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1 .  Zusammenfassung  der  Pub l i ka t ionen  

D ie  R ich t l i n ien  des  Na t iona l  Ins t i tu tes  o f  Ag ing  and  A lzhe imer ´s  

D isease  (N IA-AA)  sch lagen  d ie  Inkorpor ie rung  von  B iomarkern  zu r  

E inschä tzung  der  ind iv idue l len  Wahrsche in l i chke i t  des  Vor l i egens  

der  A lzhe imer  Krankhe i t  (AK)  be i  k l i n i schen  S tud ien  vor  (McKhann  

e t  a l .  2011) .  Auch  d ie  in te rna t iona le  Arbe i t sg ruppe  IWG 

be fü rwor te t  e ine  In tegra t ion  von  B iomarkern  fü r  d ie  

D iagnoses te l lung  im Rahmen k l in i scher  Forschung ,  sowoh l  in  

p räk l in i schen ,  a ls  auch  in  symptomat i schen  Krankhe i t ss tad ien  

(Dubo is  e t  a l .  2014) .  Obwoh l  d ie  N IA-AA Kr i te r ien  fü r  p räk l in i sche  

A lzhe imer  Demenz  (AD)  und  symptomat i sche  S tad ien  bere i t s  in  

Verb indung  mi t  b i l dgebenden B iomarkern  angewendet  wurden ,  g ib t  

es  fü r  d ie  Anwendbarke i t  de r  Kr i te r ien  au f  B iomarker in fo rmat ionen  

aus  der  Cerebrosp ina l f l üss igke i t  (CSF)  noch  wen ige  

Unte rsuchungen .  D ie  N IA-AA Kr i te r ien  deu ten  darau f  h in ,  dass  es  

e ine  s ign i f i kan te  Grauzone  g ib t ,  i n  der  n ich t  fes tges te l l t  werden  

kann  ob  der  e inze lne  Pa t ien t  fü r  e inen  bes t immten  B iomarker  

pos i t i v  oder  nega t i v  i s t  (Mo l inuevo  e t  a l .  2014) .  Vorausgese tz t  de r  

Annahme,  dass  B iomarkerveränderungen  be i  AD Jahre ,  oder  sogar  

Jahrzehn te  vo r  dem Auf t re ten  von  k l in i schen  Symptomen au f t re ten  

und  während  der  k l i n i schen  Krankhe i t sphase  s tab i l  b le iben  (Jack  

e t  a l .  2013 ;  V i l l emagne  e t  a l .  2013 ;  A isen  e t  a l .  2017 ;  McDade and  

Ba teman 2017) ,  imp l i z ie ren  sowoh l  N IA -AA-  und  IWG-Kr i te r ien ,  

dass  B iomarker  im Demenzs tad ium im A l lgeme inen  pos i t i v  fü r  AD 

s ind .  Daher  so l l te  e in  hohes  Maß an  Übere ins t immung zw ischen  

den  B iomarkern  e rwar te t  werden .  Vorher ige  S tud ien  haben  den  

Grad  der  Übere ins t immung zw ischen  versch iedenen  B iomarkern  

be i  AD un te rsuch t .  E ine  Re ihe  von  S tud ien  ber i ch te te  über  e ine  

gu te ,  aber  immer  noch  unvo l l s tänd ige  Übere ins t immung zw ischen  

den  Ergebn issen  Amy lo id -ß  (Aß) -Pos i t ronenemmis ions tomograph ie  

(PET)  und  den  Aß42-Sp iege ln  im CSF,  während  der  Grad  der  

Übere ins t immung zw ischen  anderen  e tab l ie r ten  B iomarkern  fü r  AD 

a ls  sch lech t  be funden  wurden  (Fagan  e t  a l .  2006 ;  Jagus t  e t  a l .  

2009a ;  Yakushev  e t  a l .  2012 ;  Landau  e t  a l .  2013 ;  A lexopou los  e t  



a l .  2014 ;  Leuzy  e t  a l .  2015 ;  Sk i l l back  e t  a l .  2015) .  D ie  me is ten  

Unte rsuchungen  umfass ten  e ine  Kombina t ion  aus  B i ldgebungs-  

und  CSF-B iomarkern  und  es  g ib t  nu r  begrenz te  Be lege  fü r  d ie  

Verg le iche  zw ischen  CSF-B iomarkern .  Dennoch  wurde  e ine  CSF-

Ana lyse  fü r  d ie  rou t inemäß ige  k l in i sche  Au fa rbe i tung  der  

symptomat i schen  AD empfoh len ,  um d ie  d iagnos t i sche  

Wi rksamke i t  zu  e rhöhen .  CSF-B iomarker  ze igen  mi t  re la t i v  hoher  

Genau igke i t  d ie  neuropa tho log ischen  Veränderungen  der  AD au f  

(Wa l l i n  e t  a l .  2006 ;  Shaw  e t  a l .  2009 ;  Mo l inuevo  e t  a l .  2014 ;  

Bocche t ta  e t  a l .  2015 ;  Sch jonn ing  N ie lsen  e t  a l .  2016 ;  Herukka  e t  

a l .  2017 ;  S imonsen  e t  a l .  2017) .  Darüber  h inaus  haben  d ie  

b isher igen  S tud ien  e ine  D icho tomis ie rungss t ra teg ie  zu r  

K lass i f i z ie rung  von  B iomarkern  angewendet ,  wobe i  d ie  Ta tsache  

vernach läss ig t  wurde ,  dass  Grenzwer te  in  der  k l i n i schen  Prax is  

n ich t  e indeu t ig  a ls  pos i t i v  oder  nega t i v  e inges tu f t  werden  können .  

 

Z ie l  de r  e rs ten  S tud ie  war ,  den  Grad  der  Übere ins t immung und  d ie  

Wechse lbez iehung  zw ischen  den  e tab l ie r ten  CSF-B iomarkern  Aß 

1 -42 ,  Gesamt -Tau  und  phosphory l ie r tem Tau  (pTau181)  in  zwe i  

unabhäng igen  Kohor ten  zu  un te rsuchen .  Es  wurden  e ine  

mu l t i zen t r i sche  und  e ine  monozen t r i sche  Kohor te  m i t  AD Pa t ien ten  

un te rsuch t .  H ie r fü r  wurde  e ine  D icho tomis ie rungs-  und  e ine  

Tr i chosomis ie rungss t ra teg ie  ve rwendet .  H ie r  ze ig te  s i ch  in  be iden  

Kohor ten ,  sowoh l  nach  Tr i cho tomis ie rung ,  a ls  auch  nach  

D icho tomis ie rung  e ine  ger inge  Übere ins t immung und  

Wechse lbez iehung  zw ischen  den  B iomarkern .  Ausnahme war  e ine  

modera te  Übere ins t immung zw ischen  pTau /Gesamt -Tau  in  der  

monozen t r i schen  Kohor te  nach  D icho tomis ie rung .  D iese  

Ergebn isse  sprechen  gegen  d ie  ve re in fach te  Annahme e iner  

genere l len  B iomarkerpos i t i v i tä t  im  S tad ium der  AD.   

 

D ie  zwe i te  S tud ie  umfass te  e ine  monozen t r i sche  Kohor te  m i t  

gesunden  Kon t ro l len ,  K rankhe i t skon t ro l len  und  Pa t ien ten  mi t  

symptomat i scher  AD,  sow ie  e ine  mu l t i zen t r i sche  Kohor te  m i t  



gesunden  Kon t ro l len  und  Pa t ien ten  mi t  AD und  ha t te  zum Z ie l ,  d ie  

ve rsch iedenen  L iquorb iomarkerkons te l la t ionen  zu  ka tegor i s ie ren  

und  au f  d ie  N IA-AA Kr i te r ien  anzuwenden.  D ie  CSF-B iomarker  

Aß42,  Gesamt -Tau  und  pTau181 wurden  mi t  hande lsüb l i chen  

Assays  gemessen .  D ie  B iomarkerwer te  wurden  fü r  das  Vor l i egen  

e iner  A lzhe imerpa tho log ie  in  d ie  Ka tegor ien  nega t i v ,  g renzwer t ig  

oder  pos i t i v  t r i cho tomis ie r t .  In  Kon t ro l len  va r i i e r te  das  

Vorhandense in  norma le r  CSF-Pro f i l e  zw ischen  13 ,6  und  25 ,4% in  

den  un te rsuch ten  Gruppen ,  während  b is  zu  8 ,6% von  ihnen  

abnorma le  CSF-B iomarker  au fw iesen .  Be i  40 ,3  bzw.  52 ,9% der  

Pa t ien ten  mi t  k l i n i scher  AD wurde  e in  t yp isches  CSF-Pro f i l  f ü r  AD 

fes tges te l l t .  Unge fähr  40% der  po tenz ie l len  B iomarker -

Kons te l la t ionen  werden  in  den  NIA-AA-R ich t l i n ien  n ich t  

be rücks ich t ig t  und  mehr  a ls  40% der  Te i lnehmer  konn ten  n ich t  i n  

d ie  N IA-AA-Kategor ien  m i t  un te rsch ied l i chen  B iomarker -

Kons te l la t ionen  e inge te i l t  werden .  In  d ieser  S tud ie  wurde  e in  

ve r fe iner tes  Schema vorgesch lagen ,  dass  a l le  mög l i chen  

B iomarker -Kons te l la t ionen  abdeck t .  D ie  Ergebn isse  der  S tud ie  

we isen  au f  e ine  D isk repanz  zw ischen  k l in i scher  Symptomat i k  bzw.  

D iagnose  und  CSF-B iomarkern  h in .  

 

2 .   E in le i tung  

2 .1  Ep idemio log ie  und  R is iko fak to ren  der  A lzhe imer  Demenz  

D ie  AD is t  m i t  60-80% a l le r  Demenzerk rankungen  d ie  häu f igs te  

Demenz fo rm (B lennow  e t  a l .  2006) .  Es  hande l t  s i ch  h ie rbe i  

vo rw iegend  um e ine  Erk rankung  des  ä l te ren  Menschen .  D ie  

Wahrsche in l i chke i t  fü r  über  85 - jäh r ige  an  e iner  AD zu  e rk ranken  

be t räg t  zw ischen  25-40% (Go lde  e t  a l .  2011) .  Demenz  i s t  de r  

Haup t r i s i ko fak to r  fü r  P f legebedür f t i gke i t  im  A l te r  we l twe i t .  Somi t  

w i rk t  s i ch  Demenz  au f  v ie le  un te rsch ied l i che  Bere iche  

(kö rper l i che ,  soz ia le  und  ökonomische)  der  Be t ro f fenen  aus  und  

bee in t räch t ig t  de ren  Bez iehungen  zu  Fami l ie  und  Gese l l scha f t  

(WHO 2022) .  We l twe i t  s ind  ca .  50  Mi l l i onen  Menschen  von  

Demenz  be t ro f fen  (Cah i l l  2020) .  In  Deu tsch land  leben  ak tue l l  fas t  



1 ,8  M i l l i onen  Demenzkranke ;  zwe i  Dr i t te l  von  ihnen  s ind  von  AD 

be t ro f fen .  Jähr l i ch  t re ten  e twa  440 .000  Neuerk rankungen au f  

(Gese l l scha f t  2023) .  In fo lge  der  demograph ischen  En tw ick lungen  

kommt  es  zu  we i taus  mehr  Neuerk rankungen  a ls  zu  S te rbe fä l len  

un te r  den  bere i t s  Erk rank ten .  Somi t  n immt  d ie  Zah l  de r  

Demenzkranken  kon t inu ie r l i ch  zu  und  b is  zum Jahr  2050  i s t  e ine  

Verdoppe lung  der  Demenzerk rankungen  zu  e rwar ten  (Go lde  e t  a l .  

2011) .  

D ie  we l twe i ten  Kos ten  durch  Demenz  veru rsach t  be t rugen  im Jahr  

2015  geschä tz t  818  Mi l l i onen  US-Do l la r .  D ies  en tsprach  e inem 

Ans t ieg  von  35% gegenüber  dem Jahr  2010  (Wimo  e t  a l .  2017) .   

 

Der  w ich t igs te  und  somi t  Haup t r i s i ko fak to r  fü r  e ine  sporad ische  

bzw.  spä t  man i fes te  Demenz  i s t  das  höhere  Lebensa l te r .  A ls  

we i te re r  ges icher te r  ep idemio log ischer  R is i ko fak to r  fü r  d ie  

sporad ische  AD g i l t  das  Apo l ipopro te in -E-Gen (ApoE) ,  dass  es  in  

d re i  un te rsch ied l i chen  A l le len  g ib t :  e2 ,  e3 ,  e4 .  

 

Das  ApoE4-A l le l  e rhöh t  das  R is i ko  an  e iner  AD zu  e rk ranken ;  fü r  

He te rozygo te  um ca .  das  Dre i fache  und  fü r  Homozygo te  um ca .  

das  15- fache  (Förs t l  2017) .  Außerdem g ib t  es  se l tene  gene t i sch  

bed ing te  Formen der  AD,  d ie  au tosomal -dominan t  ve re rb t  werden  

und  be i  j üngeren  Pa t ien ten  mi t  e ine r  hohen  Pene t ranz  au f t re ten .  

S ie  werden  durch  Muta t ionen  im Amy lo id -Precursor -Pro te in  (APP-

Gen) ,  Im Präsen i l i n -Gen oder  im Präsen i l i n -2 -Gen veru rsach t  

(B lennow  e t  a l .  2006) .  

Zu  den  bee in f lussbaren  R is iko fak to ren  fü r  d ie  AD zäh len  e ine  

ger inge  Schu lb i ldung ,  ger inge  ge is t ige  und  körper l i che  Ak t i v i tä t  

während  des  Lebens ,  Schäde l -H i rn -Traumata ,  Ernährungs fak to ren  

(e rhöh te r  A lkoho lkonsum,  Übergewich t )  sow ie  t yp ische  

kard iovasku lä re  R is i ko fak to ren  (z .B .  Hyper ton ie ,  

Hypercho les te r inämie ,  Typ-2 -D iabe tes ,  N iko t inkonsum)  (de  la  

Tor re  2010 ;  Vos  e t  a l .  2015) .  Be isp ie lswe ise  ze ig te  s i ch  in  e iner  

Metaana lyse  mi t  i nsgesamt  96 .158  Te i lnehmern ,  dass  e ine  



an t ihyper tens ive  Therap ie  be i  Pa t ien ten  mi t  a r te r ie l l e r  Hyper ton ie  

sowoh l  das  R is i ko  e iner  Demenz  a ls  auch  das  R is iko  kogn i t i ve r  

E inschränkungen  reduz ie r t  (Hughes  e t  a l .  2020) .  

 

2 .2  Neuropa tho log ie   

Der  bayer i sche  Neuropa tho loge  und  Psych ia te r  A lo is  A lzhe imer  

beschr ieb  1906  e rs tma ls  d ie  h is topa tho log ischen  Veränderungen  

im Geh i rn  e iner  F rau ,  Augus te  D . ,  d ie  an  e iner  p räsen i len  Demenz  

vers to rben  war .  H ie rbe i  hande l te  es  s i ch  um d ie  sogenann ten  

in t raze l lu lä ren  Neuro f ib r i l l en  und  d ie  ex t raze l lu lä ren  

Amy lo idp laques  (Abb i ldung  1 ) ,  sow ie  neurona len  Ze l l ve r lus t  

(Grundke- Iqba l  e t  a l .  1986) .   

Darau f  wurde  durch  B lennow e t  a l .  d ie  Amy lo idkaskaden-

Hypo these  fo rmu l ie r t .  D iese  Hypo these  beschre ib t  e in  

Ung le ichgewich t  zw ischen  b -Amy lo id -Produk t ion  und  dessen  

Abbau ,  der  au f  Dauer  zu  e inem Nervenze l l ve r lus t  füh r t  und  in  

e iner  Demenz  mündet  (B lennow  e t  a l .  2006) .  D ie  

Amy lo idkaskaden-Hypo these  i s t  b i s  heu te  gü l t i g ,  wenng le ich  der  

gesamte  Pa thomechan ismus  b is lang  noch  n ich t  ve rs tanden  i s t .  

 

 
Abbildung 1: links extrazelluläre Amyloidplaques (Plaques), rechts intrazelluläre 

Neurofibrillen (Tangles) (Blennow et al. 2006) 



 

Ab -P laques  en ts tehen  aus  der  enzymat ischen  Spa l tung  e ines  

Transmembranpro te ins ,  dem sogenannten  Amy lo id -Vor läu fe r -

Pro te in .  Der  phys io log ische  bzw.  n ich t -amy lo idogene  

Abbauprozess  von  APP er fo lg t  du rch  d ie  a -Sekre tase ,  we lche  APP 

in  2  Bruchs tücke  spa l te t ,  d ie  e inem komple t ten  enzymat i schen  

Abbau  un te r l i egen  (Abb i ldung  2 ) .  Be im amy lo idogenen  Abbauweg 

en ts tehen  Ab -P laques  aus  aggeg ie r tem hydroph i lem Ab42 ,  dass  

aus  pa tho log ischer  enzymat i scher  Abspa l tung  durch  d ie  b -  und  d ie  

g -Sekre tase  von  APP abgespa l ten  w i rd  (Förs t l  2017) .  

D ie  Ab42-Fragmente  aggreg ie ren  und  b i lden  O l igomere ,  d ie  dann  

a ls  ex t raze l lu lä re  Amy lo idp laques  im Geh i rngewebe abge lager t  

werden  und  zu  e iner  ges tö r ten  Synapsen funk t ion  und  e iner  

in f lammator i schen  Reak t ion  durch  Mik rog l ia  und  As t rozy ten  

führen .  

 

 
Abbildung 2: Schematische Abbildung der physiologischen (oben) und der 

pathologischen Spaltung (unten) von APP (Förstl 2017). 

 

Der  zwe i te  ges tö r te  Mechan ismus  be i  de r  AD i s t  d ie  Tau-

Pa tho log ie .  S ie  füh r t  zu r  in t raze l lu lä ren  Ab lagerung  der  

sogenann ten  Neuro f ib r i l l enbünde l .  Be i  den  Neuro f ib r i l l en  hande l t  

es  s i ch  um abnorma le  in t raze l lu lä re  Ab lagerungen  von  



hyperphosphor i l i e r tem Tau-Pro te in  (Grundke- Iqba l  e t  a l .  1986) .  

Tau  i s t  e in  M ik ro tubu l i - s tab i l i s ie rendes  Pro te in ,  dass  an  

Mik ro tubu l i  gebunden  i s t  und  zur  in tegra len  Ze l l s t ruk tu r  gehör t .  

Be i  de r  AD kommt  es  zu  e iner  Hyperphosphor i l i e rung  von  Tau-

Pro te in ,  sodass  d ie  B indung  an  Mik ro tubu l i  des tab i l i s ie r t  w i rd  

(Drechse l  e t  a l .  1992) .  

Es  kommt  zu  e iner  S tö rung  des  axona len  Transpor tes  in  der  Ze l le ,  

d ie  Ze l le  geh t  zugrunde .  Tau  akkumul ie r t  und  b i lde t  sogenann te  

Neuro f ib r i l l enbünde l ,  d ie  a ls  „Grabs te ine“  der  Ze l le  nach  dem 

Ze l lun te rgang  verb le iben  (Gendreau  and  Ha l l  2013) .  Warum es  zu  

e iner  abnormen Hyperphosphor i l i e rung  kommt  i s t  b i sher  

unbekann t .   

Der  durch  d ie  Erk rankung  bed ing te  Neuronenze l l ve r lus t  füh r t  zu  

e inem cho l ine rgen  Def i z i t  im  Nuc leus  basa l i s  Meyner t  (NBM) ,  

we lcher  s i ch  dann  symptomat i sch  durch  kogn i t i ve  De f i z i te  

bemerkbar  mach t  (Hardy  and  Se lkoe  2002 ;  Förs t l  2017) .  

Be i  de r  gene t i schen  Form der  AD sp ie len  Muta t ionen  im APP-Gen 

und  im Präsen i l i n1 -  und  Präsen i l i n2 -Gen e ine  Ro l le .  P räsen i l i ne  

s ind  Bes tand te i le  der  g -Sekre tase ,  d ie  den  amy lo idogenen  

Abbauweg von  APP bed ingen .  

Be i  de r  sporad ischen  AD werden  hohes  A l te r  und  der  ApoE4-

Genotyp  a ls  d ie  w ich t igs ten  R is iko fak to ren  genann t .  ApoE4 kod ie r t  

fü r  e inen  in t razerebra len  Cho les te r in t ranspor te r .  Zum e inen  w i rd  

ApoE4 a ls  wen iger  e f f i z ien t  a l s  d ie  anderen  ApoE-A l le le  ve rmute t ,  

zum anderen  so l l  es  e ine  zusä tz l i che  Ro l le  be im amy lo idogenen  

Abbauweg sp ie len ,  indem es  a ls  Chaperon  fü r  d ie  En ts tehung  von  

Ab42  sorg t  (B lennow  e t  a l .  2006) .  

 

2 .3  Symptome  

D ie  Symptome der  AD en tw icke ln  s i ch  über  Jahre  langsam 

sch le ichend  p rogred ien t .  Es  i s t  e ine  degenera t i ve  Erk rankung ,  d ie  

le tz ten  Endes  le ta l  ve r läu f t .  Zu  Beg inn  kommt  es  be i  e inem 

typ ischen  Ver lau f  zu  e inem Ver lus t  des  ep isod ischen  

Gedäch tn isses ,  sow ie  E inschränkungen der  A l l tagskompetenz ,  w ie  



zum Be isp ie l  de r  Ur te i l s fäh igke i t ,  Or ien t ie rung und  

En tsche idungs f indung (B lennow  e t  a l .  2006) .  Zusä tz l i ch  können  

neuropsycho log ische  Symptome w ie  Aphas ie ,  Agnos ie  und  Aprax ie  

und  psych ische  Verha l tenss tö rungen w ie  Depress ion  und  in  spä ten  

S tad ien  Ag i ta t ion ,  Aggress ion ,  Apa th ie ,  Wandern ,  Unruhe  und  

S tö rungen  des  Sch la f -Wach-Rhy thmus au f t re ten  (Cook  e t  a l .  

