No Yes ns Yes
Italian
Progenom [56] Germany German Weight and nutrition ns No ns Yes Yes

Several tests for: breast health sensor; bone health ns
sensor; toxicological sensor; thrombosis sensor;
cardiovascular sensor; pharmacological sensor;
AMD sensor; glaucoma sensor; diabetes sensor;
hypertension sensor; gluten sensor; lactose sensor;
IBD sensor; Alzheimer sensor; joint sensor;
periodontitis sensor; HIV resistance sensor; iron
sensor; ADHD sensor; female sensor pregnancy;
female health sensor

Sport sensor ns
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Table 2 (continued)

General information Offer Additional information
company registered  languages health-related tests costs non- sensitivity or reference certification
office health-  specificity/  to GenDG and/or
related  accuracy accreditation
tests
SkinDNA [57]  Germany German Several tests for: accelerate collagen degradation; ns No ns ns ns
reduced protection of glycation; impairment of
UV skin protection; reduced protection for free
radicals; increased risk of inflammation
Whozthedaddy Canada English Diet and nutrition GBP 119 Yes Yes'® ns Yes
[58] (EUR
138.86)
Wellness and lifestyle GBP 99
(EUR
115.47)
Children’s DNA discovery GBP 99
(EUR
115.47)
Predisposition test includes 34 different diseases; GBP 199
immune system: lupus, Graves’ disease, celiac (EUR
disease, multiple sclerosis, psoriasis; 232.18)
cardiovascular/cerebrovascular conditions:
intracranial aneurysm, atrial fibrillation, heart
disease, peripheral arterial disease, venous
thromboembolism; aging: Alzheimer disease,
rheumatoid arthritis, osteoporosis; general health:
obesity, migraine, type 1 and 2 diabetes, alopecia,
gallstones, sugar consumption, folate metabolism,
vitamin Bg metabolism, vitamin B;, metabolism,
vitamin D metabolism; cancer: bladder, breast,
colorectal, gastric, lung, prostate, skin, basal;
ocular (eye) disorders: open-angle glaucoma,
exfoliation glaucoma
Prenatal testing (13, 18, 21, X, Y) GBP 399
(EUR
465.53)

ns, no information was found. ! Cost difference arising due to type of report of result (PDF or book). > The webpage in English is represented by more
genetic tests (DNA test dermatological problems etc.). > Advertising with highest accuracy. 4 Only for paternity. ° Different price occurs due to additional
individualized receipt book or form of results report. ® Price depends on the scope of analysis or service package. ” Price depends on consulting service and
duration. ® Additional shipping costs (EUR 39 or EUR 12). ? Price difference results due to duration (5 or 8-10 working days for transmission of results).

10 For prenatal testing.

Initially, we wanted to clarify why citizens would like
to perform a health-related genetic analysis and which
aspects attract them in this market model. In the popula-
tion, health awareness is a growing issue [1, 63]. In con-
nection with the ongoing reports of new genetic findings,
curiosity and interest about health risks also increase [64,
65]. Vayena [66] investigated the reasons for undergoing
genetic testing. However, receiving actionable health in-
formation was mentioned as least important, whereas cu-
riosity was stated as the primary reason. This motivation
is relieved by an easy access to a genetic analysis through
the internet. Thereby, no geographical boundaries and
distances from physicians affect the access [14]. Addi-
tionally, in most cases, predictive genetic analyses with-

Health-Related Genetic DTC Tests in the
German Setting

out a specific indication were not covered by German
statutory health insurances. Hence, genetic analyses are
often subject to private payments. For this purpose, ge-
netic analysis via internet seems to be a less expensive al-
ternative to traditional examination by physicians [67].
Generally, the genetic DTC market is an issue in the
German setting, and the economic relevance for a solidar-
ily financed health-care system has to be discussed. In the
discussion of the potential benefits of health-related ge-
netic analysis, a distinction between lifestyle tests and
predictive/diagnostic analysis must be made. Whereas a
lower medical value or influence is attributed to lifestyle
tests, predictive genetic analyses could have considerable
consequences for human health [68]. In recent years, sev-
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eral studies investigated the influence of such health-re-
lated genetic analysis on health behavior of the tested per-
son. In the literature, no ambiguous result could be iden-
tified. Bloss et al. [69], for example, evaluated the behavior
of people after receiving health-related genetic informa-
tion; no change in behavior with respect to anxiety and
diet was determined. In contrast, Kaufman et al. [70] stat-
ed that after testing, one-third paid more attention to a
healthy diet, 14% enhanced their physical activity, and
31% were more determined to exercise. Nonetheless, the
strength of the effects on health behavior may depend on
the type of analysis. Hence, genetic analysis focusing on
lifestyle information has a minor effect on changing be-
havior than identified genetic mutations in a predictive
context. In this context, the psychological burden of pa-
tients is a frequently discussed issue [71]. Genetic infor-
mation could lead to fear of disease, depression, and fear
of genetic discrimination [72, 73]. However, aside from
these negative consequences, genetic information may
also have a positive impact [74]. A reduction in disease-
related anxiety may result from the exclusion of a disease,
based on genetic analysis [75].