2003) .  

M i t  dem For tschre i ten  der  Erk rankung  werden  d ie  Pa t ien ten  

zunehmend p f legebedür f t i g  und  vers te rben  sch l ieß l i ch  an  

unspez i f i schen  Ursachen ,  w ie  Herz -Kre is lau f -Erk rankungen  oder  

In fek t ionsk rankhe i ten  (Kuku l l  e t  a l .  1994) .  

 

D ie  N IA-AA beschre ib t  i n  ih ren  R ich t l i n ien  d re i  S tad ien  der  AD,  in  

der  d ie  Bes t immung der  b i ldgebenden  und  L iquorb iomarker  

Anwendung f inde t .  E ine  p räk l in i sche  Phase ,  d ie  Phase  der  

le i ch ten  kogn i t i ven  Bee in t räch t igung  (LKB)  und  d ie  der  man i fes ten  

AD.  S ie  pos tu l ie ren  e ine  lange  asymptomat i sche  Phase ,  in  der  der  

pa thophys io log ische  Prozess  der  Amy lo idpa tho log ie  und  

Neurodegenera t ion  ohne  bzw.  nur  m i t  sub t i l en  kogn i t i ven  

Veränderungen  e inhergeh t .  D ie  p räk l in i sche  Phase  w i rd  in  d re i  

S tad ien  un te r te i l t .  Im e rs ten  S tad ium bes teh t  e ine  Amy lo id -

Pos i t i v i tä t  i n  L iquor  oder  B i ldgebung .  Im zwe i ten  S tad ium kommen 

Ze ichen  der  Neurodegenera t ion  h inzu .  Im d r i t ten  S tad ium können  

zudem sub t i l e  kogn i t i ve  De f i z i te  bemerk t  werden ,  d ie  noch  ke ine  

kogn i t i ve  S tö rung  d iagnos t i z ie ren  lassen  (Sper l i ng  e t  a l .  2011) .  

D iese  Gruppe  asymptomat i scher  Ind iv iduen  ha t  in  e rs te r  L in ie  e ine  

Bedeu tung  fü r  d ie  Forschung  mi t  dem Z ie l  Fak to ren  zu  de f in ie ren ,  

d ie  kogn i t i ve  De f i z i te  oder  den  Progress  in  e ine  AD in  der  Zukun f t  

be i  amy lo idpos i t i ven  Ind iv iduen  voraussagen (Sper l i ng  e t  a l .  

2011) .  Das  S tad ium der  LKB,  oder  „M i ld  cogn i t i ve  imparment  (MCI )  

genann t ,  i s t  gekennze ichne t  durch  k l i n i sche  Kernk r i te r ien ,  d ie  au f  

e ine  E inschränkung  von  kogn i t i ven  Le is tungen  ohne  

Bee in t räch t igung  im a l l täg l i chen  Leben deu ten .  Un te rs tü tzend  

so l len  B i ldgebungs-  und  L iquorb iomarker  au f  d ie  Ä t io log ie  e iner  



AD vor  a l lem im Forschungsse t t ing  h inzugezogen  werden  (A lber t  

e t  a l .  2011) .  

Das  S tad ium der  AD w i rd  in  un te rsch ied l i che  Wahrsche in l i chke i ten  

e inge te i l t .  H ie rbe i  w i rd  un te rsch ieden ,  je  nach  B iomarkerpos i t i v i tä t  

bzw.  -ve r fügbarke i t ,  ob  es  s i ch  um e ine  mög l i che ,  wahrsche in l i che  

oder  pa thophys io log isch  d iagnos t i z ie r te  AK,  oder  ob  es  s i ch  um 

e ine  Demenz fo rm mi t  andere r  zugrunde l iegender  Ä t io log ie  hande l t  

(McKhann  e t  a l .  2011) .   

 

2 .4  D iagnos t i k  

D ie  D iagnose  e iner  Demenz  i s t  e ine  Syndromd iagnose ,  d ie  anhand  

k l in i scher  Kr i te r ien  (z .B .  ICD-10)  ges te l l t  w i rd .  D ie  k l i n i sche  

D iagnoses te l lung  e iner  kogn i t i ven  Bee in t räch t igung  oder  e ines  

Demenzsyndromes  e r fo lg t  i n  e rs te r  L in ie  durch  e ine  E igen-  

und /oder  F remdanamnese  (Förs t l  2017) .  H ie r  geh t  es  vo r  a l lem um 

d ie  ze i t l i che  Dynamik  der  Symptome und  es  müssen  

E inschränkungen  in  der  A l l tagsbewä l t igung  vor l i egen .  D ie  

Erhebung  e ines  psychopa tho log ischen  Be fundes ,  e ine  k l i n i sch  

in te rn is t i sche  und  neuro log ische  Unte rsuchung  sp ie len  e ine  

e rheb l i che  Ro l le  in  der  D i f fe ren t ia ld iagnos t i k  der  Demenzen  und  

d ienen  vor  a l lem dem Aussch luss  po ten t ie l l  revers ib le r  Ursachen .  

 

2 .4 .1  Kogn i t i ve  Kurz tes tung /  Neuropsycho log ische  D iagnos t i k  

Kogn i t i ve  Kurz tes ts  w ie  der  M in i -Menta l -S ta tus -Tes t  (MMST) ,  der  

Demenz-Detek t ions-Tes t  (DemTec t ) ,  sow ie  der  Mont rea l  Cogn i t i ve  

Assessment  Tes t  (MoCA)  und  Addenbrooke ’s  Cogn i t i ve  

Examina t ion  I I I  (ACE- I I I )  s ind  gee igne te  Ins t rumente  fü r  e in  

Demenz-Screen ing .  H ie rbe i  w i rd  auch  durch  d ie  Prü fung  e inze lner  

kogn i t i ve r  Domänen bere i t s  e ine  d i f fe ren t ia ld iagnos t i sche  

E inordnung  des  Syndroms e rmög l i ch t .  Für  d ie  aus führ l i che  

kogn i t i ve  Tes tung  e igne t  s i ch  un te r  anderem d ie  Tes tba t te r ie  des  

Consor t ium to  es tab l i sh  a  Reg is t ry  fo r  A lzhe imers  D isease  

(CERAD)  oder  des  A lzhe imer ´s  D isease  Assessment  Sca le  –  

Cogn i t i ve  subsca le  (ADAS cog)  (Rub in  e t  a l .  1989 ;  Mor r i s  1993 ;  



Kueper  e t  a l .  2018) .  Der  CERAD überp rü f t  Fäh igke i ten  der  

Or ien t ie rung ,  der  Sprache ,  der  kons t ruk t i ven  Prax is  und  des  

Gedäch tn isses .  E in  we i te res  Werkzeug  i s t  de r  C l in i ca l  Dement ia  

Ra t ing  Sca le ,  we lcher  darüber  h inaus  even tue l le  S tö rungen  des  

soz ia len  und  häus l i chen  Lebens  und  der  P f lege  berücks ich t ig t .   

 

2 .4 .2  B i ldgebung 

Der  b i ldgebenden  D iagnos t i k  kommt  im Wesent l i chen  zwe i  

Funk t ionen  zu .  Zum e inen  so l len  behande lbare  Ursachen  e iner  

Demenz  de tek t ie r t  werden  (z .B .  Tumoren ,  Hämatome,  

Norma ld ruckhydrozepha lus ,  In fek t ionen) .  Zum anderen  kann  s ie  

anhand  des  A t roph iemus te rs  oder  we i te re r  s t ruk tu re l le r  

Au f fä l l i gke i ten  zu r  ä t io log ischen  D i f fe renz ie rung  p r imärer  

Demenzerk rankungen  be i t ragen.  Be i  ca .  5% a l le r  

Demenzerk rankungen  w i rd  e ine  po ten t ie l l  behande lbare  bzw.  

revers ib le  Ursache  durch  d ie  ze rebra le  B i ldgebung  en tdeck t  

(Deu tsche  Gese l l scha f t  fü r  Psych ia t r ie  und  Psycho therap ie  2016) .  

Daher  so l l te  im Rahmen e iner  Demenzabk lä rung  e in  ze rebra les  

MRT,  oder  be i  Kon t ra ind ika t ionen  e in  ze rebra les  CT durchge führ t  

werden .  

S t ruk tu re l l  i s t  d ie  AD durch  e ine  p rogred ien te  H i rna t roph ie  m i t  

besondere r  Akzen tu ie rung  im med ia len  Tempora l lappen und  im 

H ippocampus  charak te r i s ie r t .   

In  k l i n i sch  unk la ren  Fä l len  oder  im Rahmen von  k l in i schen  S tud ien  

kommen nuk learmed iz in ische  Ver fahren ,  w ie  das  18F-FDG-PET 

bzw.  99mTc HMPAO-SPECT,  zum E insa tz .  H ie r  werden  der  

G lukosemetabo l i smus  bzw.  d ie  ze rebra le  Per fus ion  darges te l l t ,  

wobe i  e in  nega t i ve r  Be fund  d ie  A lzhe imer -D iagnose  p rak t i sch  

aussch l ieß t  (Sche l tens  e t  a l .  2016) .  Es  g ib t  moderne  

B i ldgebungsver fahren ,  d ie  in  hochspez ia l i s ie r ten  Zen t ren  

vorhanden  s ind  und  d ie  d ie  Amy lo id  Pa tho log ie  und  d ie  Tau  

Pa tho log ie  de tek t ie ren  können  (Ha l l  e t  a l .  2017 ;  Ruan  and  Sun  

2023) .   

 



2 .4 .3  Labord iagnos t i k  

D ie  k l i n i sche  und  neuropsycho log ische  Unte rsuchung  a l le in  we isen  

au f  das  Demenzsyndrom h in ,  l assen  jedoch  ke inen  Sch luss  über  

d ie  ä t io log ische  Zuordnung  des  Demenzsyndroms zu .  So  w i rd  in  

den  me is ten  Le i t l i n ien  empfoh len  po tenz ie l l  revers ib le  Ursachen  

der  Demenz  mi t  H i l fe  laborchemischer  Un te rsuchungen  

auszusch l ießen .  In  den  me is ten  Le i t l i n ien  werden  B lu tb i ld ,  

E lek t ro ly te ,  B lu tzucker ,  TSH,  CRP,  B lu tsenkung ,  Leber -  und  

N ie ren funk t ionswer te ,  V i tamin  B12  und  Fo lsäure  a ls  

S tandardbes t immung genann t  (Deu tsche  Gese l l scha f t  fü r  

Psych ia t r ie  und  Psycho therap ie  2016) .V ie lve rsprechende  neuere  

Ergebn isse  we isen  au f  den  po tenz ie l len  Nu tzen  von  pTau  a ls  

B lu tb iomarker  h in ,  de r  m i t  hoher  Sens i t i v i tä t  und  Spez i f i tä t  d ie  AD 

de tek t ie ren  können  (Th i j ssen  e t  a l .  2021) .   

 

2 .4 .3 .1  Bes t immung des  Apo l ipopro te in -E-Genotyps  

Das  Apo l ipopro te in -E-Gen i s t  i n  Abhäng igke i t  von  der  

A l le l kons te l la t ion  (e4)  e in  R is i ko fak to r  fü r  d ie  AK.  In  der  

deu tschen  Le i t l i n ie  zu r  D iagnos t i k  und  Therap ie  der  Demenzen  

w i rd  d ie  Bes t immung des  Apo l ipopro te in -E-Genotyps  n ich t  

empfoh len  (Deu tsche  Gese l l scha f t  fü r  Psych ia t r ie  und  

Psycho therap ie  2016) .  

 

2 .4 .3 .2  L iquord iagnos t i k  

D ie  L iquord iagnos t i k  d ien t  dem Aussch luss  andere r ,  z .B .  

en tzünd l i cher  ZNS-Erk rankungen  und  kann  be i  Bes t immung der  

Neurodegenera t ionsmarker  Aß42,  pTau  und  Gesamt -Tau  d ie  

D iagnose  e iner  neurodegenera t i ven  Erk rankung ,  w ie  der  

A lzhe imerk rankhe i t  s tü tzen .  Um e ine  d i f fe ren t ia ld iagnos t i sche  

E inschä tzung  gegenüber  anderen  Demenzen  t re f fen  zu  können  

oder  fü r  e ine  Ver lau fsbeur te i lung  e ignen  s ich  d ie  

Degenera t ionsmarker  n ich t .  Im Kon tex t  a l le r  vo r l i egenden  Be funde  

können  d ie  Marker  im k l in i schen  A l l tag  jedoch  h inwe isend  fü r  e ine  



Alzhe imerk rankhe i t  un te rs tü tzend  w i rken  (Deu tsche  Gese l l scha f t  

fü r  Psych ia t r ie  und  Psycho therap ie  2016) .  

Je  nach  Ver fügbarke i t  de r  B iomarker  und  ih re r  Pos i t i v i tä t  w i rd  in  

den  R ich t l i n ien  der  N IA-AA von  un te rsch ied l i chen  

Wahrsche in l i chke i ten  fü r  das  Vor l i egen  e iner  AD ausgegangen.   

In  der  p räk l in i schen  Phase  werden  d re i  ve rsch iedenen  S tad ien  

pos tu l ie r t ,  d ie  zunächs t  e ine  Pos i t i v i tä t  de r  Amy lo idmarker  in  

L iquor  oder  B i ldgebung  beschre iben .  Im Ver lau f  kommen Marker  

der  Neurodegenera t ion  h inzu  und  sch l ieß l i ch  kann es  zu  e inem 

sub t i l en  kogn i t i ven  Ver fa l l  kommen,  der  jedoch  noch  ke ine  

D iagnose  e iner  LKB zu läss t .  Im symptomat i schen  S tad ium der  LKB 

und  der  AD werden  un te rsch ied l i che  Wahrsche in l i chke i ten  

(mög l i ch ,  wahrsche in l i ch ,  m i t  Nachwe is  der  A lzhe imer  Pa tho log ie  

und  Demenz  wahrsche in l i ch  andere r  Ä t io log ie )  pos tu l ie r t  (A lber t  e t  

a l .  2011 ;  McKhann  e t  a l .  2011) .   

D ie  fo lgende  Tabe l le  e r läu te r t  d ie  AD Demenz  Kr i te r ien  m i t  

In tegra t ion  der  B iomarker .  
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Tabe l le  1 :  Demenz  Kr i te r ien  der  AD mi t  Berücks ich t igung  von  

B iomarkern  (McKhann e t  a l .  2011) .  

 

2 .5  Therap ie  

2 .5 .1  Med ikamentöse  Therap ien  

D ie  zu rze i t  zuge lassenen  Med ikamente  in  Deu tsch land  s ind  nur  

ger ing  w i rksam und  d ienen  aussch l ieß l i ch  zu r  symptomat i schen  

Behand lung  der  Kernsymptomat ik  (u .a .  kogn i t i ve  S tö rungen ,  

Bee in t räch t igung  der  A l l tags tä t igke i ten )  und  der  Behand lung  von  

psych ischen  Verha l tenssymptomen (z .B .  Depress ion ,  Wahn,  

Ha l luz ina t ionen ,  Apa th ie ) .  Zuge lassene  Med ikamente  in  

Deu tsch land  s ind  d ie  Ace ty lcho l ines te rasehemmer  und  der  n ich t -

kompet i t i ve  NMDA-Antagon is t  Memant in  (Deu tsche  Gese l l scha f t  

fü r  Psych ia t r ie  und  Psycho therap ie  2016) .   

 



2 .5 .1 .1  Ace ty lcho l ines te rasehemmer  

Ace ty lcho l ines te rase-Hemmer  (Donepez i l ,  Ga lan tamin  und  

R ivas t igmin )  s ind  zu r  Behand lung  der  le i ch ten  b is  m i t te l schweren  

AD zuge lassen .  S ie  ve rbessern  d ie  Ace ty lcho l in -ve rmi t te l te  

neurona le  S igna lüber t ragung ,  d ie  durch  d ie  Neurodegenera t ion  im 

Rahmen der  A lzhe imererk rankung  verminder t  i s t .  Über  e ine  

Inh ib i t i on  der  Cho l ines te rase  und  somi t  des  Abbaus  des  

Neuro t ransmi t te rs  s teh t  Ace ty lcho l in  über  e ine  längere  Dauer  im 

synap t i schen  Spa l t  cho l ine rger  Synapsen  zur  Ver fügung .  

Ga lan tamin  bee in f luss t  da rüber  h inaus  d ie  n iko t ine rgen  

Rezep to ren  der  Präsynapse  und  bewi rk t  somi t  e ine  zusä tz l i che  

Ace ty lcho l in f re ise tzung  (Deu tsche  Gese l l scha f t  fü r  Psych ia t r ie  und  

Psycho therap ie  2016) .  

 

2 .5 .1 .2  Memant ine  

Memant ine  s ind  n ich t -kompet i t i ve  NMDA-Antagon is ten .  S ie  

bewi rken  e ine  Inh ib i t i on  der  F re ise tzung  von  G lu tamat .  Be i  de r  AK 

w i rd  dem chron ischen  Überschuss  der  G lu tamat f re ise tzung  e ine  

Ro l le  der  A lzhe imer -bed ing ten  Ze l l funk t ionss tö rung und  

Ze l ldegenera t ion  zugesprochen .  Zuge lassen  i s t  Memant in  im 

modera ten  b is  schweren  Demenzs tad ium be i  AD (Deutsche  

Gese l l scha f t  fü r  Psych ia t r ie  und  Psycho therap ie  2016) .  

 

2 .5 .1 .3  Pharmako therap ie  von  psych ischen  Verha l tenssymptomen 

Be im Auf t re ten  psycho t i scher  Symptome,  Depress ionen  mi t  

Apa th ie  oder  Unruhe  können  Neuro lep t i ka  (z .B .  R isper idon ,  

O lanzap in ,  Quet iap in )  oder  An t idepress iva  (C i ta lopram,  

Ven la fax in ,  M i r tazap in )  e ingese tz t  werden .  

 

2 .5 .1 .4  An t i kö rper  Therap ie  

D ie  Europä ische  Arzne im i t te lbehörde  EMA ha t  den  An t rag  au f  

Zu lassung  von  Aducanumab im Dezember  2021  abge lehn t .  In  den  

USA is t  de r  Wi rks to f f  un te r  dem Namen Aduhe lm se i t  Jun i  2021  

zuge lassen  (e .V . ) .  Es  hande l t  s i ch  um e inen  monok lona len  



Ant ikö rper ,  de r  s i ch  gegen  b -Amy lo id  r i ch te t  und  zu  e iner  P laque-

Reduk t ion  füh r t  (Wo losh in  and  Kesse lhe im 2022) .  In  den  

b isher igen  S tud ien  konn te  jedoch  ke in  k l i n i scher  Bene f i t  fü r  das  

Med ikament  geze ig t  werden ,  sodass  d ie  Zu lassung  der  US-Food  

and  Drug  Admin is t ra t ion  FDA kon t rovers  d isku t ie r t  w i rd  (Avger inos  

e t  a l .  2021) .  

Rezen t  i s t  e ine  e rs te  g roße  pos i t i ve  S tud ie  e rsch ienen ,  in  der  der  

monok lona le  An t i kö rper  Lecanemab zu  e iner  Reduk t ion  der  

Amy lo idkonzen t ra t ionen ,  sow ie  zu  e inem ger ingeren  For tschre i ten  

der  kogn i t i ven  E inschränkungen  be i  beg innender  AK ge führ t  ha t  

( van  Dyck  e t  a l .  2023) .    

 

2 .5 .2  N ich t -med ikamentöse  Therap ien  

E ine  g roße  Bedeu tung  kommt  den  n ich t -med ikamentösen  

Therap ien  der  an  AD erk rank ten  Menschen  zu ,  um e ine  mög l i chs t  

l ange  Se lbs tänd igke i t  de r  Ak t i v i tä ten  des  täg l i chen  Lebens  zu  

e rmög l i chen .  Dazu  zäh len  sogenann te  Beg le i t the rap ien  w ie  z .B .  

Ergo therap ie ,  Verha l tens therap ie ,  Logopäd ie ,  Kuns t -

/Mus ik therap ie ,  Gedäch tn is t ra in ing ,  Se lbs te rha l tungs therap ie ,  

sow ie  Gesprächsrunden  fü r  Pa t ien ten  und  Angehör ige .  

 

3 .  Mate r ia l  und  Methoden  Pub l i ka t ion  1  

3 .1  S tud iendes ign  und  S t i chprobe  

D ie  S tud ie  umfass te  Pa t ien ten  mi t  AD,  d ie  zw ischen  2005  und  

2012  am Zen t rum fü r  kogn i t i ve  S tö rungen  des  K l in i kums rech ts  der  

I sa r  der  Techn ischen  Un ivers i tä t  München  (TUM,  monozen t r i sche  

Kohor te ,  N=119)  im Rahmen e iner  d iagnos t i schen  Abk lä rung  ih re r  

kogn i t i ven  Beschwerden  vors te l l i g  wurden .  D ie  zwe i te  S t i chprobe  

en thä l t  Pa t ien ten  der  Phase  1  und  2  der  A lzhe imer  Dement ia  

Neuro imag ing  In i t i a t i ve  (ADNI  1  und  2 ,  mu l t i zen t r i sche  Kohor te ,  

N=178) .  D ie  in  d ieser  S tud ie  ve rwendeten  ADNI-Daten  wurden  am 

6 .Ju l i  2015  aus  der  ADNI -Datenbank  un te r  h t tp : / /www.adn i - in fo .o rg  

abgeru fen .  



Al le  S tud ien te i lnehmer  e r fü l l ten  d ie  N IA-AA Kr i te r ien  und  d ie  

d iagnos t i schen  R ich t l i n ien  des  NINDS-ADRDA fü r  AD bzw.  

wahrsche in l i che  AD (McKhann  e t  a l .  1984 ;  McKhann 2011) .  D ie  

S tud ienver fahren  wurden  von  den  ins t i tu t ione l len  

Prü fungsaussch lüssen  a l le r  te i l nehmenden Zen t ren  genehmig t  und  

a l le  Te i lnehmer  und  oder  Bevo l lmäch t ig ten  e r te i l t en  e ine  

schr i f t l i che  E invers tändn ise rk lä rung .  

 

3 .2  L iquorp robenana lyse  

D ie  CSF-Pept idkonzen t ra t ionen  wurden  in  ADNI  m i t  de r  Mu l t ip lex -

xMAP-Luminex-P la t t fo rm mi t  Reagenz ien  au f  Bas is  des  

Innogenet i cs  Immunoassay -K i t s  im ADNI  B iomarker -Kern labor  de r  

Un ive rs i t y  o f  Pennsy lvan ia  nach  verö f fen t l i ch ten  Methoden  ( INNO-

BIA  A lzB io  3 ;  Gen t ,  Be lg ien)  gemessen  (Shaw  e t  a l .  2009 ;  K im  e t  

a l .  2011) .  An  der  TUM wurden  d ie  B iomarkerwer te  m i t  im  Hande l  

e rhä l t l i chen  enzymgebundenen  Immunosorbens-Assays  (EL ISA,  

Innogenet i cs ,  Gent ,  Be lg ien)  bes t immt  (Vandermeeren  e t  a l .  1993 ;  

Vanders t i che le  e t  a l .  2000 ;  A lexopou los  e t  a l .  2013) .   

 

3 .3 .  ApoE-Genotyp is ie rung  

ApoE-Genotypen  wurden  durch  Ana lyse  von  B lu tp roben  un te r  

Verwendung der  zuvor  beschr iebenen  S tandard -Po lymerase-

Ke t tenreak t ion  und  Res t r i k t ionsenzymverdauung  bes t immt  

(Wenham  e t  a l .  1991 ;  Z ive l in  e t  a l .  1997 ;  Sayk in  e t  a l .  2010) .  D ie  

Te i lnehmer  wurden  a ls  T räger  oder  N ich t -T räger  des  ApoE-e4-

A l le l s  k lass i f i z ie r t .  

 

3 .4  K lass i f i z ie rung  neurochemischer  B iomarkerwer te  

Der  B iomarkerwer t  j edes  Pa t ien ten  wurde  in  e iner  

D icho tomis ie rungss t ra teg ie  (pos i t i v  oder  nega t i v  fü r  AD)  und  in  

e iner  T r i cho tomis ie rungss t ra teg ie  (pos i t i v ,  nega t i v  oder  

border l i ne )  e inges tu f t .  D ie  D icho tomis ie rungss t ra teg ie  bas ie r te  au f  

zuvor  ve rö f fen t l i ch ten  B iomarker -Cu to f f s ,  d ie  fü r  j ede  verwendete  

Messmethode  spez i f i sch  waren ,  sodass  in  be iden  Datensä tzen  



un te rsch ied l i che  Grenzwer te  angewendet  wurden  (Hu ls taer t  e t  a l .  

1999 ;  Jagus t  e t  a l .  2009a ;  Shaw  e t  a l .  2009 ;  Landau  e t  a l .  2013) .  

In  den  fo lgenden  Tabe l len  s ind  d ie  angewendeten  Grenzwer te  in  

den  un te rsch ied l i chen  Kohor ten  au fge führ t .  

 

 TUM-Kohor te  ADNI -Kohor te  

Aß42-

Konzen t ra t ion  

(ng / l )  

 

<  642  

 

<  192  

t -Tau-

Konzen t ra t ion  

(ng / l )  

 

>  252  

 

>  94  

p -Tau-

Konzen t ra t ion  

(ng / l )  

 

>  61  

 

>  24  

 

Tabe l le  2 :  Pos i t i v -Grenzwer te  der  be iden  Kohor ten  TUM und  ADNI  

in  ng / l .  A l le  anderen  B iomarkerwer te  wurden  a ls  nega t i v  

angesehen .  

 

Die  Tr i cho tomis ie rungss t ra teg ie  s tü tz te  s i ch  au f  zuvor  

ve rö f fen t l i ch te  Grenzwer tbere iche ,  d ie  m i t  dem Z ie l  de f in ie r t  

wurden  e inen  vernün f t igen  Kompromiss  zw ischen  der  M in im ie rung  

der  Wahrsche in l i chke i t  e ine r  küns t l i chen  Ka tegor i s ie rung  von  

Grenzwer ten  a ls  pos i t i v  oder  nega t i v  zu  e rz ie len  (A lexopou los  e t  

a l .  2016) .  G le ichze i t i g  wurde  e in  überwä l t igender  Te i l  de r  

Messwer te  jeden  B iomarkers  a ls  Grenzwer t  e inges tu f t (A lexopou los  

e t  a l .  2016) .   

 

TUM-Kohor te  Pos i t i v  Nega t i v   Border l i ne  

Aß42-

Konzen t ra t ion  

(ng / l )  

 

<  579 ,72  

 

>  704 ,28  

 

579 ,72-704 ,28  



t -Tau-

Konzen t ra t ion  

(ng / l )  

 

>  331 ,11  

 

<172 ,89  

 

172 ,89-331 ,11  

p -Tau-

Konzen t ra t ion  

(ng / l )  

 

>  68 ,68  

 

<  53 ,32  

 

53 ,32-68 ,68  

Tabe l le  3 :  Grenzwer te  der  T r i cho tomis ie rungss t ra teg ie  in  der  

TUM-Kohor te  in  ng / l .  

 

ADNI -Kohor te  Pos i t i v  Nega t i v   Border l i ne  

Aß42-

Konzen t ra t ion  

(ng / l )  

 

<  177 ,62  

 

>  206 ,38  

 

177 ,62-206 ,38  

t -Tau-

Konzen t ra t ion  

(ng / l )  

 

>  104 ,15  

 

<  83 ,85  

 

83 ,85-104 ,15  

p -Tau-

Konzen t ra t ion  

(ng / l )  

 

>  27 ,41  

 

<  20 ,59  

 

20 ,59-27 ,41  

Tabe l le  4 :  Grenzwer te  der  T r i cho tomis ie rungss t ra teg ie  in  der  

ADNI -Kohor te  in  ng / l .  

 

Bas ie rend  au f  der  Anzah l  pos i t i ve r  B iomarker  nach  

D icho tomis ie rung  und  Tr i cho tomis ie rung  wurden  d ie  Pa t ien ten  in  

d ie  v ie r  K lassen  der  Ska la  Par i s -Nord ,  L i l l e ,  Montpe l l i e r  (PML)  

e inge te i l t ,  sodass  e in  de ta i l l i e r te r  Charak te r  der  Organ isa t ion  in  

S tud iengruppen  vorges te l l t  w i rd  (Lehmann  e t  a l .  2014) .  D ie  PML-

Ska la  bes teh t  aus  v ie r  K lassen ,  d ie  e inem (K lasse  1 ) ,  zwe i  (K lasse  

2 ) ,  d re i  (K lasse  3 )  oder  ke inen  (K lasse  0 )  pa tho log ischen  Markern  

en tsprechen .  

 

3 .5  S ta t i s t i sche  Ana lyse  

D ie  s ta t i s t i schen  Ana lysen  wurden  mi t  SPSS v19 .0  fü r  Windows 

( IBM Corp . ,  Somers ,  NY,  USA)  und  in  MATLAB R2012a 



(MathWorks ,  MA,  USA)  durchge führ t  und  umfass te  d ie  

D is tanzkor re la t ionsana lyse  (DCA)  und  d ie  Kappa  (k ) -S ta t i s t i k .  

DCA wurde  durchge führ t  um d ie  Wechse lbez iehung  zw ischen  

e inze lnen  CSF-B iomarkern  zu  un te rsuchen .  DCA is t  e in  n ich t  

l i neares  Maß fü r  d ie  s ta t i s t i sche  Abhäng igke i t ,  das  zw ischen  0  und  

1  l i eg t ,  wobe i  Wer te  nahe  0  d ie  Unabhäng igke i t  anze igen  (Széke ly  

e t  a l .  2007) .  Es  reag ie r t  empf ind l i ch  au f  n ich t l i neare  

Wechse lbez iehungen,  d ie  durch  S tandardkor re la t ionsmaße w ie  den  

Pearson-Koe f f i z ien ten  und  den  Spearman-Koef f i z ien ten  

mög l i cherwe ise  übersehen  werden  und  i s t  n i ch t  von  der  

K lass i f i z ie rung  des  B iomarkers  abhäng ig .  D ie  zu fa l l skor r ig ie r te  

Übere ins t immung wurde  un te r  Verwendung  von  Cohens  und  F le iss ´  

Kappa  (k )  be rechne t .  

In  d ieser  S ta t i s t i k  ze ig t  k  £  0 ,40  e ine  sch lech te ,  0 ,41-0 ,60  e ine  

mäß ige ,  0 ,61-0 ,80  e ine  gu te  und  k  ³  0 ,81  e ine  sehr  gu te  

Übere ins t immung an .  Im Gegensa tz  zu  Cohens  Kappa ,  m i t  dem 

zwe i  Bewer tungen  e iner  Var iab len  verg l i chen  werden ,  i s t  F le iss ´  

Kappa  e in  s ta t i s t i sches  Maß fü r  d ie  Bewer tung  der  Zuver läss igke i t  

und  Übere ins t immung zw ischen  mehr  a ls  zwe i  Bewer tungen  (F le iss  

JL  2003) .  

 

 



Tabe l le  5 :  S tud iens t i chprobe  und  Grad  der  Übere ins t immung der  

B iomarker  

 

4 .  Mate r ia l  und  Methoden  Pub l i ka t ion  2  

4 .1  S tud iendes ign  und  S t i chprobe 

Das  S tud iendes ign  wurde  von  den  ins t i tu t ione l len  

Prü fungsausschüssen  a l le r  te i l nehmenden Zen t ren  genehmig t .  A l le  

Te i lnehmer  oder  deren  Bevo l lmäch t ig ten  e r te i l ten  e ine  schr i f t l i che  

E invers tändn ise rk lä rung .  D ie  Ana lysen  umfass ten  e inen  

monozen t r i schen  Datensa tz ,  im  Wei te ren  MUC genann t ,  de r  

Personen  umfass te ,  d ie  am Un ivers i tä tsk l in i kum TUM rek ru t ie r t  

wurden  und  e inen  mu l t i zen t r i schen  Datensa tz ,  de r  Te i lnehmer  der  

e rs ten  Phase  der  ADNI  m i t  ve r fügbaren  CSF-Daten  zu  

Konzen t ra t ionen  von  Aß42,  t -Tau  und  p -Tau .  ADNI  i s t  e in  

Gemeinscha f tsp ro jek t  von  akademischen  Ins t i tu t ionen  und  p r i va ten  

Unte rnehmen in  den  USA und  Kanada .  D ie  in  d ieser  Pub l i ka t ion  

ve rwendeten  ADNI -Daten  wurden  am 31 .Ju l i  2013  aus  der  ADNI-

Datenbank  (www.adn i - in fo .o rg )  abgeru fen .  D ie  a l lgeme inen  

Zu lassungskr i te r ien  fü r  ADNI  s ind  un te r  adn i -

in fo .o rg /Sc ien t i s ts /ADNIGran t /Pro toco lSummary .aspx  beschr ieben .  

D ie  Da tensä tze  bes tanden  aus  Pa t ien ten  mi t  AD und  Kon t ro l len .  

Pa t ien ten  mi t  AD e r fü l l ten  d ie  N IA-AA Kr i te r ien  und  d ie  Kr i te r ien  

der  Na t iona l  Ins t i tu te  o f  Neuro log ica l  and  Commun ica t i ve  

D iso rders  und  der  S t roke /AD and  Re la ted  D iso rders  Assoc ia t ion  

(N INCDS-ADRDA)  fü r  e ine  AD und  e ine  wahrsche in l i che  AD 

(McKhann  e t  a l .  1984 ;  Pe te rsen  e t  a l .  2010 ;  McKhann  e t  a l .  2011) .  

Gesunde Kon t ro l len  in  be iden  Datensä tzen  umfass ten  ä l te re  

Personen  ohne  neuropsych ia t r i sche  S tö rungen  oder  sub jek t i ve  

Gedäch tn isbeschwerden  und  mi t  no rma len  neurokogn i t i ven  

Tes te rgebn issen ,  d ie  in  ih rem täg l i chen  Leben  unabhäng ig  waren  

(Pe te rsen  e t  a l .  2010 ;  Perneczky  e t  a l .  2013) .  D ie  L iquorp roben  

der  gesunden  MUC-Kont ro l lg ruppe  wurden  im Rahmen gep lan te r  

u ro log ischer  und  o r thopäd isch  ch i ru rg ischer  E ingr i f fe  un te r  

Sp ina lanäs thes ie  im Krankenhaus  der  TUM gewonnen  (Perneczky  



e t  a l .  2013) .  Der  MUC-Datensa tz  en th ie l t  auch  e ine  S t i chprobe  von  

Krankhe i t skon t ro l len ,  be i  denen  ke ine  S tö rung  des  ZNS 

d iagnos t i z ie r t  wurde .  S ie  ha t ten  ke ine  sub jek t i ven  

Gedäch tn isbeschwerden  und  waren  in  ih ren  täg l i chen  Ak t i v i tä ten  

unabhäng ig .  Lumba lpunk t ion  und  s t ruk tu re l le  B i ldgebung  ze ig ten  

ke ine  Au f fä l l i gke i ten .  D ie  Erhebung  der  Neurodegenera t ionsmarker  

d ieser  S t i chprobe  wurde  n ich t  zu r  Ers te l lung  e iner  k l i n i schen  

D iagnose  verwendet .  

 

4 .2  L iquorp robenana lyse  

D ie  L iquor -Pep t idkonzen t ra t ionen  wurden  in  ADNI  m i t  e ine r  

Mu l t ip lex -P la t t fo rm (K im  e t  a l .  2011)  und  in  MUC mi t  e inem 

hande lsüb l i chen  enzymgebundenen  Immunosorbens-Assays  

gemessen  (Vandermeeren  e t  a l .  1993 ;  Vanders t i che le  e t  a l .  2000 ;  

A lexopou los  e t  a l .  2013) .  

 

4 .3  Apo-E-Genotyp is ie rung  

Apo-E-Genotypen  wurden  mi t  de r  S tandardmethode  der  

Po lymerase-Ke t tenreak t ion  bes t immt  (Jagus t  e t  a l .  2009b) .  Für  

Krankhe i t skon t ro l len  s tehen  ke ine  APO-E-Genotypda ten  zur  

Ver fügung ,  da  von  Ihnen  ke ine  schr i f t l i che  

E invers tändn ise rk lä rung  e ingeho l t  wurde .  

 

4 .4  K lass i f i z ie rung  neurochemischer  B iomarkerwer te  

D ie  B iomarkerwer te  jedes  Pa t ien ten  wurden  en tweder  a ls  pos i t i v  

fü r  AD,  nega t i v  fü r  AD oder  a ls  g renzwer t ig  e inges tu f t .  D ie  

De f in i t i on  der  Grenzwer tbere iche  bas ie r te  au f  zuvor  

ve rö f fen t l i ch ten  B iomarker -Grenzwer ten ,  d ie  fü r  jede  verwendete  

Messmethode  spez i f i sch  waren  (Hu ls taer t  e t  a l .  1999 ;  Jagus t  e t  a l .  

2009b ;  Shaw  e t  a l .  2009 ;  Landau  e t  a l .  2010 ;  Guo  e t  a l .  2013a) .  

D ie  S tandardabwe ichungen  (SD)  in  der  monozen t r i schen  und  

mu l t i zen t r i schen  S t i chprobe  wurden  ge t renn t  bes t immt ,  da  d ie  fü r  

d ie  Pep t idmessungen  in  be iden  Datensä tzen  verwendeten  

Methoden  un te rsch ied l i ch  waren .  Der  Bere ich  der  Grenzwer te  



wurde  mi t  dem Z ie l  fes tge leg t ,  e inen  Kompromiss  zw ischen  der  

M in im ie rung  der  Wahrsche in l i chke i t  e ine r  küns t l i chen  

Ka tegor i s ie rung  a ls  pos i t i v  oder  nega t i v  und  der  g le ichze i t i gen  

K lass i f i z ie rung  von  <25% der  gemessenen  Wer te  jedes  B iomarkers  

a ls  Grenzwer t  zu  e rz ie len .  Wer te  innerha lb  von  20% der  SD ab  

dem jewe i l i gen  Cuto f f  wurden  a ls  Grenzwer t  k lass i f i z ie r t .  Aß42-

Konzen t ra t ionen ,  d ie  n iedr ige r  a ls  der  de f in ie r te  Bere ich  der  

Aß42-Grenzwer te  und  t -Tau-  bzw.  p -Tau-Wer te ,  d ie  höher  a ls  d ie  

jewe i l i gen  Grenzbere iche  lagen ,  wurden  a ls  pos i t i v  fü r  das  

Vor l i egen  e iner  AD angenommen.  A l le  anderen  B iomarkerwer te  

wurden  a ls  nega t i v  angesehen .   

In  der  MUC-St i chprobe  wurden  d ie  fo lgenden  Konzen t ra t ionen  a ls  

pos i t i v  fü r  AD angesehen :  

Aß42 <579 ,72  ng / l  

t -Tau  >  331 ,11  ng / l  

p -Tau  >68 ,68  ng / l .  

D ie  fo lgenden  Konzen t ra t ionen  wurden  a ls  nega t i v  fü r  AD 

angesehen :  

Aß42 >  704 ,28  ng / l  

t -Tau  <172 ,89  ng / l  

p -Tau  <53 ,32  ng / l .  

D ie  AD-Pos i t i v i tä t  im  ADNI -Datensa tz  wurde  de f in ie r t  a l s :  

Aß42  <177 ,62  ng / l  

t -Tau  >104 ,15  ng / l  

p -Tau  >27 ,41  ng / l .  

D ie  AD-Negat i v i tä t  wurde  de f in ie r t  a l s :  

Aß42  >206 ,38  ng / l  

t -Tau  <83 ,85  ng / l  

p -Tau  <20 ,59  ng / l .  

 

4 .5  N IA-AA Kategor i s ie rung  der  Te i lnehmer  

Gemäß den  NIA-AA A lgor i thmen und  ih ren  L iquorb iomarkerwer ten  

wurden  d ie  Kon t ro l len  in  d ie  p räk l in i schen  AD Stad ien  1  oder  2  

oder  a ls  n ich t  pa tho log isch  in  Bezug  au f  das  Vorhandense in  der  



AD e inges tu f t .  Pa t ien ten  mi t  e ine r  Demenz  wurden  in  Gruppen  mi t  

hohen  Zwischens tu fen ,  e ine  ger inge  Wahrsche in l i chke i t  fü r  das  

Vor l i egen  e iner  A lzhe imerpa tho log ie  oder  a ls  n ich t  aussagekrä f t i g  

bezüg l i ch  e iner  A lzhe imerpa tho log ie  e inge te i l t .  Te i lnehmer  m i t  

B iomarkerkons te l la t ionen ,  d ie  n ich t  von  den  NIA-AA-R ich t l i n ien  

berücks ich t ig t  wurden ,  konn ten  n ich t  i n  d ie  N IA-AA-Kategor ien  

e inge te i l t  werden .  An  d ieser  S te l le  werden  Mod i f i ka t ionen  der  N IA-

AA-A lgor i thmen vorgesch lagen ,  sodass  a l le  po tenz ie l len  

B iomarkerkons te l la t ionen  in tegr ie r t  und  spez i f i z ie r t  werden  

können .  In  dem mod i f i z ie r ten  A lgor i thmus  i s t  d ie  re la t i ve  

Bedeu tung  von  Aß42 im Verg le ich  zu  t -Tau  und  p -Tau  g rößer .  

Personen  mi t  pos i t i ven  Aß42-Wer ten  werden  mindes tens  a ls  hohe  

Wahrsche in l i chke i t  fü r  das  Vor l i egen  e iner  AD e inges tu f t ,  während  

Personen  mi t  nega t i ven  Aß42-Wer ten  a ls  n iedr ig  wahrsche in l i ch  

e inges tu f t  werden .  Personen  mi t  nega t i ven  Aß42-  und  nega t i ven  

oder  g renzwer t igen  Neurodegenera t ionsmarkern  werden  in  d ie  

Ka tegor ie  m i t  de r  n iedr igs ten  Wahrsche in l i chke i t  e inge te i l t .  

Personen  mi t  g renzwer t igen  Aß42 in  Verb indung  mi t  m indes tens  

e inem pos i t i ven  Neurodegenera t ionsmarker  p -Tau  oder  t -Tau  

werden  a ls  m i t t l e re  AD Wahrsche in l i chke i t  e inges tu f t ,  während  

Personen  ohne  pos i t i ve  Neurodegenera t ionsmarker  a ls  Personen  

mi t  ge r inger  AD Wahrsche in l i chke i t  e inges tu f t  werden .  