The aforementioned aspects may also have implica-
tions in a solidarily financed health-care system and in-
fluence the health-care budget. A genetic DTC analysis is
performed independently and on the patient’s own ac-
count. The genetic knowledge gained through the analy-
sis may affect the expenditures on different levels (micro-,
meso-, macro-level) of the health-care system. Thereby,
patients and physicians are actors on the micro-level, in-
surances are actors on the meso-level, and the state or the
system represents the actors on the macro-level. The ef-
fects of health-related genetic testing on the specific levels
vary according to the type of the test (predictive/diagnos-
tic or lifestyle). As previously mentioned, lifestyle analy-
ses are attributed a lower impact on health. However, an
independent prevention on the basis of the molecular ge-
netic test and lifestyle changes (nutrition and sports) may
reduce (private) illness-related subsequent costs for the
patients. On the other hand, a lack of success (e.g., weight
reduction) may lead to additional/increased use of ser-
vices of the health-care system. Physicians are faced with
more health-conscious and possibly healthier patients,
and this may have a positive impact on prescriptive prax-
is and a number of regulations. An increased number of
doctor consultations as well as increased costs of counsel-
ling resulting from lifestyle tests may negatively affect
physicians on the micro-level. This may lead to an in-
crease in expenses for insurances on the meso-level. How-
ever, such kinds of health-related tests may also be ben-
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eficial. An increase in the use of measures of primary pre-
vention offered by the health insurance (fitness center,
nutrition counselling) as well as more health-conscious
insured parties may prospectively lead to cost reductions.
These cost savings could be achieved by a reduction in
subsequent illness-related costs and in the days where one
is incapable of work. Overall, considered from the per-
spective of the system or state, these effects may lead on
the one hand to a decrease in expenses for Statutory
Health Insurance, and on the other hand to increased hu-
man capital caused by a more health-conscious popula-
tion. Although a negative influence on the expenditure is
estimated to be low, in contrast to the discussed lifestyle-
tests, predictive genetic analysis may influence the overall
health-care budget significantly. On the micro-level, after
receiving predictive test results, positive as well as nega-
tive results may occur. The knowledge about the likeli-
hood for one or a variety of specific diseases could induce
measures of primary (e.g., precautionary measures, risk
reduction) and secondary prevention (e.g., participation
in early detection examinations, measures to prevent a
manifestation) in the customers. In terms of drug applica-
tion, genetic test results could lead to a reduction of ad-
verse events. Genetic information may also have a nega-
tive effect on patients. This occurs primarily through
overestimation of risks [68]. Interested people may be-
come healthy sick people [76], who are characterized by
anxiety, uncertainty, and psychological problems. In-
formed patients may develop other priorities, resulting in
an increase of several services and a rise in demand for
diagnostic clarifications. Furthermore, family members
and, thus, potential risk carriers may become unsettled
and increase their demand for medical services. Some of
the few positive effects (targeted examination and treat-
ment, close monitoring of risk patients, initiation of pre-
cautionary measures, and optimization of medicinal
therapy) occur for physicians due to predictive knowl-
edge and some cost-increasing aspects. As a result of un-
certainty, patients may increase their demand for doctor
consultations and also increase the expense of counsel-
ling. Due to the predictive findings, an additional or re-
newed diagnostic clarification is often necessary. Basical-
ly, predictive findings may encourage a demand-induced
supply. Effects of the micro-level influence the effects as
well the cost-situation for insurances. Early intervention
options for risk patients may reduce follow-up costs in
terms of avoiding disease manifestations, timely preven-
tion, treatment, and reduce days where one is unable to
work. Negative effects may result in costs for additional
(partly unnecessary) medical services (e.g., costs to verify
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results). Further issues in this context for insurances are
indirect risk selection, migration of good risks to private
insurance companies, increase of expenses, and thus an
increase of additional contributions. Overall, this means
a softening of the term “indication” for the system, which
may lead to a service extension. The oversupply or misuse
of results may increase expenses in a solidarily financed
health-care system. However, on the other hand, predic-
tive results may also have positive effects on the health-
care budget as well as lead to improved cost-effectiveness
of medical measures through targeted use.