Be i  e ine r  Re ihe  von  Te i lnehmern  (n=18)  war  nur  e in  B iomarker  fü r  

Neurodegenera t ion  ( t -Tau  oder  p -Tau)  ve r fügbar .  Au fg rund  e ines  

hohen  Kor re la t ionsgrades  zw ischen  p-Tau / t -Tau  s te l l ten  w i r  d ie  

Hypo these  au f ,  dass  n ich t  ve r fügbare  B iomarker  m i t  dem 

ver fügbaren  B iomarker  übere ins t immen (Mat tsson  e t  a l .  2009) .   

 

4 .6  S ta t i s t i sche  Ana lyse  

D ie  s ta t i s t i schen  Ana lysen  wurden  in  SPSS v19 .0  fü r  Windows 

( IBM Corp . ,  Somers ,  NY,  USA)  und  in  der  Vers ion  MATLAB 

R2012a (Mathworks ,  Na t i ck ,  MA)  durchge führ t .  D ie  Norma l i tä t  de r  

Da tenver te i lung  wurde  mi t  dem Ko lmogorov-Smi rnov-Tes t  

überp rü f t .  D ie  Un te rsch iede zw ischen  den  d iagnos t i schen  Gruppen  



i n  Bezug  au f  demogra f i sche  Daten  und  B iomarkerda ten ,  sow ie  

APO-E4-A l le l ve r te i lung  wurden  mi t  Var ianzana lyse ,  Bon fe r ron i -

Pos t -hoc-Ana lyse ,  Kruska l -Wa l l i s -Tes t ,  Mann-Whi tney -Tes t  und  

Ch i -Quadra t -Tes t  nach  Bedar f  und  in  jedem Datensa tz  separa t  

bewer te t .  D ie  Rohb iomarkerda ten  be ider  Da tensä tze  wurden  

mi t te l s  n ich tnega t i ve r  Mat r i x fak to r i s ie rung  (NNMF)  g ra f i sch  

darges te l l t ,  e ine r  Da ten le rn techn ik ,  d ie  s i ch  besonders  zu r  

Ana lyse  pos i t i v  bewer te te r  Da ten  e igne t ,  um d ie  ve r fügbaren  

In fo rmat ionen  in  e iner  n iedr igen  D imens ion  (2D)  zu  verd ich ten .   

D ie  Gesamtmenge der  Messungen  X i  =  {Ab42 ,  t - tau ,  p - tau} ,  

unwahrsche in l i ch  i ,  i=  1 ,2 ,  …,  N ,  wobe i  N  d ie  Gesamtzah l  de r  

Te i lnehmer  i s t ,  wurde  a ls  X  [Nx3 angenäher t ]»W [Nx2 ]  B  [2x3 ] ,  

um den  durch  d ie  F reben ius-Form veru rsach ten  

Rekons t ruk t ions feh le r  zu  m in im ie ren :  ú ú  X -WB ú ú  2 .  Au f  d iese  

Weise  nahm der  dem i - ten  Te i lnehmer  zugeordne te  Messvek to r  X i  

d ie  Form von  X i  =  w i1  B1  +  w i2  B2  an ,  wobe i  B1 ,  B2  d ie  

E inhe i t s längenvek to ren  fü r  e ine  sparsame 2D-Dars te l lung  und  w i1 ,  

w i2  d ie  en tsp rechenden  Komponenten  waren .  E in  zwe ise i t i ges  

S ign i f i kanzn iveau  von  0 ,05  wurde  verwendet .  

 

5. Themenübergre i fende  D iskuss ion  

5 .1  Zusammenfassung  der  Haup te rgebn isse  

In  der  e rs ten  Pub l i ka t ion  wurden  nach  e iner  D icho tomis ie rung  der  

B iomarkerwer te  56 ,7% der  Pa t ien ten  in  der  TUM-St i chprobe  und  

64 ,6% der  Te i lnehmer  aus  der  ADNI-S t i chprobe  in  d ie  PML-Ska la  

K lasse  3  e inges tu f t .  D ie  Cohen-Kappa-Wer te  schwank ten  zw ischen  

-0 ,005  und  0 ,379 ,  während  der  F le iss -Kappa-Wer t  i n  den  TUM-  

und  ADNI -S t i chproben  0 ,145  bzw.  0 ,197  be t rug .  Nach  der  

T r i cho tomis ie rung  der  B iomarkerwer te  wurden  37 ,5% bzw.  55 ,6% 

der  Pa t ien ten  in  der  TUM-  bzw.  ADNI -S t i chprobe  in  d ie  PML-Ska la  

K lasse  3  e inges tu f t .  D ie  Cohen´s  Kappa-Wer te  lagen  zw ischen  

0 ,076  und  0 ,272 .  Der  F le iss -Kappa-Wer t  be t rug  0 ,104  in  der  TUM-

St i chprobe  und  0 ,152  in  der  ADNI -S t i chprobe .  Sowoh l  d ie  F le iss - ,  

a l s  auch  d ie  Cohen´s  Kappa-Wer te  deu ten  au f  e ine  sch lech te  



Übere ins t immung zw ischen  den  L iquorb iomarkern  h in ,  sowoh l  nach  

D icho tomis ie rung ,  a ls  auch  nach  Tr i cho tomis ie rung  der  Wer te .  

Bemerkenswer t  i s t ,  dass  d ie  Kappa-Wer te  in  der  ADNI -Kohor te  m i t  

Ausnahme von  t -Tau /p -Tau  nach  D icho tomis ie rung  höher  waren .  

D ie  h ie r  fes tges te l l te  sch lech te  Übere ins t immung zw ischen  den  

versch iedenen  B iomarkern  i s t  n i ch t  au f  d ie  

Ka tegor i s ie rungs t ra teg ien  zu rückzu führen ,  da  DCA-Wer te  von  

wen iger  a ls  0 ,273  eben fa l l s  au f  e inen  ger ingen  Grad  der  

Abhäng igke i t  h indeu ten .  

D ie  Ergebn isse  der  Übere ins t immungs-  und  Kor re la t ionsana lysen  

be i  ApoE e4-Trägern  und  N ich t -T rägern  ze igen  be i  e rs te ren  e ine  

sch lech te  Übere ins t immung zw ischen  den  B iomarkern  in  be iden  

Datensä tzen  mi t  Ausnahme von  t -Tau /p -Tau  in  der  TUM-Kohor te  

nach  D icho tomis ie rung  der  B iomarkerwer te .  Be i  N ich t -T rägern  

deu ten  d ie  Kappa-Wer te  au f  e ine  sch lech te  oder  mäß ige  

Übere ins t immung h in .  Bemerkenswer t  i s t ,  dass  in  be iden  

Datensä tzen  der  Grad  der  Übere ins t immung be i  ApoE-e4-N ich t -

T rägern  höher  war  a ls  be i  T rägern ,  außer  be i  p -Tau / t -Tau  nach  

Tr i cho tomis ie rung  in  der  TUM-Kohor te .  D iese  Unte rsch iede  s ind  

n ich t  au f  d ie  ve rwendeten  Ka tegor i s ie rungss t ra teg ien  

zurückzu führen ,  da  s ie  m i t  den  Ergebn issen  der  DCA 

übere ins t immen,  d ie  au f  e inen  höheren  Grad  der  Abhäng igke i t  be i  

ApoE-e4-N ich t -T rägern  a ls  be i  T rägern  h inwe isen ,  m i t  Ausnahme 

von  p -Tau / t -Tau  in  der  TUM-St i chprobe .  

 



 
Tabe l le  6 :  Grad  der  Übere ins t immung der  B iomarker  nach  

D icho tomis ie rung  und  Tr i cho tomis ie rung  der  B iomarkerwer te  

 

In  der  zwe i ten  Pub l i ka t ion  bes tanden  s ign i f i kan te  Un te rsch iede  in  

A l te rs -  und  Gesch lech tsver te i lung  in  der  MUC-Kohor te .  D ie  

Krankhe i t skon t ro l len  waren  s ign i f i kan t  jünger  a ls  d ie  Kohor te  der  

AD-Pat ien ten  (p=0 ,03) ,  während  Frauen  in  der  Gruppe  der  

gesunden  Kon t ro l len  s ign i f i kan t  se l tener  waren  a ls  in  der  Gruppe  

der  AD (p<0 ,01) .  Wie  e rwar te t  war  in  be iden  Datensä tzen  das  

Vorhandense in  des  ApoE-e4-A l le l s  be i  Pa t ien ten  mi t  AD s ign i f i kan t  

häu f ige r  a ls  be i  Gesunden  Kon t ro l lpe rsonen .  E ine  g raph ische  

Dars te l lung  der  Ab42- ,  t -Tau  und  p -Tau-Konzen t ra t ionen  im L iquor  

der  Te i lnehmer  un te r  Verwendung  von  NNMF ze ig t  d ie  D iskordanz  

zw ischen  L iquorp ro f i l en  und  D iagnoses ta tus .  S ie  ve rdeu t l i ch t ,  

dass  in  be iden  Datensä tzen  t ro tz  des  e indeu t ig  un te rsch ied l i chen  

d iagnos t i schen  S ta tus  der  Te i lnehmer  ih re  B iomarkerp ro f i l e  über  

e in  kon t inu ie r l i ches  Spek t rum zw ischen  be iden  en tgegengese tz ten  



Rändern  ve r te i l t  s ind ,  wobe i  Kon t ro l len  m i t  no rma len  B iomarkern  

(un te re r  rech te r  Quadran t  der  Gra f i ken)  und  Pa t ien ten  mi t  AD und  

pos i t i ven  B iomarkern  (obere r  l i nker  Quadran t  der  Gra f i ken)  d ie  

ex t remen Enden  dars te l len .  

 

Abb i ldung  3 :  Verdichtete Darstellung in Form eines 2D-Streudiagramms des 
monozentrischen (MUC) und multizentrischen (ADNI) Datensatzes (oberes bzw. 
unteres Feld). Das Ensemble der trivarianten Messungen von β-Amyloid 1-42 im 
Liquor, hyperphosphoryliertem Tau an Threonin 181 und Gesamt-Tau für alle 
Teilnehmer wurde mittels nicht-negativer Matrixfaktorisierung (NNMF) analysiert und 
durch einen bivariaten Datenschwarm approximiert, der die Gesamtvariation in den 
Originaldaten bequem darstellt. In der abgeleiteten Karte zeigen die Beschriftungen 
die verschiedenen Gruppen an. 

 

Im MUC-Datensa tz  w iesen  nur  22 ,5% der  gesunden  Kon t ro l len  und  

13 ,6% der  Krankhe i t skon t ro l len  e in  e indeu t ig  norma les  

neurochemisches  Pro f i l  au f ,  während  be i  ADNI  der  An te i l  de r  

Kon t ro l len  m i t  e indeu t ig  norma lem L iquorp ro f i l  s ign i f i kan t  höher  

aus f ie l  (35 ,4%;  p=0 ,06) .  D ie  jewe i l i gen  An te i le  der  gesunden  



Kont ro l len  be i  denen  a l le  B iomarkern  abnorm aus f ie len  ( t yp isches  

neurochemisches  AD-Pro f i l )  be t rugen  2 ,5% in  MUC und  8 ,6% in  

ADNI .  Be i  ke iner  der  Krankhe i t skon t ro l len  waren  a l le  

L iquorb iomarker  pos i t i v  fü r  AD.  D ie  Ver te i lung  der  Kon t ro l len ,  be i  

denen  a l le  B iomarker  abnorma l  waren  un te rsch ied  s i ch  n ich t  

zw ischen  den  Datensä tzen  (p=0 ,16) .  In te ressan te rwe ise  ha t ten  

19 ,5% der  MUC und  18 ,9% der  ADNI-Gesundhe i tskon t ro l len ,  sow ie  

4 ,5% der  MUC-Krankhe i t skon t ro l len  pos i t i ve  p -Tau-  und /oder  t -

Tau-Wer te  in  Verb indung  mi t  nega t i ven  oder  g renzwer t igen  Ab42-

Wer ten .   

In  den  Kohor ten  der  k l i n i sch  d iagnos t i z ie r ten  AD w iesen  40 ,3% in  

MUC und  52 ,9% in  ADNI  e in  fü r  AD typ isches  B iomarkerp ro f i l  au f .  

E ine  gänz l i che  B iomarker -Nega t i v i tä t  be i  Pa t ien ten  mi t  AD kam 

nur  in  0 ,4% der  MUC-  und  in  2 ,9% der  ADNI -Kohor te  vo r  (p=0 ,34) .  

Be i  30 ,3% der  MUC-  und  6 ,9% der  ADNI -Pa t ien ten  mi t  AD wurden  

pos i t i ve  p -Tau-  und /oder  t -Tau-Wer te  m i t  nega t i ven  oder  

g renzwer t igen  Ab42-Konzen t ra t ionen  beobach te t .   

Der  Versuch ,  den  NIA-AA-A lgor i thmus  fü r  p räk l in i sche  AD au f  

gesunde  und  e rk rank te  Kon t ro l len  anzuwenden e rgab ,  dass  nur  

s ieben  von  ach tzehn  beobach te ten  B iomarkerkons te l la t ionen  nach  

dem NIA-AA-A lgor i thmus  ka tegor i s ie r t  werden  konn ten .  Darüber  

h inaus  e r fü l l t en  4 ,9% der  MUC-  und  15 ,5% der  ADNI -

Gesundhe i tskon t ro l len  und  4 ,5% der  MUC-Krankhe i t skon t ro l len  d ie  

Kr i te r ien  fü r  das  p räk l in i sche  S tad ium 2  (m indes tens  e in  Amy lo id -  

und  e in  Neurodegenera t ionsmarker  pos i t i v ) ,  während  4 ,8% der  

MUC-Gesundhe i tskon t ro l len  und  6 ,4% der  ADNI -  und  22 ,7% der  

MUC-Krankhe i t skon t ro l len  d ie  Kr i te r ien  fü r  das  p räk l in i sche  

S tad ium 1  (nur  Ab -Pos i t i v i tä t )  e r fü l l ten .  68 ,3% der  gesunden  

Kon t ro l len  des  MUC-Datensa tzes  und  32 ,8% der  ADNI -Kon t ro l len  

w iesen  Kombina t ionen  au f ,  d ie  in  den  NIA-AA-R ich t l i n ien  n ich t  

au fge führ t  s ind .  Be i  den  MUC-Kont ro l len  lag  der  en tsprechende  

An te i l  be i  59 ,1%.  Nur  v ie r  de r  ach tzehn  po tenz ie l len  

B iomarkerkons te l la t ionen  lassen  s ich  nach  dem NIA-AA-

A lgor i thmus  fü r  AD in  Ka tegor ien  un te rsch ied l i cher  



Wahrsche in l i chke i t  fü r  das  Vor l i egen  e iner  AD e inordnen .  In  MUC 

wurden  40 ,3% und  13 ,4% der  Pa t ien ten  mi t  AD in  d ie  Gruppe  

hoher  (a l le  B iomarker  pos i t i v )  bzw.  m i t t l e re r  (pos i t i ves  Ab42  und  

sowoh l  p -Tau ,  a ls  auch  t -Tau  g renzwer t ig  oder  umgekehr t )  

Wahrsche in l i chke i t  fü r  das  Vor l i egen  e iner  AD e inge te i l t .  M i t  

Ausnahme e ines  e inz igen  Pa t ien ten  mi t  de r  ger ings ten  

Wahrsche in l i chke i t  fü r  e ine  AD (a l le  ve r fügbaren  B iomarker  

nega t i v )  wurden  a l le  anderen  B iomarkerkombina t ionen  der  MUC-

Pat ien ten ,  a lso  45 ,4% von  den  NIA-AA-R ich t l i n ien  en tweder  a ls  

un in fo rmat i v  e inges tu f t  oder  gar  n ich t  spez i f i z ie r t .  Be i  ADNI  

konn ten  52 ,9%,  2% und  3% der  Pa t ien ten  mi t  hoher ,  m i t t l e re r  bzw.  

ger inger  Wahrsche in l i chke i t  fü r  das  Vor l i egen  e iner  AD e inges tu f t  

werden .  A l le  anderen  ADNI -Pa t ien ten ,  a lso  42 ,1% w iesen  

Kombina t ionen  von  B iomarkerbe funden  au f ,  d ie  en tweder  n ich t  

aussagekrä f t i g  waren  oder  von  den  NIA-AA-Kr i te r ien  n ich t  de f in ie r t  

werden .   

 

5 .2  D iskuss ion  mi t  Bezug  zur  ak tue l len  L i te ra tu r  

D ie  e rs te  S tud ie  e rgab  w ider  Erwar ten  e ine  ger inge  

Übere ins t immung und  Wechse lbez iehung  der  ve rsch iedenen  

L iquorb iomarker  be i  P robanden  mi t  fo r tgeschr i t tener  A lzhe imer  

Demenz .  D ies  läss t  ve rmuten ,  dass  d ie  Annahme von  e iner  

a l lumfassenden  Pos i t i v i tä t  de r  B iomarker  im Demenzs tad ium 

vere in fach t  i s t .  D ie  derze i t i gen  Konzep te  über  d ie  tempora le  

Evo lu t ion  der  A lzhe imerb iomarker ,  d ie  s i ch  aus  

Querschn i t t ss tud ien  e rgeben ,  en tsprechen  d ieser  Vors te l lung  

(Jack  e t  a l .  2013 ;  Ber tens  e t  a l .  2015 ;  McDade and  Ba teman 

2017) .  Auch  wenn d ie  Kappa-Wer te  au f  e ine  sch lech te  

Übere ins t immung in  be iden  S t i chproben  h inwe isen ,  war  der  Grad  

der  Übere ins t immung in  der  ADNI-S t i chprobe  höher  a ls  in  der  

TUM-St i chprobe ,  m i t  Ausnahme von  p -Tau / t -Tau .  D ieser  

Un te rsch ied  könn te  au f  d ie  Ta tsache  zurückzu führen  se in ,  dass  

d ie  TUM-Pat ien ten  im na tü r l i chen  k l in i schen  Umfe ld  e iner  

un ive rs i tä ren  Gedäch tn isambu lanz  rek ru t ie r t  wurden ,  was  wen iger  



an fä l l i g  fü r  Überse lek t ion  und  Rekru t ie rungsverzer rungen  i s t  a l s  

der  hochse lek t i ve  Rahmen e iner  mu l t i zen t r i schen  

Forschungss tud ie  w ie  ADNI  (A lexopou los  e t  a l .  2016) .  T ro tzdem 

ze igen  d ie  DCA in  der  TUM-St i chprobe  e ine  höhere  Abhäng igke i t  

zw ischen  p -Tau / t -Tau ,  sow ie  zw ischen  Ab42 / t -Tau  im Verg le ich  zu  

ADNI .  D ie  Un te rsch iede  in  den  Übere ins t immungsgraden  zw ischen  

den  be iden  S t i chproben  so l l ten  daher  k r i t i sch  be t rach te t  werden ,  

insbesondere  im H inb l i ck  au f  d ie  küns t l i che  Def in i t i on  der  

Grenzwer tbere iche  und  d ie  un te rsch ied l i chen  E igenscha f ten  der  

ve rwendeten  Laborversuche .  

Der  re la t i v  hohe  Grad  der  Wechse lbez iehung  zw ischen  den  be iden  

B iomarkern ,  d ie  m i t  de r  Tau-Pa tho log ie  in  Verb indung  gebrach t  

werden  (p -Tau  und  t -Tau)  beruh t  mög l i cherwe ise  au f  dem d i rek ten  

Zusammenhang zw ischen  der  Tau -Hyperphosphory l ie rung ,  der  

Ab lösung  von  Tau  von  den  Mik ro tubu l i ,  dem neurona len  Tod  und  

dem Ans t ieg  von  Tau  im L iquor  be i  de r  A lzhe imer  Krankhe i t  

(Gendron  and  Pe t ruce l l i  2009) .  

Das  Vorhandense in  des  ApoE-e4-A l le l s  war  in  be iden  Datensä tzen  

mi t  ge r ingeren  Übere ins t immungsgraden  und  Zusammenhängen im 

Verg le ich  zu  N ich t -T rägern  verbunden .  Erwähnenswer t  i s t ,  dass  in  

be iden  Datensä tzen  ke ine  Unte rsch iede  zw ischen  Le is tung  in  

MMSE und  A l te r  be i  T rägern  des  ApoE-e4-A l le l s  und  N ich t -T rägern  

bes tanden  (Da ten  in  Pub l i ka t ion  n ich t  geze ig t ) .  ApoE-e4  i s t  de r  

s tä rks te  gene t i sche  R is iko fak to r  fü r  d ie  sporad ische  AK und  

bee in f luss t  d ie  En tw ick lung  der  zen t ra len  pa tho log ischen  

Merkma le  Ab und  Tau  (Yamazak i  e t  a l .  2016 ;  Zhao  e t  a l .  2018) .  

Der  fes tges te l l te  Un te rsch ied  im Grad  der  Übere ins t immung und  

der  Wechse lbez iehung  rech t fe r t i g t  e ine  Rep l i ka t ion  der  Ergebn isse  

und  we i te re  Un te rsuchungen.  D ie  be i  e4-Trägern  beobach te te  

g rößere  He te rogen i tä t  könn te  durch  d ie  Ta tsache  e rk lä r t  se in ,  

dass  der  Be i t rag  von  ApoE-e4  zur  AD-Pathogenese  n ich t  au f  d ie  

Er le i ch te rung  der  Ab-Ab lagerung  und  Tang le -B i ldung  beschränk t  

i s t .  Es  mod i f i z ie r t  du rch  se in  ko r respond ie rendes  Pro te in  

Apo l ipopro te in  E  mehrere  b io log ische  Prozesse .  Es  g ib t  



zunehmende H inwe ise  darau f ,  dass  es  an  der  Modu la t ion  der  

synap t i schen  P las t i z i tä t ,  des  L ip id t ranspor ts ,  des  

G lucoses to f fwechse ls ,  de r  m i tochondr ia len  Funk t ion ,  der  

vasku lä ren  In tegr i tä t ,  de r  Neuro in f lammat ion  und  der  Apop tose  

be te i l i g t  i s t  (Persson  e t  a l .  2017 ;  Zhao  e t  a l .  2018) .  A l l  d iese  

pa tho log ischen  Prozesse  können  add i t i v  zum kogn i t i ven  Ver fa l l  

be i t ragen  (Boy le  e t  a l .  2013 ;  Brenowi tz  e t  a l .  2017) ,  was  zu  

schwereren  k l in i schen  Symptomen führ t ,  a l s  d ie ,  d ie  der  Ab-  und  

Tau-Pa tho log ie  im Geh i rn  en tsp rechen .  A l te rna t i v  kann  d ie  

Hypo these  au fges te l l t  werden ,  dass  das  Vorhandense in  des  ApoE-

e4  -A l le l s  be i  symptomat i scher  A lzhe imer  Krankhe i t  im  Verg le ich  

zu  N ich t -T rägern  zu  g rößeren  Veränderungen  der  L iquorb iomarker  

im Lau fe  der  Ze i t  füh ren  kann .  N ich tsdes to t ro tz  s ind  und  b le iben  

d iese  In te rp re ta t ionen  eher  speku la t i v ,  so lange  ke ine  t ie fe ren  

E inb l i cke  im S inne  von  Längsschn i t t s tud ien  der  

L iquorb iomarkerwer te  und  d ie  Auswi rkungen  von  ApoE- e4  au f  

d iese  gewonnen werden .   

 

Unsere  Beobach tungen  s tehen  in  E ink lang  mi t  we i te ren  S tud ien ,  

un te r  anderem unsere  zwe i te  Pub l i ka t ion ,  d ie  darau f  h inwe isen ,  

dass  wen iger  a ls  70% der  Pa t ien ten  mi t  AD e in  AD- typ isches  

L iquorb iomarkerp ro f i l  au fwe isen  (A lexopou los  e t  a l .  2014 ;  

Sk i l l back  e t  a l .  2015 ;  A lexopou los  e t  a l .  2016) .  

Unsere  Ergebn isse  s ind  m i t  de r  Vors te l lung  vere inbar ,  dass  der  

k l i n i sche  Phäno typ ,  de r  d ie  k l i n i sche  D iagnose  AD s tü tz t  n i ch t  

e inhergeh t  m i t  dem typ ischen  AD-B iomarkerp ro f i l .  S ie  lassen  

vermuten ,  dass  das  k l in i sche  B i ld  ke ine  d i rek te  Fo lge  des  

Vorhandense ins  der  pa tho log ischen  Veränderungen  i s t ,  wenn  w i r  

davon  ausgehen ,  dass  d ie  e tab l ie r ten  L iquorb iomarker  d iese  

pa tho log ischen  Veränderungen  genau  und  spez i f i sch  

w idersp iege ln  (Rosenmann 2012) .  Mög l i cherwe ise  i s t  de r  k l i n i sche  

Phäno typ  das  Ergebn is  e ines  komplexen  Zusammensp ie ls  

zw ischen  in te rag ie renden  Co-Patho log ien  (z .B .  ze rebrovasku lä re  

Veränderungen ,  Lewy-Körperchen ,  m i tochondr ia le  Anomal ien )  und  



sowoh l  schäd l i cher  a ls  auch  schü tzender  Umwel t fak to ren  (z .B .  

Ernährungs-  und  Lebenss t i l pa ramete r ,  ge is t ige  Ak t i v i tä t ,  kogn i t i ve  

Reserve)  (Boy le  e t  a l .  2013 ;  Guo  e t  a l .  2013b ;  Korczyn  2013 ;  

Brenowi tz  e t  a l .  2017 ;  I tu r r ia -Med ina  e t  a l .  2017) .  D ie  genann ten  

Fak to ren  könn ten  d ie  k l i n i sche  Ausprägung  von  AD-assoz i ie r ten  

pa tho log ischen  Merkma len  vers tä rken  oder  abmi lde rn  und  das  

For tschre i ten  der  k l i n i schen  Symptome besch leun igen  oder  

ve r langsamen (Boy le  e t  a l .  2013 ;  We iner  e t  a l .  2017) .  Un te r  der  

Annahme,  dass  d ie  pa tho log ischen  Veränderungen  d ie  k l i n i sche  

Ausprägung  der  AD w idersp iege ln  i s t  zu  ve rmuten ,  dass  be i  

Ind iv iduen  mi t  i nhomogenem L iquorp ro f i l  e in  Co -Fak to r  d ie  

k l i n i sche  Ausprägung  der  Symptome po tenz ie r t ,  da  das  

L iquorb iomarkerp ro f i l  ke ine  so  we i t  fo r tgeschr i t tene  Pa tho log ie  

imp l i z ie r t ,  w ie  das  k l i n i sche  B i ld  anze ig t .  A l te rna t i v  kann  

behaup te t  werden ,  dass  d ie  fes tges te l l te  ger inge  Übere ins t immung 

und  Wechse lbez iehung  zw ischen  den  L iquorb iomarkern  be i  AD au f  

Veränderungen  der  B iomarker  zu rückzu führen  i s t ,  d ie  während  der  

symptomat i schen  Phasen  der  Krankhe i t  au f t re ten .  Le ider  können  

auch  d iese  Erk lä rungsversuche  n ich t  du rch  Längsschn i t t s tud ien  

ges tü tz t  werden .  

D ie  beobach te te  Inhomogen i tä t  de r  L iquorb iomarker  be i  Pa t ien ten  

mi t  AD könn te  Auswi rkung  au f  deren  Behand lungss t ra teg ie  haben .  

Unsere  Beobach tungen  un te rs t re ichen  d ie  No twend igke i t ,  

b iomarkerbas ie r te  D iagnosen  in  k l i n i sche  S tud ien  e inzubez iehen ,  

dami t  d iese  n ich t  du rch  den  E inbezug  von  Probanden  mi t  

a typ ischen  B iomarkerkons te l la t ionen  verzer r t  werden ,  deren  

Präva lenz  be i  über  30% zu  l i egen  sche in t .  Der  E insch luss  von  

Pa t ien ten  mi t  k l i n i scher  D iagnose  e iner  AD,  aber  m i t  va r iab len  

( t yp ischen  und  a typ ischen)  B iomarkerp ro f i l en  in  k l i n i sche  S tud ien  

könn te  zu  deren  Sche i te rn  ge führ t  haben  und  noch  lau fende  

S tud ien  verzer ren  (We iner  e t  a l .  2017) .  Daher  könn te  der  gez ie l te  

E insch luss  von  Pa t ien ten  mi t  e inem fü r  d ie  AD typ ische  

B iomarkerp ro f i l  d ie  Aussagekra f t  k l i n i scher  S tud ien  ve rbessern .  

Darüber  h inaus  könn te  d ie  fes tges te l l te  He te rogen i tä t  de r  



Biomarkerkons te l la t ionen  d ie  F rage  nach  mög l i chen  Unte rsch ieden  

in  der  the rapeu t i schen  Wi rksamke i t  de r  derze i t  ve r fügbaren  

Med ikamente  gegen  Demenzsymptome au fwer fen .  D iese  Fragen  

so l l ten  in  zukün f t igen  S tud ien  näher  be leuch te t  werden ,  auch  um 

in  Zukun f t  pe rsona l i s ie r te  Therap ies t ra teg ien  zu  fo rmu l ie ren  (Re i t z  

2016) .  

 

D ie  Ergebn isse  be ider  S tud ien  deu ten  au f  e in  Kon t inuum 

neurochemischer  B iomarkerp ro f i l e  ausgehend  vom kogn i t i v  

gesunden  A l te rn  b is  zum Demenzs tad ium h in .  Obwoh l  d ie  

S tud ien te i lnehmer  e inen  un te rsch ied l i chen  D iagnoses ta tus  

au fw iesen ,  waren  Spek t ren  abnormer  und  norma le r  

B iomarkerbe funde  nachzuwe isen .  D ies  s teh t  im E ink lang  mi t  

Ber i ch ten  aus  g roßen  k l in i schen  S tud ien  fü r  

k rankhe i t smod i f i z ie rende  Med ikamente ,  d ie  ze ig ten ,  dass  10-35% 

der  Pa t ien ten  mi t  k l i n i sch  d iagnos t i z ie r te r  AD nega t i ve  Ab-

Pos i t ronenemiss ions tomograph ie -Scans ,  a lso  ke ine  messbare  Ab-

Pa tho log ie  au fw iesen  (Sa l loway  e t  a l .  2014) .  Auch  s ind  d ie  

derze i t i gen  k l in i schen  D iagnosemethoden  und  d ie  B iomarkerda ten  

im Zusammenhang mi t  de r  h is topa tho log ischen  D iagnose  

unzure ichend  va l id ie r t  (Sens i t i v i tä t  71-88%,  Spez i f i t ä t  44-71%)  

(Beach  e t  a l .  2012) .   

Abnorme B iomarkerbe funde  im L iquor  konn ten  sowoh l  in  der  

mu l t i zen t r i schen ,  a ls  auch  in  der  monozen t r i schen  Kon t ro l lg ruppe  

fes tges te l l t  werden .  Unsere  Beobach tungen  s tehen  im E ink lang  mi t  

f rüheren  Ber i ch ten ,  d ie  ze ig ten ,  dass  mehr  a ls  50% der  kogn i t i v  

gesunden  ä l te ren  Menschen  mindes tens  e inen  pos i t i ven  

b i ldgebenden  A lzhe imerb iomarker  haben  (Jack  e t  a l .  2012 ;  Jack  e t  

a l .  2014) .   

Nachwe is l i che  B iomarker -Anomal ien  ohne  k l in i sche  Symptome 

s ind  mi t  dem Konzep t  der  p räk l in i schen  A lzhe imer  Krankhe i t  

ve re inbar  (Sper l i ng  e t  a l .  2011) .  Demnach  beg innen  s ich  d ie  

pa tho log ischen  Merkma le  der  A lzhe imer -Krankhe i t  v ie le  Jahre  vo r  

dem Auf t re ten  k l i n i scher  Symptome zu  en tw icke ln .  In fo lgedessen  



werden  AD-ähn l i che  Geh i rnveränderungen  häu f ig  be i  Personen  

ohne  kogn i t i ve  Symptome ge funden .  Das  Konzep t  der  H i rn-  und  

kogn i t i ven  Reserve  l i e fe r t  e ine  Erk lä rung  da fü r ,  w ie  pa tho log ische  

Veränderungen  über  e inen  längeren  Ze i t raum akkumul ie ren  

können ,  ohne  dass  es  zu  k l in i schen  Anze ichen  e iner  Demenz  

kommt  (Perneczky  e t  a l .  2011 ;  Guo  e t  a l .  2013b) .  Das  Geh i rn  i s t  

somi t  i n  der  Lage  funk t ione l le  und  s t ruk tu re l le  Veränderungen  zu  

to le r ie ren ,  zu  mask ie ren  oder  sogar  durch  repara t i ve  Prozesse  

darau f  zu  reag ie ren  (So lomon  e t  a l .  2014) .  D ie  D isk repanz  

zw ischen  B iomarkerp ro f i l en  und  k l in i schen  Symptomen so l l te  

g ründ l i ch  un te rsuch t  werden ,  da  s ie  e inen  en tsche idenden  

Paramete r  n ich t  nu r  fü r  k l i n i sche  S tud ien  und  d ie  De f in i t i on  von  

Sur roga tendpunk ten  in  deren  Rahmen dars te l l t ,  sondern  auch  fü r  

d ie  En tw ick lung  w i rksamer  Präven t ionss t ra teg ien ,  d ie  n ich t  m i t  

dem Pathomechan ismus  der  A lzhe imer  Krankhe i t  i n  

Zusammenhang s tehen .   

D ie  Beobach tungen  der  vo r l i egenden  S tud ie  in  Bezug  au f  

Kombina t ionen  von  abnorma len  p -Tau-  und /oder  t -Tau-Wer ten  mi t  

nega t i ven  oder  g renzwer t igen  Ab42-Konzen t ra t ionen  un te rmauern  

das  Vorhandense in  von  Personen  mi t  feh lenden  Anze ichen  fü r  

e ine  Amy lo id -Akkumula t ion ,  aber  abnormen B iomarkern  fü r  

neurona le  Schäd igung ,  d ie  in  der  L i te ra tu r  a l s  „non-suspec ted  AD-

pa thophys io logy  (SNAP) “  Erwähnung  f inden .  D ie  (zwe i te )  S tud ie  

s t immt  m i t  den  vorher igen  S tud ien  inso fe rn  übere in ,  dass  der  

An te i l  de r  Personen  mi t  SNAP in  jeder  D iagnosegruppe  n ich t  über  

30% l ieg t  ( Jack  e t  a l .  2012 ;  Lowe  e t  a l .  2013 ;  A lexopou los  e t  a l .  

2014) .  In te ressan te rwe ise  w ies  der  monozen t r i sche  Datensa tz  der  

Personen  mi t  wahrsche in l i cher  AD deu t l i ch  mehr  Pa t ien ten  mi t  

SNAP au f  a ls  d ie  ADNI -S t i chprobe  (30 ,3% vs .  6 ,9%) .  D ieser  

Un te rsch ied  kommt  mög l i cherwe ise  durch  d ie  un te rsch ied l i che  

Se lek t ion  der  Kohor ten  zus tande .  D ie  ADNI -Kohor te  wurde  zu  

Forschungszwecken  an  spez ia l i s ie r ten  Forschungszen t ren  

rek ru t ie r t ,  m i t  de r  Abs ich t  fü r  zukün f t ige  Therap ies tud ien  zu  

rek ru t ie ren ,  während  d ie  MUC-St i chprobe  in  e inem na tü r l i chen  



k l in i schen  Umfe ld  und  n ich t  aussch l ieß l i ch  im Rahmen von  

Forschungszwecken  rek ru t ie r t  wurden .  Le tz te re  i s t  somi t  

mög l i cherwe ise  wen iger  an fä l l i g  fü r  Verzer rungen  oder  

Überse lek t ion .  

D ie  Ergebn isse  der  zwe i ten  S tud ie  un te rs t re ichen ,  dass  d ie  N IA-

AA-A lgor i thmen n ich t  a l le  mög l i chen  B iomarker -Kons te l la t ionen  

berücks ich t igen .  E twa  40% der  beobach te ten  B iomarker -

Kons te l la t ionen  konn ten  nach  den  NIA-AA-A lgor i thmen n ich t  

k lass i f i z ie r t  werden .  Widersprüch l i che  B iomarker -Kombina t ionen  

innerha lb  e iner  Ka tegor ie  (z .B .  neurona le  Schäd igung)  oder  

zw ischen  den  versch iedenen  B iomarker -Ka tegor ien ,  w ie  z .B .  d ie  

au f  SNAP h indeu ten ,  werden  n ich t  be rücks ich t ig t  oder  a ls  

un in fo rmat i v  e inges tu f t .  Im Ze i ta l te r  de r  persona l i s ie r ten  Med iz in  

i s t  es  jedoch  w ich t ig ,  dass  a l le  mög l i chen  

B iomarkerkons te l la t ionen  berücks ich t ig t  und  in  den  A lgor i thmus  

zur  Bes t immung von  Gruppen  mi t  un te rsch ied l i cher  

Wahrsche in l i chke i t  fü r  das  Vor l i egen  e iner  AD e inbezogen  werden  

(Escudero  e t  a l .  2013 ;  Sous lova  e t  a l .  2013) .  

In  dem in  der  Pub l i ka t ion  vorges te l l ten  mod i f i z ie r ten  Schema w i rd  

e ine  Zuordnung  der  Gruppen  mi t  un te rsch ied l i chen  

B iomarkerkons te l la t ionen  au f  ih ren  Bezug  zur  g le ichen  Pa tho log ie  

bzw.  B iomarker -K lass i f i z ie rung  und  unabhäng ig  von  der  k l i n i schen  

Symptomat ik  vo rgesch lagen  (McKhann  e t  a l .  2011 ;  Sper l i ng  e t  a l .  

2011) .  D iese  Zuordnung  sag t  n ich ts  über  e in  bes t immtes  Mus te r  

der  k l i n i schen  Prognose  oder  Symptomat i k  aus ,  da  be ides  n ich t  

aussch l ieß l i ch  von  der  AD-Patho log ie  abhäng ig  i s t  (Perneczky  e t  

a l .  2014) .  In  dem mod i f i z ie r ten  Schema werden  Amy lo idmarker  im 

Verg le ich  zu  Markern  der  Neurodegenera t ion  in  Bezug  au f  d ie  

Wahrsche in l i chke i t  fü r  das  Vor l i egen  e iner  AD pr io r i s ie r t ,  da  Ab42  

spez i f i scher  fü r  A lzhe imer  i s t  a l s  Tau .  Auch  i s t  m i t  e ine r  f rüheren  

Abwe ichung  des  Ab42-Sp iege ls  im Verg le ich  zu  t -Tau  und  p -Tau  zu  

rechnen ,  wenn  man das  Mode l l  de r  ze i t l i chen  Dynamik  

berücks ich t ig t  ( Jack  e t  a l .  2013) .  Der  N IA-AA A lgor i thmus  fü r  

p räk l in i sche  AD und  zuvor  vo rgesch lagene  Ver fe inerungen  des  



NIA-AA-A lgor i thmus  p r io r i s ie ren  eben fa l l s  Amy lo idb iomarker  

(Sper l i ng  e t  a l .  2011 ;  Lowe  e t  a l .  2013) .  N ich tsdes to t ro tz  muss  

das  vo rgesch lagene  mod i f i z ie r te  Zuordnungsschema durch  

emp i r i sche  Bewe ise ,  z .B .  du rch  pa tho log ische  D iagnoses te l lung  

va l id ie r t  werden .  Wünschenswer t  wäre  h ie r  auch  e in  naher  

ze i t l i cher  Zusammenhang zur  L iquorgewinnung .   

 

5 .3  L im i ta t ionen  der  S tud ien  

Be i  de r  e rs ten  S tud ie  war  d ie  De f in i t i on  des  Grenzwer tbere iches   

küns t l i ch  gewäh l t .  N ich tsdes to t ro tz  ze ig t  s i ch  n ich t  nu r  be i  de r  

T r i cho tomis ie rung ,  sondern  auch  be i  de r  D icho tomis ie rung  e ine  

sch lech te  Übere ins t immung zw ischen  den  un te rsch ied l i chen  

L iquorb iomarkern .  Zusä tz l i ch  deu ten  d ie  DCA au f  ger inge  

Zusammenhänge h in .  Außerdem wurden  d ie  Konzen t ra t ionen  der  

e inze lnen  B iomarker  in  den  be iden  S tud ienproben  n ich t  m i t  

demse lben  Labor tes t  gemessen .  Dennoch  bas ie r ten  d ie  Ana lysen  

in  be iden  Laboren  (TUM und  ADNI-B iomarker -Kern labor  an  der  

Un ive rs i tä t  von  Pennsy lvan ia )  au f  hochpräz isen  und  gu t  

e tab l ie r ten  Assays  (Shaw  e t  a l .  2009) .   

E ine  we i te re  E inschränkung  der  S tud ie  i s t  d ie  feh lende  

h is topa tho log ische  Ver i f i z ie rung  der  k l i n i schen  D iagnosen .  

Ausserdem is t  d ie  Vera l lgeme inbarke i t  de r  S tud ienergebn isse  au f  

d ie  in te ress ie rende  Popu la t ion  re la t i v  begrenz t ,  da  be ide  Kohor ten  

an  spez ia l i s ie r ten  Zen t ren  rek ru t ie r t  worden  s ind .  Daher  s ind  

we i te re  S tud ien ,  d ie  s i ch  au f  d ie  Übere ins t immung der  B iomarker  

im L iquor  und  den  Grad  der  Wechse lbez iehung  konzen t r ie ren ,  

sow ie  Grenzwer te  fü r  B iomarker  berücks ich t igen  gerech t fe r t ig t .  