In summary, positive and negative effects may occur
due to genetic DTC tests for a solidarily financed health-
care system. At the moment, a clear statement regarding
the effects that will dominate can hardly be assessed. In a
system with many chronic diseases, behavior changes or
amore frequent use of medical check-ups may be benefi-
cial [77]. However, this presumes that customers under-
stand this genetic knowledge and are able to deal with
deterministic results [78, 79]. German providers of pre-
dictive and diagnostic DTC tests have to ensure the inte-
gration of a physician and/or a genetic counselling for
such analysis. Advised customers are more informed and
are better able to deal with probabilistic results. Hence,
the strength of the negative effects is counteracted by
comprehensive explanation and counselling. As previ-
ously explained, however, access is not limited to offers of
specific countries or of a certified quality. People can pur-
chase genetic DTC tests without integrating a physician,
and this may particularly lead to predictive analysis,
which has negative consequences for the players on all
levels. Therefore, it is the task of the government to de-
velop information structures for the consolidation of
public consciousness and consumer sovereignty (infor-
mation about advantages and disadvantages, chances and
risks, quality criteria of analysis, etc.), and expanding in-
frastructure for human genetic counselling. Further, in-
surances have the possibility of informing their insured
community through awareness campaigns or offers about
the chances and risks of genetic analysis, especially re-
garding genetic DTC tests.

This systematic review has some limitations. In the
search strategy, only German terms were used to evaluate
the offers, which focus on the German population. How-
ever, using English terms for searching genetic analyses
may increase the number of hits significantly. However,
search terms such as “DNA test” and “DNS test” are the
same in German and English. Hence, these lead to an in-
clusion of webpages, which are providing only informa-
tion in English. Moreover, this affects only 11% of the

Health-Related Genetic DTC Tests in the
German Setting

included webpages. The internet constitutes a possibility
to get access to the global market and, therefore, inter-
ested customers may choose from a multitude of offers.
This underlines the need of a comprehensive information
and education about the risks and concerns of genetic
DTC tests. A sole search with language-specific terms
leads, despite a highly restricted market, to a plurality of
international offers. This may lead to risks or negative
consequences for an uninformed citizen who relies on na-
tional regulations. Therefore, the population should also
be made aware of international offers with possible ques-
tionable values and the importance of genetic counsel-
ling. Furthermore, using another search engine (e.g., Bing
or Yahoo) may lead to other results. However, Google has
the highest market share in Germany [80]; thereby, this
analysis shows the representative spectrum of offers a
German consumer will receive if she or he is searching for
genetic tests on the internet. Furthermore, it could be as-
sumed that companies oriented their search engine opti-
mization with Google for a better retrievability. At least,
a further limitation could be seen in the potential implica-
tions for a solidarily financed health-care system. These
implications are speculative as well as not supported by
any data. At the time of our study, we did not identify
specific economic literature or data for the monetary ben-
efits and/or consequences of genetic DTC testing. How-
ever, this discussion may increase the awareness in the
different player and policy decision makers of potential
cost-increasing consequences as well as lead to further
discussions.

Conclusion

The progress in genomics has led to an increased offer
of genetic analysis. In Germany, the execution of health-
related genetic DTC tests, especially for predictive or di-
agnostic purposes, is restricted by the GenDG. However,
the globalization enables a worldwide access to genetic
DTC tests via the internet. Hence, also people in a highly
regulated market are confronted with a majority of inter-
national offers. This global genetic DTC market is char-
acterized by lack of transparency, and for the individual
these various offers are partly or completely not compa-
rable. Primarily, genetic DTC tests are performed on peo-
ple’s own account, but may lead to subsequent costs for a
solidarily financed health-care system. Therefore, infor-
mation and education about chances and risks of genetic
DTC tests is a future responsibility of policy decision
makers.
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