 

In  der  zwe i ten  S tud ie  umfass t  d ie  d iagnos t i sche  Abk lä rung  der  

Kon t ro l lg ruppe  ke ine  neuropsycho log ische  Tes tung .  Daher  kann  

n ich t  ausgesch lossen  werden ,  dass  e in  Te i l  de r  Kon t ro l lg ruppe  an  

sehr  le i ch ten  kogn i t i ven  Def i z i ten  l i t t ,  d ie  jedoch  ke ine  sub jek t i ven  

Gedäch tn isbeschwerden  oder  Bee in t räch t igungen  be i  den  

Ak t i v i tä ten  des  täg l i chen  Lebens  veru rsach ten .  Darüber  h inaus  i s t  



d ie  Größe der  Krankhe i t s -Kon t ro l lg ruppe  re la t i v  k le in .  Außerdem 

beschränk te  s i ch  d ie  neuropsycho log ische  Beur te i lung  der  

gesunden  Kon t ro l len  au f  e tab l ie r te  kogn i t i ve  Messungen,  d ie  

sub t i l e  kogn i t i ve  Bee in t räch t igungen  n ich t  e rkennen  können  

(Sper l i ng  e t  a l .  2011) .  Fo lg l i ch  kann  n ich t  ausgesch lossen  werden ,  

dass  e in ige  der  kogn i t i v  Gesunden  mi t  e inem typ ischen  

neurochemischen  A lzhe imer -Pro f i l  dem Stad ium 3  der  

p räk l in i schen  AD hä t ten  zugeordne t  werden  können ,  wenn  s ie  au f  

sub t i l e  kogn i t i ve  De f i z i te  ge tes te t  worden  wären .  Es  so l l te  jedoch  

be ton t  werden ,  dass  d ie  Kombina t ion  von  b i ldgebenden  Ver fahren  

mi t  neurochemischen  B iomarkerda ten  zwar  fü r  d ie  Forschung  

re levan t  se in  kann ,  aber  au fg rund  von  E inschränkungen  in  Bezug  

au f  d ie  Scanner -Ver fügbarke i t  und  das  Fachwissen  im Bere ich  der  

B i ldana lyse  nur  se l ten  im k l in i schen  A l l tag  anwendbar  i s t .  Darüber  

h inaus  fo rdern  d ie  N IA-AA-R ich t l i n ien  n ich t  d ie  Ver fügbarke i t  von  

b i ldgebenden  B iomarkerda ten  (McKhann  e t  a l .  2011 ;  Sper l i ng  e t  

a l .  2011) .  T ro tz  der  f rüher  ber i ch te ten  E in f lüsse  von  A l te r  und  

Gesch lech t  au f  d ie  En tw ick lung  der  AD-Patho log ie  sche in t  es  

unwahrsche in l i ch ,  dass  d ie  fes tges te l l ten  s ign i f i kan ten  

Unte rsch iede  in  der  A l te rs -  und  Gesch lech te rver te i lung  zw ischen  

den  D iagnosegruppen  der  MUC-Kohor te  unsere  Beobach tungen  

verzer r t  haben ,  da  unsere  S tud ie  darau f  abz ie l te ,  d ie  

B iomarkerp ro f i l e  von  Kon t ro l len  und  Pa t ien ten  mi t  AD 

na tu ra l i s t i sch  zu  beschre iben  und  d ie  N IA-AA-Kr i te r ien  

anzuwenden.  En tsprechend  d ieser  Annahme war  der  An te i l  de r  

Kon t ro l len  m i t  no rma len  B iomarkern  be i  ADNI  im Verg le ich  zu  MUC 

deu t l i ch  höher ,  obwoh l  d ie  ADNI -Kon t ro l len  ä l te r  waren  a ls  d ie  

MUC-Kont ro l len .  Darüber  h inaus  un te rsch ied  s ich  d ie  Ver te i lung  

der  Kon t ro l len  m i t  abnorma len  B iomarkern  n ich t  zw ischen  den  

Datensä tzen .  Es  kann  davon  ausgegangen  werden ,  dass  der  

beobach te te  hohe  An te i l  von  Te i lnehmern ,  d ie  von  den  NIA-AA-

A lgor i thmen n ich t  k lass i f i z ie r t  werden  konn ten  au f  den  de f in ie r ten  

Bere ich  der  Grenzwer te  zu rückzu führen  i s t .  Anges ich ts  des  

Mange ls  an  emp i r i schen  Daten  zur  De f in i t i on  des  



Grenzwer tbere ichs  s ind  unsere  Ergebn isse  mi t  Vors ich t  zu  

gen iessen .  D ie  N IA-AA-R ich t l i n ien  spez i f i z ie ren  e indeu t ig  das  

Vorhandense in  von  g renzwer t igen  B iomarkerwer ten  und  lassen  

e twa  40% der  po tenz ie l len  B iomarkerkons te l la t ionen  

unberücks ich t ig t .  Fo lg l i ch  s ind  we i te re  S tud ien ,  d ie  g renzwer t ige  

B iomarkerwer te  berücks ich t igen ,  gerech t fe r t ig t .  

 

Zusammenfassend  läss t  s i ch  sagen ,  dass  d ie  Ergebn isse  be ider  

vo r l i egenden  S tud ien  d ie  Po lymorph ie  der  neurochemischen  

Pro f i l e  von  Pa t ien ten  mi t  AD und  ä l te ren  kogn i t i ven  gesunden  

Menschen  verdeu t l i chen .  S ie  we isen  au f  e ine  D iskordanz  zw ischen  

dem L iquorb iomarkerp ro f i l  und  dem D iagnoses ta tus  h in .  D iese  

D isk repanz  i s t  e ine  Fo lge  der  Komplex i tä t  de r  En ts tehung  der  

k l i n i schen  Symptome be i  A lzhe imer  und  mög l i cherwe ise  der  

Veränderungen  der  B iomarker  im Lau fe  der  Ze i t .  D iese  

Po lymorph ie  und  Komplex i tä t  so l l ten  berücks ich t ig t  werden ,  um 

unsere  d iagnos t i schen  und  therapeu t i schen  S t ra teg ien  zu  

verbessern  und  zu  op t im ie ren .  D iese  Beobach tungen  bere ichern  

d ie  D iskuss ion  über  d ie  N IA-AA-R ich t l i n ien  und  t ragen  

mög l i cherwe ise  dazu  be i ,  den  Weg fü r  e ine  Ver fe inerung  der  

Le i t l i n ien  zu  ebnen ,  dami t  s ie  a l le  po tenz ie l len  

B iomarkerkons te l la t ionen  berücks ich t igen .   
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Abstract
The cerebrospinal fluid (CSF) levels of β-amyloid 42, total tau, and phosphorylated tau 181 are supposed to be all continu-
ously abnormal in dementia due to Alzheimer’s disease (AD), being the most advanced disease stage. The aim of the present 
study, which included a monocentric and a multicentric sample (N = 119 and 178, respectively), was to investigate the degree 
of CSF biomarker agreement and interrelation in AD dementia. Based on previously published cut-off values, biomarker 
values were categorized as positive or negative for AD (dichotomization strategy) and as either positive, negative, or border-
line (trichotomization strategy). The statistical analyses relied on distance correlation analysis and kappa (k) statistics. Poor 
agreement (k < 0.4) and low interrelations between the studied biomarkers were detected in all cases with the exception of 
the interrelation between the markers total tau and phosphorylated tau 181, especially in the monocentric sample. Interest-
ingly, lower interrelation and agreement degrees were observed in carriers of the Apolipoprotein E ε4 allele compared to 
non-carriers. The clinical phenotype currently referred to as “AD dementia” is characterized by an inhomogeneous CSF 
biomarker profile, possibly mirroring the complex genesis of AD-typical dementia symptoms and pointing to the necessity 
of shedding more light on the hypothesis of biomarker stability over time in symptomatic AD.

Keywords β-Amyloid 1-42 · Total tau · Phosphorylated tau 181

Introduction

Μirroring the increasing significance of biomarkers in the 
diagnostic workup of Alzheimer’s disease (AD) (Bocchetta 
et al. 2015; Bier et al. 2015), recently published sets of diag-
nostic guidelines advocate the incorporation of biomarkers 

into diagnosing AD in clinical research settings, both in 
preclinical and symptomatic disease stages [National Insti-
tute on Aging-Alzheimer Association, NIA-AA (McKhann 
et al. 2011), International Working Group, IWG (Dubois 
et al. 2014)]. Interestingly, the NIA-AA criteria suggest 
that there is a fairly significant gray zone within which it is 
impossible to tell whether the individual patient is positive 
or negative for a certain biomarker (Molinuevo et al. 2014). 
In line with the assumption that biomarker alterations in AD 
occur years (or perhaps decades) prior the onset of clinical 
symptoms and remain stable during the symptomatic disease 
stages (Jack Jr et al. 2013; Villemagne et al. 2013; Aisen 
et al. 2017; McDade and Bateman 2017), both NIA-AA and 
IWG criteria imply that biomarkers are in general positive 
for AD in the dementia stage, being the most advanced stage 
of symptomatic AD. Therefore, a high degree of agreement 
between the different types of markers should be expected.

The previous studies have investigated the degree of 
agreement between biomarkers in AD dementia. A series of 
studies reported good but still imperfect agreement between 

Data used in preparation of this article were obtained from the 
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database 
(http://adni.loni.usc.edu). As such, the investigators within the 
ADNI contributed to the design and implementation of ADNI 
and/or provided data but did not participate in analysis or writing 
of this report. A complete listing of ADNI investigators can be 
found at: http://adni.loni.usc.edu/wp-content/uploads/how_to_
apply/ADNI_Acknowledgement_List.pdf.

Panagiotis Alexopoulos and Jennifer Roesler have contributed 
equally.

 * Panagiotis Alexopoulos 
 panos.alexopoulos@upatras.gr
Extended author information available on the last page of the article
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amyloid-β (Aβ) positron emission tomography (PET) find-
ings and Aβ42 levels in the cerebrospinal fluid (CSF), whilst 
the degrees of agreement between other established bio-
markers of AD were found to be poor (Leuzy et al. 2015, 
2016; Alexopoulos et al. 2014; Yakushev et al. 2012; Jagust 
et al. 2009; Fagan et al. 2006; Landau et al. 2010, Skillback 
et al. 2015). Most of the previous research included com-
binations of imaging and CSF studies, and there is limited 
evidence on comparisons among CSF biomarkers. Nonethe-
less, CSF analysis has been recommended for the routine 
clinical workup of symptomatic AD to increase diagnostic 
efficacy, since CSF markers reflect AD neuropathological 
changes with relatively high, albeit not perfect, accuracy 
(Bocchetta et al. 2015; Molinuevo et al. 2014; Herukka 
et al. 2017; Simonsen et al. 2017; Schjonning Nielsen et al. 
2016; Shaw et al. 2009; Wallin et al. 2006; Schoonenboom 
et al. 2012). Moreover, most of the previous studies imple-
mented a dichotomization strategy for classifying biomarker 
values neglecting the fact that borderline values cannot be 
unambiguously categorized as positive or negative in clini-
cal practice.

The aim of the present study was to investigate the degree 
of agreement and interrelation between the established CSF 
AD biomarkers Aβ42, being a marker of amyloid plaques, 
total tau (t-Tau), which is a marker of axonal damage, and 
phosphorylated tau 181 (p-Tau), being a marker of neurofi-
brillary tangles, in dementia due to AD in two independent 
cohorts. It is noteworthy that despite the reported utility of 
further molecules in improving diagnostic and prognos-
tic efficiency [for instance Aβ40 and neurofilament light 
chain protein (Dumurgier et al. 2015; Lista et al. 2017)], 
only the aforementioned three CSF markers were included 
in the recently published diagnostic guidelines for AD. A 
dichotomization as well as a trichotomization strategy were 
implemented for categorizing biomarker values.

Methods

Participants

The study included patients with AD dementia recruited 
between 2005 and 2012 at the Centre for Cognitive Disor-
ders (outpatient memory clinic) of the hospital of the Tech-
nical University of Munich (TUM, monocentric cohort, 
N = 119) within the framework of the diagnostic workup of 
their cognitive complaints, and patients of the phases 1 and 
2 of the AD Neuroimaging Initiative (ADNI 1 and 2, mul-
ticentric sample, N = 178). ADNI is a collaborative project 
of academic institutions and private corporations across the 
USA and Canada which began in October 2004. The primary 
goal of ADNI has been to test whether serial magnetic reso-
nance imaging, PET, other biological markers, and clinical 

and neuropsychological assessment can be combined to 
measure the progression of mild cognitive impairment and 
early AD. The study is coordinated by the Alzheimer’s Dis-
ease Cooperative Study at the University of California, San 
Diego. The study is registered at http://www.ClinicalTrials.
gov (identifier, NCT00106899). ADNI data are disseminated 
by the Laboratory for Neuro Imaging at the University of 
Southern California. For up-to-date information, see http://
www.adni-info.org. ADNI data used in this study were 
obtained from the ADNI database at http://www.adni-info.
org on July 6th, 2015.

All study participants fulfilled the NIA-AA criteria and 
the diagnostic guidelines of the National Institute of Neuro-
logical and Communicative Disorders and Stroke-AD and 
Related Disorders Association (NINCDS–ADRDA) for AD 
dementia and probable AD, respectively (McKhann et al. 
1984, 2011). The study procedures were approved by the 
institutional review boards of all participating centres and 
written informed consent was obtained from all participants 
or authorized representatives.

CSF analysis

The CSF peptide concentrations were measured in ADNI 
with the multiplex xMAP Luminex platform with Innogenet-
ics immunoassay kit-based reagents at the ADNI biomarker 
core laboratory at University of Pennsylvania according 
to published methods (INNO-BIA AlzBio 3; Ghent, Bel-
gium) (Kim et al. 2011; Shaw et al. 2009). At TUM, bio-
marker levels were determined with commercially available 
enzyme-linked immunosorbent assays (Innogenetics, Ghent, 
Belgium) as previously described (Alexopoulos et al. 2013; 
Vandermeeren et al. 1993; Vanderstichele et al. 2000).

APOE genotyping

Apolipoprotein ε (APOE) genotypes were determined 
through analysis of blood samples using standard polymer-
ase chain reaction and restriction enzyme digestion as pre-
viously described (Zivelin et al. 1997; Saykin et al. 2010; 
Wenham et al. 1991). Participants were classified as carriers 
or non-carriers of the APOE ε4 allele.

Classi!cation of neurochemical biomarker values

Each patient’s biomarker value was categorized as positive 
or negative for AD (dichotomization strategy) and as either 
positive for AD, negative for AD or borderline (trichotomi-
zation strategy). The dichotomization strategy was based on 
previously published biomarker cutoffs, being specific for 
each employed measurement method (Landau et al. 2013; 
Shaw et al. 2009; Jagust et al. 2009; Hulstaert et al. 1999). It 
is of note that different cutoffs were applied in the two data 
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sets, since the methods employed for peptide measurements 
in the two cohorts were different. Within the framework of 
the dichotomization strategy, Aβ42 concentrations lower 
than 642 ng/l in the TUM sample or 192 ng/l in ADNI, t-Tau 
levels higher than 252 or 94 ng/l in the TUM and ADNI data 
set, respectively, and p-Tau concentrations higher than 61 or 
24 ng/l in the TUM sample and ADNI data set, respectively, 
were classified as positive for AD. All other biomarker val-
ues were considered negative.

The trichotomization strategy relied on previously 
published ranges of borderline values (Alexopoulos et al. 
2016), which were defined with the aim to achieve a rea-
sonable compromise between minimizing the chance of an 
artificial categorization of borderline values as positive or 
negative and at the same time of classifying an overwhelm-
ingly large part of measured values of each biomarker as 
borderline (Alexopoulos et al. 2016). In the TUM sample, 
biomarker abnormality was indicated by Aβ42 levels lower 
than 579.72 ng/l; t-Tau and p-Tau concentrations higher than 
331.11 and 68.68 ng/l, respectively. Aβ42 levels higher than 
704.28 and t-Tau and p-Tau concentrations lower than 172.89 
and 53.32 ng/l, respectively, were regarded as negative for 
AD. AD positivity in the ADNI sample was defined as Aβ42 
levels lower than 177.62 ng/l, t-Tau concentrations higher 
than 104.15 ng/l and p-Tau levels higher than 27.41 ng/l. 
Aβ42 concentrations higher than 206.38 ng/l, and t-Tau and 
p-Tau levels lower than 83.85 and 20.59 ng/l, respectively, 
indicated AD biomarker negativity in the ADNI sample. All 
other biomarker values were classified as borderline.

Based on the number of positive biomarkers after dichot-
omization and trichotomization, patients were classified into 
the four classes of the Paris-North, Lille, Montpellier (PML) 
scale (Lehmann et al. 2014), so that an in-depth character-
ization of the study groups is presented. The PML scale 
is composed of four classes, corresponding to one (class 
1), two (class 2), three (class 3), or no (class 0) pathologic 
markers.

Statistical analysis

The statistical analyses were performed in SPSS v19.0 for 
Windows (IBM Corp., Somers, NY, USA) and in MATLAB 
R2012a (MathWorks, Natick, MA, USA); and encompassed 
distance correlation analysis (DCA) and kappa (k) statis-
tics. DCA was carried out to study the interrelation between 
individual CSF biomarkers. DCA is a non-linear measure 
of statistical dependence that ranges between 0 and 1, with 
values near 0 indicating independence (Székely et al. 2007). 
It is sensitive to non-linear interrelations that may be missed 
by standard correlation measures like Pearson’s coefficient 
and Spearman’s coefficient and is not contingent on bio-
marker value classification. The chance-corrected agree-
ment was calculated using Cohen’s and Fleiss’ kappa (k) 

statistics, where k ≤ 0.40 indicates poor, 0.41–0.60 moder-
ate, 0.61–0.80 good, and k ≥ 0.81 very good agreement. In 
contrast to Cohen’s kappa which is used to compare two 
ratings on a variable, Fleiss’ kappa is a statistical measure 
for assessing the reliability of agreement between more than 
two ratings (Fleiss et al. 2003).

Results

Characteristics of the study samples are presented in Table 1. 
Frequencies of positive, negative, and borderline values, as 
well as of the four classes of the PML scale in each data set 
are presented in Table 2. After biomarker value dichotomi-
zation, 56.7% of patients in the TUM sample and 64.6% of 
participants in the ADNI sample were classified into PML 
scale class 3. Cohen’s kappa values varied between − 0.005 
and 0.379, whilst the Fleiss kappa value was 0.145 and 0.197 
in the TUM and ADNI samples, respectively (Table 2). 
After biomarker value trichotomization, 37.5 and 55.6% of 
patients in the TUM and ADNI sample, respectively, were 
categorized into PML scale class 3. Cohen’s kappa values 
varied between 0.076 and 0.272 (Table 2). The Fleiss kappa 
value was 0.104 in the TUM sample and 0.152 in the ADNI 
sample (Table 2). Both Fleiss and Cohen’s kappa values 
point to poor agreement between the CSF biomarkers, not 
only after trichotomization, but also after dichotomization of 
the values. Of note, kappa values were higher in the ADNI 
cohort except for t-Tau/p-Tau after dichotomization. Τhe 

Table 1  Description of the study sample and degrees of biomarker 
interrelation

TUM patients with Alzheimer’s disease recruited at the Hospital of 
Technical University of Munich, ADNI patients with Alzheimer’s dis-
ease recruited within the framework of the Alzheimer’s Disease Neu-
roimaging Initiative, APOE Apolipoprotein E, MMSE mini-mental 
state examination, CSF cerebrospinal fluid, Aβ42 β-amyloid 1-42, 
p-Tau tau phosphorylated at threonine 181, t-Tau total tau
a Data presented as mean (SD)

Data set Monocentric (TUM) Multicentric (ADNI)

N 104 178
Age,  yearsa 69.06 (9.10) 75.20 (7.56)
Gender (female%) 52.9 42.1
APOE ε4 carriers (%) (N = 86), 68.6 67.5
MMSEa 22.21 (4.04) 23.34 (1.98)
CSF Aβ42, ng/la 554,19 (210.70) 139.05 (39.43)
CSF p-Tau, ng/la 81.46 (42.02) 48.01 (26.45)
CSF t-Tau, ng/la 649.09 (423.44) 127.01 (60.80)
Distance correlation
 Aβ42/p-Tau 0.203 0.273
 Aβ42/t-Tau 0.215 0.178
 p-Tau/t-Tau 0.905 0.652
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detected poor agreement between the different biomarkers 
was not driven by the categorization strategies, since DCA 
values of lower than 0.273 indicate low degrees of depend-
ency, too (apart from the pair t-Tau/p-Tau, especially in the 
TUM sample, Table 1).

The results of the agreement and interrelation analy-
ses in APOE ε4 carriers and non-carriers separately 
are presented in Table 3. In the former, poor agreement 
between the biomarkers was detected in both data sets 
with the exception of t-Tau/p-Tau in the TUM cohort 

after dichotomization of biomarker values. In non-carri-
ers, kappa values point to poor agreement or moderate 
agreement. Of note, in both data sets, agreement degree 
was higher in APOE ε4 non-carriers compared to carri-
ers except for p-Tau/t-Tau after trichotomization in the 
TUM cohort. These differences are not attributable to the 
employed categorization strategies, since they are in line 
with the results of the DCA, indicating higher degrees of 
dependency in APOE ε4 non-carriers than carriers apart 
from p-Tau/t-Tau in the TUM sample (Table 3).

Table 2  Degrees of biomarker agreement after dichotomization and trichotomization of biomarker values

TUM patients with Alzheimer’s disease recruited at the Hospital of Technical University of Munich, ADNI patients with Alzheimer’s disease 
recruited within the framework of the Alzheimer’s Disease Neuroimaging Initiative, PML Scale The Paris, Lille and Montpellier Scale
Trichotomization of biomarker values: values categorized as positive, negative, or borderline; CSF Aβ42 positive/negative for AD: β-amyloid 
1-42 levels in cerebrospinal fluid (CSF) < 579.72 ng/l or 177.62 ng/l/> 704.28 ng/l or 206.38 ng/l for the TUM and ADNI data set, respec-
tively; CSF p-Tau values positive/negative for AD: tau phosphorylated at threonine 181 levels in CSF > 68.68 ng/l or 27.41 ng/l/< 53.32 ng/l or 
20.59 ng/l l for the TUM and ADNI data set, respectively; CSF t-Tau values positive/negative for AD: total tau levels in CSF > 331.11 ng/l or 
104.15 ng/l/< 172.89 ng/l or 83.85 ng/l for the TUM and ADNI data set, respectively
Dichotomization of biomarker values: values categorized as positive or negative; CSF Aβ42 positive for AD: β-amyloid 1-42 levels in cerebro-
spinal fluid (CSF) < 642 ng/l or 192 ng/l for the TUM and ADNI data set, respectively; CSF p-Tau values positive for AD: tau phosphorylated at 
threonine 181 levels in CSF > 61 ng/l or 24 ng/l for the TUM and ADNI data set, respectively; CSF t-Tau values positive for AD: total tau levels 
in CSF > 252 ng/l or 94 ng/l for the TUM and ADNI data set, respectively

Data set Monocentric (TUM) Multicentric (ADNI)

Dichotomization of biomarker values
 CSF Aβ42 values positive/negative for AD (%) 76.9/23.1 92.7/7.3
 CSF p-Tau values positive/negative for AD (%) (N = 102) 71.2/28.8 91.0/9.0
 CSF t-Tau values positive/negative for AD (%) 91.3/8.7 66.9/33.1

PML Scale
 Class 0 (no positive biomarkers) (%) 1.9 2.8
 Class 1 (one positive biomarker) (%) 13.5 7.9
 Class 2 (two positive biomarkers) (%) 27.9 24.7
 Class 3 (three positive biomarkers) (%) 56.7 64.6

Fleiss kappa 0.145 0.197
Cohen’s kappa
 Aβ42/p-Tau 0.103 0.287
 Aβ42/t-Tau − 0.005 0.116
 p-Tau/t-Tau 0.379 0.332

Trichotomization of biomarker values
 CSF Aβ42 values positive/borderline/negative for AD (%) 61.5/22.1/16.3 89.9/3.4/6.7
 CSF p-Tau values positive/borderline/negative for AD (%) (N = 102) 56.7/23.1/20.2 86.5/8.4/5.1
 CSF t-Tau values positive/borderline/negative for AD (%) 81.7/16.3/1.9 59.6/14.0/26.4

PML Scale
 Class 0 (no positive biomarkers) (%) 8.7 3.9
 Class 1 (one positive biomarker) (%) 20.2 11.8
 Class 2 (two positive biomarkers) (%) 33.7 28.7
 Class 3 (three positive biomarkers) (%) 37.5 55.6

Fleiss kappa 0.104 0.152
Cohen’s kappa
 Aβ42/p-Tau 0.084 0.272
 Aβ42/t-Tau 0.076 0.111
 p-Tau/t-Tau 0.203 0.218
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Discussion

Despite the expected high agreement and interrelation 
between different CSF biomarkers in advanced AD, our 

findings argue against the simplistic assumption of over-
all biomarker positivity in the dementia stage, which is 
suggested by current concepts about the temporal evolu-
tion of AD biomarkers, mainly based on the findings of 
cross-sectional studies (Bertens et al. 2015; Jack Jr et al. 
2013; McDade and Bateman 2017). The observations of 
the present study are not in line with the proposed homo-
geneity of biomarker findings in the stage of AD dementia. 
The detected biomarker inhomogeneity is in accordance 
with the previous reports pointing out that less than 70% 
of patients with AD dementia have an AD-typical CSF 
biomarker profile (Skillback et  al. 2015; Alexopoulos 
et al. 2016). Our findings are, in fact, compatible with the 
notion that the presence of the clinical phenotype currently 
referred to as “AD dementia” does not suffice for the pres-
ence of the typical AD CSF biomarker profile and that it 
may not be a straight-forward consequence of the pres-
ence of AD pathological changes, if we assume that the 
established CSF markers accurately and specifically mirror 
these pathological changes (Rosenmann 2012). The clini-
cal phenotype of AD dementia is the result of a dynamic, 
complex interplay between interacting co-pathologies 
(e.g., AD, cerebrovascular alterations, Lewy-bodies, and 
mitochondrial abnormalities), and harmful and protective 
environmental factors (e.g., diet and lifestyle parameters, 
mental activity, brain, and cognitive reserve) (Brenow-
itz et al. 2017; Korczyn 2013; Iturria-Medina et al. 2017; 
Boyle et al. 2013; Guo et al. 2013) (Fig. 1). Τhe interact-
ing factors involved in this interplay could potentiate or 
ameliorate the clinical expression of AD-associated patho-
logical hallmarks and accelerate or decelerate the progres-
sion of clinical symptoms (Boyle et al. 2013; Weiner et al. 
2017). Thus, it can be reckoned that under the assumption 
that biomarkers accurately reflect AD-associated brain 
changes, the clinical expression of AD-associated brain 

Table 3  Degrees of biomarker interrelation and agreement after 
dichotomization and trichotomization of biomarker values in APOE 
ε4 carriers and non-carriers

TUM patients with Alzheimer’s disease recruited at the Hospital of 
Technical University of Munich, ADNI patients with Alzheimer’s 
disease recruited within the framework of the Alzheimer’s Disease 
Neuroimaging Initiative, Trichotomization of biomarker values values 
categorized as positive, negative or borderline, Dichotomization of 
biomarker values values categorized as positive or negative

Data set Monocentric (TUM) Multicentric 
(ADNI)

APOE ε4 Carriers Yes No Yes No
N 59 27 126 52
Distance correlation
 Aβ42/p-Tau 0.188 0.470 0.230 0.438
 Aβ42/t-Tau 0.169 0.451 0.194 0.336
 p-Tau/t-Tau 0.917 0.914 0.643 0.718

Dichotomization of biomarker values
 Fleiss kappa 0.032 0.357 0.052 0.338
 Cohen’s kappa
  Aβ42/p-Tau − 0.122 0.408 − 0.026 0.424
  Aβ42/t-Tau − 0.139 0.216 − 0.031 0.282
  p-Tau/t-Tau 0.427 0.456 0.280 0.397

Trichotomization of biomarker values
 Fleiss kappa 0.094 0.190 0.004 0.301
 Cohen’s kappa
  Aβ42/p-Tau − 0.003 0.230 0.152 0.346
  Aβ42/t-Tau 0.031 0.246 0.015 0.252
  p-Tau/t-Tau 0.288 0.152 0.136 0.368

Fig. 1  Complex interplay of interacting factors influencing the clinical expression of the pathological hallmarks of Alzheimer’s disease
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alterations in patients with AD dementia and an inhomo-
geneous CSF biomarker profile may be somehow potenti-
ated, since these alterations are only partially sufficiently 
advanced to become clinically recognizable, as indicated 
by biomarker values. Alternatively, it can be claimed that 
the detected low agreement and interrelation between CSF 
markers in AD dementia may be attributable to changes in 
biomarker levels occurring during the symptomatic phases 
of the disease. Unfortunately, these explanatory endeav-
ours cannot be empirically supported by biomarker data 
of studies with longitudinal design.

The detected CSF biomarker inhomogeneity in patients 
with AD dementia may have implications for AD treatment 
strategies. Our observations highlight the necessity of incor-
porating biomarker-based diagnoses in clinical trials, so that 
they are not biased by inclusion of participants with atypi-
cal AD biomarker constellations, the prevalence of which 
seems to exceed 30% among patients with AD dementia. 
The inclusion of patients suffering from AD dementia but 
with variable (typical and atypical) AD biomarker profiles 
into clinical trials could have led to their failure or could 
bias still ongoing studies (Weiner et al. 2017). Hence, a 
more targeted inclusion of patients with a typical AD bio-
marker profile could improve the power of clinical trials. 
Moreover, the detected biomarker heterogeneity could raise 
questions regarding possible differences in the therapeutic 
efficacy of currently available anti-dementia symptomatic 
drugs in patients with AD dementia and different biomarker 
constellations. Such questions merit in-depth investigation, 
so that our therapeutic strategies become more personalized 
or even enriched with additional therapeutic tools, if neces-
sary (Reitz 2016).

Even though kappa values point to poor agreement in 
both study samples, the degrees of agreement were higher 
in the ADNI sample compared to the TUM sample with 
the exception of p-Tau/t-Tau. This difference may stem from 
the fact that TUM patients were recruited in the naturalis-
tic clinical setting of a university outpatient memory clinic, 
being less prone to over-selection and enrolment biases as 
opposed to the highly selective framework of a multicen-
tre research study such as ADNI (Alexopoulos et al. 2016). 
Nonetheless, DSAs indicate higher dependency in the TUM 
sample between p-Tau/t-Tau, as well as between Aβ42/t-Tau 
in comparison to ADNI. Thus, the differences in agreement 
degrees between the two samples should be approached cau-
tionally, especially in the light of the artificial definition of 
the range of borderline values and the different properties 
of the applied laboratory essays. The relatively high degree 
of interrelation between the two biomarkers linked to tau 
pathology (p-Tau and t-Tau) possibly relies on the straight-
forward relationship between tau hyperphosphorylation, 
tau detachment from microtubules, neuronal death, and tau 
increase in CSF in AD (Gendron and Petrucelli 2009).

The presence of the APOE ε4 allele was related to lower 
degrees of agreement and interrelation in comparison to 
non-carriers in both data sets (the higher agreement degree 
between p-Tau/t-Tau after trichotomization of biomarker 
values in APOE ε4 carriers than in non-carriers in the TUM 
cohort is probably a spurious finding). APOE ε4 is the 
strongest genetic risk factor for sporadic AD and affects the 
development of the core pathologic hallmarks of AD, Aβ, 
and tau pathology (Yamazaki et al. 2016; Zhao et al. 2017). 
It should be underlined that in both data sets, performance 
on MMSE and age did not vary between APOE ε4 carriers 
and non-carriers (data not shown). The detected difference 
in agreement and interrelation degrees warrants replication 
and further investigation. The higher heterogeneity observed 
in ε4 carriers could be explained by the fact that the contri-
bution of APOE ε4 to AD pathogenesis is not restricted to 
facilitating Aβ deposition and tangle formation. APOE mod-
ulates multiple biological processes through its correspond-
ing protein apolipoprotein E. Mounting evidence suggests 
that it is involved in the modulation of synaptic plasticity, 
lipid transport, glucose metabolism, mitochondrial func-
tion, vascular integrity, neuroinflammation, and apoptosis 
(Zhao et al. 2017; Persson et al. 2017). All these pathologi-
cal processes may additively contribute to cognitive decline 
(Brenowitz et al. 2017; Boyle et al. 2013), resulting in more 
severe clinical symptoms than that corresponding to brain 
Aβ and tau pathology. Alternatively, it can be hypothesized 
that the presence of the APOE ε4 allele may pertain to larger 
changes in CSF biomarkers over time in symptomatic AD in 
comparison to non-carriers. Nonetheless, these interpreta-
tions are and will remain rather speculative until in-depth 
insights into longitudinal CSF biomarker value variations 
and the effects of APOE ε4 on them are gained.

The present study should be viewed in the light of some 
limitations. As already mentioned, the definition of the range 
of borderline values was artificial. In the light of lacking 
empirical data with regard to borderline value range defini-
tions, our findings should be treated with caution. Nonethe-
less, not only the trichotomization but also the dichotomiza-
tion strategy revealed poor agreement between the studied 
CSF biomarkers. In addition, the DCAs point to low inter-
relations apart from p-Tau/t-Tau, especially in the TUM 
sample. Furthermore, the concentrations of each biomarker 
were not measured with the same laboratory assay in the 
two study samples. Nevertheless, the analyses in both labo-
ratories (TUM and ADNI biomarker core laboratory at Uni-
versity of Pennsylvania) were based on high precision and 
well-established assays (Shaw et al. 2009). An additional 
limitation of the study is the lack of histopathological verifi-
cations of clinical diagnoses. Moreover, the generalizability 
of the study findings is relatively limited to the population 
of interest, due to the fact that both cohorts were recruited 
at specialized centres. Thus, further studies focused on CSF 
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biomarker agreement and interrelation degrees and consider-
ing borderline biomarker values are warranted.

In conclusion, the findings of the present study illustrate 
the polymorphy of the neurochemical profiles of patients 
with AD dementia and point to the complexity of the gen-
esis of AD-typical dementia symptoms and possibly of bio-
marker changes over time in the stage of AD dementia. This 
polymorphy and complexity should be taken into account, 
to improve and optimize our diagnostic and therapeutic 
strategies.
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controls and patients with AD dementia (N = 119), and a 
multicentric sample with healthy controls (N = 116) and 
patients with AD dementia (N = 102). The CSF biomark-
ers β-amyloid 1–42, total tau, and phosphorylated tau at 
threonine 181 were measured with commercially available 
assays. Biomarker values were trichotomized into positive 
for AD, negative, or borderline. In controls the presence 
of normal CSF profiles varied between 13.6 and 25.4 % 
across the studied groups, while up to 8.6 % of them had 
abnormal CSF biomarkers. In 40.3–52.9 % of patients with 
AD dementia, a typical CSF profile for AD was detected. 
Approximately 40 % of the potential biomarker constel-
lations are not considered in the NIA–AA guidelines, and 
more than 40 % of participants could not be classified into 
the NIA–AA categories with distinct biomarker constel-
lations. Here, a refined scheme covering all potential bio-
marker constellations is proposed. These results enrich the 
discussion on the NIA–AA guidelines and point to a dis-
cordance between clinical symptomatology and CSF bio-
markers even in patients with full-blown AD dementia, 

Abstract The National Institute on Aging–Alzheimer’s 
Association (NIA–AA) guidelines for Alzheimer’s disease 
(AD) propose the categorization of individuals accord-
ing to their biomarker constellation. Though the NIA–AA 
criteria for preclinical AD and AD dementia have already 
been applied in conjunction with imaging AD biomark-
ers, the application of the criteria using comprehensive 
cerebrospinal fluid (CSF) biomarker information has not 
been thoroughly studied yet. The study included a mono-
centric cohort with healthy (N = 41) and disease (N = 22) 
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who are supposed to have a clearly positive for AD neuro-
chemical profile.

Keywords Dementia · Cognitive aging · Biomarkers · 
Diagnostic criteria

Introduction

Reflecting the tremendous progress done in the field of bio-
markers of Alzheimer’s disease (AD) in the last decades, 
the National Institute on Aging and Alzheimer’s Associa-
tion (NIA–AA) diagnostic guidelines for AD [1–3] propose 
algorithms for categorizing cognitively healthy individuals 
and patients with AD dementia into groups with distinct 
constellations of biomarkers [4]. AD biomarkers predict 
with high accuracy the presence of the core brain patholog-
ical alterations observed in the disease, mainly β-amyloid 
(Aβ) accumulation [e.g., decreased levels of cerebrospinal 
fluid (CSF) Aβ42] and neuronal injury [e.g., CSF total tau 
(t-Tau) and phosphorylated tau at threonine 181 (p-Tau)] 
[5].

The NIA–AA criteria do not use a uniform nomen-
clature for the groups with distinct biomarker constella-
tions into which individuals without cognitive deficits and 
patients with dementia are categorized [2, 3]. According to 
the NIA–AA algorithm, each biomarker value can be clas-
sified as positive for AD, negative or borderline. Abnormal-
ity of biomarkers in cognitively healthy individuals justi-
fies the presence preclinical AD. Preclinical AD is further 
divided into three stages. Preclinical stage 1 is character-
ized by asymptomatic Aβ accumulation, while preclinical 
stage 2 is characterized by asymptomatic Aβ accumulation 
in conjunction with evidence of neuronal injury. At preclin-
ical stage 3, subtle cognitive deficits are present in addition 
to positive Aβ- and neuronal injury markers. On the other 
hand, the criteria for AD dementia establish how prob-
able it is that the AD pathology is present and causes the 
dementia syndrome. The highest probability is indicated 
by a combination of both abnormal Aβ- and neural injury 
biomarkers, and the lowest probability by normality of both 
Aβ- and neural injury markers [2, 3]. If neuronal injury bio-
markers are unavailable or indeterminate and Aβ biomark-
ers are positive, or vice versa, the patient is assigned an 
intermediate probability to suffer from AD [2]. In the NIA–
AA guidelines for both preclinical AD and AD dementia, 
information yielded by conflicting biomarkers are classified 
as uninformative (e.g., positive p-Tau in combination with 
negative t-Tau) or are not considered at all (e.g., positive 
p-Tau in conjunction with negative Aβ).

Recently, efforts were undertaken to apply the NIA–
AA criteria to actual patient populations with preclinical 
AD and full-blown AD dementia. However, most of those 

studies were exclusively focused on imaging biomarkers 
[6, 7], or combined imaging biomarkers with only a single 
neurochemical biomarker [8]. A recently published multi-
centric study which considers all established CSF biomark-
ers is exclusively focused on patients with mild cognitive 
impairment, being a predementia clinical syndrome [9], 
and not on preclinical AD or dementia due to AD [10]. 
Another report focused on CSF biomarkers, and cogni-
tively healthy controls was based on dichotomization of 
biomarker values (i.e., negative vs. positive), neglecting the 
fact that the NIA–AA guidelines also consider borderline 
biomarker values, and that in many cases biomarker values 
are in fact neither clearly positive nor negative [2, 11]. As 
a consequence, there is a critical gap regarding the appli-
cation of the NIA–AA algorithms for preclinical AD and 
AD dementia in conjunction with comprehensive fluid bio-
marker information.

The main aims of the present study were (1) to unravel 
the neurochemical profile of patients with AD dementia 
and of cognitively healthy elderly individuals and (2) to 
apply the NIA–AA recommendations for preclinical AD 
and AD dementia, using CSF biomarker information, in 
order to investigate whether the NIA–AA algorithms con-
sider all biomarker constellations observed in controls and 
patients with AD dementia.

Methods

Study design and sample

The study procedures were approved by the institutional 
review boards of all participating centers, and written 
informed consent was obtained from all participants or 
authorized representatives. The analyses included a mono-
centric dataset (MUC), comprising individuals recruited at 
the hospital of Technische Universität München (TUM), and 
a multicentric dataset, encompassing participants of the first 
phase of AD Neuroimaging Initiative (ADNI), with avail-
able CSF concentrations of Aβ42, t-Tau, and p-Tau. ADNI 
is a collaborative project of academic institutions and private 
corporations across the USA and Canada. The ADNI data 
used in this study were obtained from the ADNI database at 
www.adni-info.org on July 31, 2013. ADNI general eligibil-
ity criteria are described at www.adni-info.org/Scientists/
ADNIGrant/ProtocolSummary.aspx. The datasets consisted 
of patients with AD dementia and controls. Patients with AD 
dementia fulfilled the NIA–AA and the National Institute of 
Neurological and Communicative Disorders and Stroke/AD 
and Related Disorders Association (NINCDS-ADRDA) cri-
teria for AD dementia and probable AD [2, 12, 13]. Healthy 
controls in both datasets were elderly individuals without 
neuropsychiatric disorders or subjective memory complaints 
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and with normal neurocognitive test results. They were 
independent in their activities of daily living [12, 14]. CSF 
samples of MUC healthy controls were obtained as part of 
scheduled urological or orthopedic surgery procedures under 
spinal anesthesia at the hospital of TUM [14]. The MUC 
dataset included also a convenience sample of disease con-
trols, who were not diagnosed with a central nervous system 
disorder. They had no subjective memory complaints and 
were independent in their activities of daily living. Lumbar 
punctures and structural brain imaging did not reveal any 
abnormalities. It should be underscored that AD biomarker 
findings were not used for establishing clinical diagnoses.

CSF acquisition and analysis

The CSF peptide concentrations were measured in ADNI 
with a multiplex platform [15] and in MUC with com-
mercially available enzyme-linked immunosorbent assays 
(ELISA) as previously described in detail [16–18].

APOE genotyping

APOE genotypes were determined using standard polymer-
ase chain reaction methods [19]. No APOE genotype data 
were available for disease controls since no written informed 
consent for genotyping has been obtained from them.

Classification of neurochemical biomarker values

Each patient’s biomarker values were categorized as either 
positive for AD, negative for AD or borderline. The defini-
tion of the range of borderline values was based on previ-
ously published biomarker cutoffs, being specific for each 
employed measurement method [9, 19–22], and the standard 
deviations (SD) which were calculated in the whole mono-
centric and multicentric dataset separately, since the methods 
employed for peptide measurements in the two datasets were 
different. The range of borderline values was specified with 
the aim to reach a reasonable compromise between minimiz-
ing the chance of an artificial categorization as positive or neg-
ative and at the same time classifying <25 % of the measured 
values of each biomarker as borderline. Values within 20 % 
of the SD from the respective cutoff were classified as bor-
derline. Aβ42 concentrations lower than the defined range of 
Aβ42 borderline values and t-Tau and p-Tau levels higher than 
the respective borderline ranges were assumed to be AD posi-
tive. All other biomarker values were considered negative. In 
the MUC sample the following concentrations were regarded 
as positive for AD: Aβ42 < 579.72 ng/l, t-Tau > 331.11 ng/l 
and p-Tau > 68.68 ng/l. The following concentrations 
were regarded as negative for AD: Aβ42 > 704.28 ng/l, 
t-Tau < 172.89 ng/l and p-Tau < 53.32 ng/l. AD positiv-
ity in the ADNI dataset was defined as Aβ42 < 177.62 ng/l, 

t-Tau > 104.15 ng/l and p-Tau > 27.41 ng/l. AD negativity 
was defined as Aβ42 > 206.38 ng/l, t-Tau < 83.85 ng/l and 
p-Tau < 20.59 ng/l.

NIA–AA categorization of participants

According to the NIA–AA algorithms and their CSF bio-
marker values, controls were categorized into the preclin-
ical AD stages 1 or 2 or as not harboring AD pathology, 
while patients with dementia due to AD were classified 
into groups with high, intermediate, or lowest probability 
for AD pathology, or as having biomarker combinations 
being uninformative with regards to the presence of AD. 
Participants with biomarker constellations being not con-
sidered by the NIA–AA guidelines could not be classified 
into the NIA–AA categories. Modifications of the NIA–
AA algorithms are here proposed, so that all potential fluid 
biomarker constellations are integrated and specified in the 
refined schemata, and the nomenclature used for subjects 
with preclinical AD and patients with AD dementia is har-
monized. In the modified algorithm, the relative importance 
of Aβ42 is greater compared to t-Tau and p-Tau. Individu-
als with positive Aβ42 values are classified at least as high 
AD likelihood, whereas subjects with negative Aβ42 values 
are categorized as having AD likelihood not higher than 
low. Individuals with negative Aβ42 and neurodegeneration 
markers negative or borderline are classified into the low-
est likelihood category. Individuals with borderline Aβ42 
in conjunction with at least one positive neuronal injury 
marker are classified as having intermediate AD likelihood, 
while in the absence of positive neurodegeneration markers 
individuals are categorized as having low AD likelihood.

In a number of participants (N = 18), only one neuro-
chemical neuronal injury biomarker was available. Due to 
the previously reported high degree of correlation between 
p-Tau/t-Tau [23], it was hypothesized that the unavailable 
biomarker stood in agreement with the available neurode-
generation biomarker. This strategy embodies a compro-
mise solution. It does not indicate that p-Tau and t-Tau 
yield exactly the same information and are interchangeable.

Statistical analysis

The statistical analyses were performed in SPSS v19.0 for 
Windows (IBM corp., Somers, NY, USA) and in MATLAB 
R2012a version (MathWorks, Natick, MA). Normality 
of data distribution was checked using the Kolmogorov–
Smirnov test. Differences between diagnostic groups with 
regards to demographic and biomarker data and APOE ε4 
allele distribution were assessed with analysis of variance, 
Bonferroni post hoc analysis, Kruskal–Wallis test, Mann–
Whitney test and Chi-square test as appropriate and in each 
dataset separately. The raw biomarker data of both datasets 
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were graphically presented by means of nonnegative matrix 
factorization (NNMF) [24], a data-learning technique that 
is particularly suited for analyzing positive valued data, 
in order to condense the available information in a low-
dimensional (2D) space. The overall set of measurements 
Xi = {Aβ42, t-Tau, p-Tau}unlikely i, i = 1, 2, …, N, where 
N is the total number of participants, was approximated as 
X[N×3] ≈ W[N×2] B[2×3] so as to minimize the reconstruction 
error induced by the Frobenius norm: ||X − WB||2. In this 
way, the vector of measurements Xi associated with the ith 
participant took the form of Xi = wi1 B1 + wi2 B2, where 
B1, B2 were the unit length vectors for a parsimonious 2D 
representation and wi1, wi2 were the corresponding compo-
nents. A two-sided level of significance of 0.05 was used.

Results

Sample characteristics

The characteristics of the datasets are presented in 
Table 1. Age and gender distribution significantly dif-
fered across the MUC groups; disease controls were 

significantly younger in comparison with patients with 
AD dementia (P = 0.03), while women in the healthy 
control group were significantly less frequent than in the 
AD dementia group (P < 0.01). As expected, in both data-
sets the presence of APOE ε4 was significantly higher 
in patients with AD dementia compared with healthy 
controls. In the MUC dataset, CSF levels of Aβ42, 
t-Tau, and p-Tau were [mean (SD)] 688.17 (311.38), 
514.82 (395.56), and 68.59 (28.39) ng/l, respectively. 
In the ADNI dataset, Aβ42, t-Tau, and p-Tau concen-
trations were 176.70 (57.99), 93.59 (51.67), and 33.22 
(19.72) ng/l, respectively. Figure 1, being a graphical 
presentation of participants’ Aβ42, t-Tau, and p-Tau CSF 
levels using NNMF points to discordance between CSF 
profiles and diagnostic status. It highlights that in both 
datasets despite the clearly distinct diagnostic status of 
the participants (controls vs. patients with AD dementia), 
their biomarker profiles are distributed over a continu-
ous spectrum between the two opposite edges, in which 
controls with normal biomarkers (lower right quadrant of 
the graphs) and patients with AD dementia and positive 
neurochemical biomarkers (upper left quadrant of the 
graphs) represent the extreme ends.

Table 1  Description of the study sample

MUC: sample recruited at the Hospital of Technische Universität München; ADNI: sample recruited with the framework of the Alzheimer’s 
Disease Neuroimaging Initiative; HC: Healthy controls; DC: Disease controls; AD: Dementia due to Alzheimer’s disease; APOE: Apolipoprotein 
E; MMSE: Mini mental state examination; CSF Aβ42 positive/negative for AD: β-amyloid 1–42 levels in cerebrospinal fluid (CSF) < 579.72 or 
177.62 ng/l/>704.28 or 206.38 ng/l for the monocentric and multicentric dataset, respectively; CSF p-Tau values positive/negative for AD: tau 
phosphorylated at threonine 181 levels in CSF > 68.68 or 27.41 ng/l/<53.32 or 20.59 ng/l l for the monocentric and multicentric dataset, respec-
tively; CSF t-Tau values positive/negative for AD: total tau levels in CSF > 331.11 or 104.15 ng/l/<172.89 or 83.85 ng/l for the monocentric and 
multicentric dataset, respectively

* Data presented as mean (SD)

Group Monocentric dataset (MUC) P value Multicentric dataset (ADNI) P value

HC DC AD HC AD

N 41 22 119 116 102

Age (years)* 67.44 (10.62) 62.82 (9.65) 68.50 (8.90) 0.04 75.61 (5.16) 75.13 (7.87) 0.60

Gender (female %) 29.3 40.9 55.5 0.01 50.0 42.2 0.28

APOE ε4 carriers (%) (N = 40), 36.6 NA (N = 87), 49.6 <0.01 24.1 69.6 <0.01

MMSE* 29.20 (1.01) NA 21.81 (4.90) <0.01 28.09 (1.02) 23.56 (1.90) <0.01

CSF Aβ42 (ng/l)* 998.46 (325.20) 772.82 (282.31) 565,61 (220.76) <0.01 206.36 (54.68) 142.98 (40.79) <0.01

CSF Aβ42 values  
positive/borderline/
negative for AD (%)

9.8/7.3/82.9 27.3/22.7/50.0 62.2/19.3/18.5 <0.01 21.9/11.2/56.9 87.3/4.9/7.8 <0.01

CSF p-Tau (ng/l)* 49.95 (16.77) 43.68 (13.82) (N = 102) 81.46 
(42.40)

<0.01 25.85 (16.51) 41.60 (19.74) <0.01

CSF p-Tau values  
positive/borderline/
negative for AD (%)

19.5/14.6/65.9 4.5/13.6/81.8 (N = 102) 
55.9/23.5/20.6

<0.01 13.8/12.1/74.1 57.8/12.7/29.4 <0.01

CSF t-Tau (ng/l)* 259.20 (106.62) (N = 21) 219.90 (77.83) 654.94 (419.31) <0.01 70.13 (30.29) 120.27 (57.80) <0.01

CSF t-Tau values  
positive/borderline/
negative for AD (%)

26.8/46.3/26.8 (N = 21) 9.5/61.9/28.6 83.2/15.1/1.7 <0.01 13.8/4.5/74.1 52.0/12.7/29.4 <0.01
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Neurochemical profiles

In the MUC dataset, only 22 % of healthy controls and 
13.6 % of disease controls had a clearly normal neuro-
chemical profile, while in ADNI the proportion of controls 
with a clearly normal CSF profile tended to be significantly 
higher (35.4 %) (P = 0.06) (Fig. 2) The respective pro-
portions of healthy controls with all biomarkers abnormal 
(typical AD neurochemical profile) were 2.5 % in MUC 
and 8.6 % in ADNI. No disease controls had all CSF bio-
markers positive for AD. The distribution of controls in 
whom all biomarkers were abnormal did not differ across 

the datasets (P = 0.16). Interestingly, 19.5 % of MUC and 
18.9 % of ADNI healthy controls and 4.5 % of MUC dis-
ease controls had positive p-Tau and/or t-Tau values in con-
junction with negative or borderline Aβ42 values.

Regarding the neurochemical profile of patients with 
clinically diagnosed AD dementia, 40.3 % in MUC and 
52.9 % in ADNI had a typical fluid biomarker profile for 
AD. The distribution of the typical AD neurochemical 
profile did not differ between patients with AD demen-
tia in MUC and ADNI (P = 0.08) (Fig. 3). All available 
CSF markers were negative in only 0.8 % of patients with 
AD dementia in MUC and 2.9 % in ADNI (P = 0.34). 

Fig. 1  Condensed representation, in the form of a 2D scatterplot, 
of the monocentric (MUC) and multicentric (ADNI) dataset (upper 
and lower panel, respectively). The ensemble of trivariate measure-
ments of CSF β-amyloid 1–42, hyperphosphorylated tau at threonine 
181, and total tau for all participants has been analyzed via nonnega-

tive matrix factorization (NNMF) and approximated by means of a 
bivariate data swarm that conveniently represents the total variation in 
the original data. In the derived map, the labels indicate the different 
groups and lend semantics to the plot
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In 30.3 % of MUC and 6.9 % of ADNI patients with AD 
dementia, positive p-Tau and/or t-Tau values with negative 
or borderline Aβ42 concentrations were observed.

NIA–AA categorization

The attempt to apply the NIA–AA algorithm for preclinical 
AD to healthy and disease controls revealed that only seven 
of 18 observed biomarker constellations could be categorized 
according to the NIA–AA algorithm (Fig. 2). Moreover, 4.9 % 
of MUC and 15.5 % of ADNI healthy controls and 4.5 % of 
MUC disease controls met the criteria for preclinical stage 2 
(at least one amyloid and one neural injury marker positive), 
while 4.8 % of healthy controls in MUC and 6.4 % in ADNI 
and 22.7 % of MUC disease controls fulfilled the criteria for 
preclinical stage 1 (Aβ positivity only). 68.3 % of healthy 
controls of the MUC dataset and 32.8 % of ADNI had combi-
nations that are not specified in the NIA–AA guidelines. The 
respective proportion in MUC disease controls was 59.1 %.

Only four of the 18 potential biomarker constellations 
can be classified into categories with different probability 
for the presence of AD according to the NIA–AA algorithm 
for AD dementia. In MUC 40.3 and 13.4 % of patients with 
AD dementia were categorized into the groups with high 
(all biomarkers positive) and intermediate (positive Aβ42 
and both pTau and tTau borderline or vice versa) AD prob-
ability, respectively. With the exception of a single patient 
with the lowest probability of AD (all available biomarkers 
negative), all other MUC patients’ biomarker combinations 
(45.4 %) either would be classified as uninformative by the 
NIA–AA guidelines or will not specified by them at all. In 
ADNI 52.9, 2 and 3 % of patients could be classified as 
having high, intermediate, and lowest probability of AD, 
respectively. All other ADNI patients (42.1 %) had combi-
nations of biomarker findings that are either uninformative 
or are left undefined by the NIA–AA criteria (Fig. 3).

The application of the refined NIA–AA algorithm is pre-
sented in Fig. 2 for controls and in Fig. 3 for patients with 
AD dementia. The refined algorithm considers all potential 
CSF biomarker constellations.

Discussion

The findings of the present study indicate a continuum of 
neurochemical biomarker profiles from cognitively healthy 

aging to AD dementia despite the clearly distinct diagnos-
tic status of the study participants. They are in line with 
reports from large clinical trials of disease-modifying drug 
candidates which showed that 10–35 % of patients with 
clinically diagnosed AD dementia have negative Aβ posi-
tron emission tomography scans, i.e., no measureable Aβ 
pathology [25]. The detected atypical for AD biomarker 
profiles in patients suffering from AD dementia can be 
attributed to the relatively low, in the absence of biomarker 
data, accuracy of current clinical AD diagnostic meth-
ods in predicting histopathologic diagnoses (sensitivity 
71–88 %, specificity 44–71 %) validated by the standard 
pathologic diagnosis at autopsy [26]. Clinical symptoms 
in AD dementia are not a straightforward consequence of 
the presence of AD pathology, being reflected in biomarker 
abnormality. As autopsy reports underscore, a plethora of 
pathologies accompany AD pathological alterations in the 
aging brain (for instance, cerebrovascular alterations or 
Lewy body pathology) [27, 28]. Such concurrent patholo-
gies can synergistically lower the threshold for the develop-
ment of clinical symptoms, making it more likely that an 
individual will develop cognitive deficits, which will then 
justify the diagnosis of AD dementia. Such co-pathologies 
potentiate the clinical expression of AD-associated brain 
alterations which would have remained clinically silent in 
the absence of co-pathologies, because they are still not 
sufficiently advanced to become clinically recognizable 
[29, 30]. Thus, clinical symptoms in AD dementia are not a 
straightforward consequence of AD pathology, but the con-
sequence of a complex interplay [30].

CSF biomarker abnormalities were detected in both 
the multicentric and monocentric groups of controls. Our 
observations are in line with previous reports which showed 
that more than approximately 50 % of cognitively healthy 
elderly individuals have at least one positive imaging AD 
biomarker [6, 7]. As already underscored, the presence 
of positive biomarkers does not straightforwardly lead to 
clinical symptoms. Biomarker abnormality in the absence 
of clinical symptoms is compatible with the recently 
defined concept of preclinical AD [3]. According to it, AD 
pathological hallmarks begin to develop many years prior 
the onset of clinical symptoms. As a consequence, AD-
type brain changes are often found in individuals without 
any cognitive symptoms. The brain is in fact able to tol-
erate, mask, or even respond to structural changes [29]. 
For instance, the concept of neural or cognitive reserve 
provides an explanation why pathological alterations can 
accumulate for a long time without any clinical signs or 
symptoms [31, 32]. The discordance between biomarker 
profiles and clinical symptoms warrants thorough investi-
gation, since it embodies a crucial parameter not only for 
clinical trials and for defining surrogate endpoints within 

Fig. 2  Biomarker profiles of healthy and disease controls of the 
monocentric (MUC) and multicentric (ADNI) dataset, National 
Institute on Aging–Alzheimer’s Association (NIA–AA) assignments 
and a refined classification scheme based on CSF β-amyloid 1–42 
(Aβ42), hyperphosphorylated tau at threonine 181 (p-Tau) and total 
tau (t-Tau)

◂
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their framework, but also for developing effective preven-
tion strategies not pertaining to AD pathomechanism.

The observations of the present study with regard to 
combinations of abnormal p-Tau and/or t-Tau values with 
negative or borderline Aβ42 concentrations further sup-
port the presence of individuals with normal or borderline 
amyloid biomarkers and abnormal biomarkers of neuronal 
injury. The term “suspected non-AD pathophysiology 
(SNAP)” has been recently proposed to designate subjects 
without evidence of amyloid accumulation but with abnor-
mal biomarkers of neuronal injury [6, 8, 33]. In accordance 
with prior reports, proportions of individuals with SNAP in 
our study did not exceed 30 % in each diagnostic group [6, 
8, 33]. Interestingly, the monocentric AD dataset encom-
passed clearly more patients with SNAP than the ADNI AD 
sample (30.3 vs. 6.9 %). This difference could be explained 
by the different characteristics of the two samples. The 
ADNI cohort was mainly recruited for research purposes 
at specialized research centers, while the MUC samples 
were recruited in a more naturalistic clinical setting and not 
exclusively within the framework of research activity. As a 
consequence, the latter are less contingent on over-selec-
tion and research center enrollment biases.

Our results underscore that the NIA–AA algorithms do 
not consider all possible biomarker constellations. Approxi-
mately 40 % of biomarker combinations observed could not 
be classified according to the NIA–AA algorithms. Con-
flicting biomarker results within the same biomarker cate-
gory (e.g., neuronal injury) or between different biomarker 
categories as well as biomarker constellations indicating 
SNAP are not considered or are classified as uninformative. 
However, in the era of personalized medicine [34, 35], it 
is important that all potential biomarker combinations are 
considered and incorporated into the algorithm for defin-
ing groups with different AD likelihoods. In the modified 
assignment scheme, which is here presented, a harmoniza-
tion of the nomenclature used for the groups with distinct 
biomarker constellations regardless clinical symptoms is 
proposed, since the classification into groups is based on 
the same biomarkers and refers to the same pathologi-
cal changes [2, 3]. Group assignment does not indicate a 
specific pattern of clinical prognosis or symptomatol-
ogy, since prognosis and clinical symptoms are in fact not 
exclusively contingent on AD pathology [30]. In the pro-
posed modified algorithm, amyloid biomarkers are prior-
itized compared with biomarkers of neuronal injury, since 
Aβ42 is more specific to AD than t-Tau, and Aβ42 levels 

become abnormal earlier than p-Tau and t-Tau according 
to the model of temporal evolution of AD biomarkers [36]. 
The NIA–AA algorithm for preclinical AD also prioritizes 
amyloid information [3]. Previously proposed refinements 
of the NIA–AA algorithm for AD dementia, which were 
based on different biomarker modalities, prioritized amy-
loid biomarker information too [8]. Nonetheless, the pro-
posed modified assignment schema has to be justified 
through empirical evidence, for instance through pathologi-
cal diagnoses established in close temporal relation to the 
acquisition of CSF.

The present study should be viewed in the light of some 
limitations. The diagnostic workup of the disease control 
group did not include a neuropsychological assessment. 
As a result, it cannot be excluded that some of the disease 
controls suffered from very mild cognitive deficits, which, 
however, did not cause any subjective memory complaints 
or impairment of their activities of daily living. In addition, 
the size of the disease control group is relatively small. 
Moreover, the healthy controls’ neuropsychological assess-
ment was restricted to established cognitive measures that 
cannot detect very subtle cognitive impairment [3]. As a 
consequence, it cannot be ruled out that some of the cog-
nitively healthy individuals with a typical neurochemical 
AD profile could have been assigned to stage 3 of preclini-
cal AD, if they had been tested for subtle cognitive defi-
cits Furthermore, no histopathologic (definite) diagnoses 
were available, and we did not consider imaging biomarker 
data. However, it should be underscored that while com-
bining imaging with neurochemical biomarker data may 
be relevant for research settings, it is rarely applicable to 
clinical settings because of limitations related to scanner 
equipment and sophisticated image analyses expertise. 
Moreover, the NIA–AA guidelines do not necessitate the 
availability of imaging biomarker data [2, 3]. Despite the 
previously reported significant influences of age and sex 
on the development of AD pathology [37, 38], it seems 
unlikely that the detected significant differences in age 
and sex distribution between the diagnostic groups of the 
MUC cohort have biased our observations, since our study 
aimed to describe naturalistically the biomarker profiles of 
controls and patients with AD dementia and to apply the 
NIA–AA criteria. In line with such an assumption, the 
proportion of controls with normal biomarkers was signifi-
cantly higher in ADNI compared with MUC, though ADNI 
controls were older than MUC controls. In addition the 
distribution of controls with abnormal biomarkers did not 
differ across the datasets. Furthermore, it can be reckoned 
that the observed high proportion of participants who could 
not be classified by the NIA–AA algorithms is attributable 
to the defined range of borderline values. In the light of 
the lack of empirical data with regard to definitions of the 
range of borderline values, our findings should be treated 

Fig. 3  Biomarker profiles of patients with dementia due to Alz-
heimer’s disease (AD) of the monocentric (MUC) and multicentric 
(ADNI) dataset, National Institute on Aging–Alzheimer’s Association 
(NIA–AA) assignments and a refined classification scheme based on 
CSF β-amyloid 1–42 (Aβ42), hyperphosphorylated tau at threonine 
181 (p-Tau) and total tau (t-Tau)

◂
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with caution. Nonetheless, the NIA–AA guidelines clearly 
specify the presence of borderline biomarker values and do 
not take into account approximately 40 % of the potential 
biomarker constellations. As a result, further studies con-
sidering borderline biomarker values are warranted.

To conclude, the findings of the present study illustrate 
the polymorphy of the neurochemical profiles of patients 
with AD dementia and elderly cognitively healthy indi-
viduals. They point to discordance between CSF biomarker 
profile and diagnostic status. This discordance is a conse-
quence of the complexity of the genesis of clinical symp-
toms in AD. Our observations enrich the discussion on the 
NIA–AA guidelines and possibly contribute to paving the 
way toward refining the guidelines, so that they address all 
potential biomarker constellations.
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18F-FDG-PET 18Fluor-Fluordesoxyglucose-

Positronenemmisionstomographie 
99mTc HMPAO-SPECT Technetium-99m hexamethyl propylenamine oxime – 
    single photon emission computed tomography 
ACE-III   Addenbrooke´s Cognitive Examination  
AD     Alzheimer Demenz 
ADAS cog Alzheimer´s Disease Assessment Scale – Cognitive 

subscale 
ADNI    Alzheimer Dementia Neuroimaging Initiative 
AK    Alzheimer Krankheit 
ApoE     Apolipoprotein E 
APP    Amyloid Precursor Protein 
Aß    Amyloid-Beta 
Aß42    Amyloid-Beta42 
CERAD   Consortium to Establish a Registry for Alzheimers Disease 
CSF    Cerebrospinalflüssigkeit  
CT    Computertomographie 



DCA    Distanzkorrelationsanalyse 
DemTect   Demenz-Detektions-Test 
ELISA    Enzyme Linked Immunosorbent Assay 
EMA    European Medicines Agency 
ICD-10   International Classification of Diseases 10th Revision 
IWG    International Working Group 
LKB    Leichte kognitive Beeinträchtigung 
MCI    Mild Cognitive Impairment 
MMST    Mini Mental Status Test 
MoCA    Montreal Cognitive Assessment Test 
MRT    Magnetresonanztomographie 
MUC    Kohorte TU München 
NIA-AA   National Institute of Aging and Alzheimer´s Disease  
NINCDS-ADRDA National Institute of Neurological and Communicative 

Disorders Association und Stroke/Alzheimer Dementia 
and Related Disorders Association 

NMDA    N-Methyl-D-Aspartat 
NNMF    nichtnegativer Matrixfaktorisierung 
PET    Positronenemissionstomographie 
PML    Skala Paris-Nord, Lille, Montpellier 
pTau bzw. pTau-181 phosphoryliertes Tau 
SD     Standardabweichung 
SNAP    non-suspected AD-pathophysiology 
TUM    Technische Universität München 
ZNS    Zentrales Nervensystem 
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