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1 Einleitung

1.1 Definition

Spinale durale arteriovendse Fisteln (sdAVF) sind pathologische arteriovendse (AV)
Kurzschliisse zwischen einem oder mehreren radikulomeningealen Asten einer spina-
len Segmentarterie und einer intraduralen Vene." 2 Mit einer Inzidenz von ca.
5/1 000 000/Jahr stellen sdAVF die haufigste spinale GefaRmalformation dar.?
Obwohl sdAVF bisher als erworbene Malformationen im Erwachsenenalter gelten, ist
die genaue Atiologie bis heute unbekannt.* ® Betroffen sind meistens Patienten* mann-
lichen Geschlechts zwischen 50 und 70 Jahren.? © Die meisten sdAVF sind in der tho-
rakolumbalen Region lokalisiert und deutlich seltener am kraniozervikalen Ubergang
oder in der tiefen lumbosakralen Region zu finden.”

Erste genauere Beschreibungen der Pathophysiologie dieser Fisteln gelangen Aminoff
und Logue im Jahr 1974 sowie Merland et al. im Jahr 1980." 8 Daraufhin folgten meh-
rere Fallserien Uber klinische sowie diagnostische und therapeutische Aspekte dieser
Erkrankung.® °

In der Mehrheit der bisher reprasentativen Studien wird Gber einen chronisch progre-
dienten Verlauf von unspezifischen, aber auch typischen Symptomen myelopathischer
Genese berichtet.® '° Bei den meisten Patienten wird zum Zeitpunkt der korrekten Di-
agnose sowohl Uber eine spinale Ataxie, eine Paraparese und Hypasthesien der un-
teren Extremitaten als auch eine Uber Blasen-Mastdarm-Funktionsstorung und Erekti-
onsstorungen in unterschiedlicher Auspragung berichtet.® '° Seltener werden lumbale

Rickenschmerzen oder Radikulopathien beschrieben.” 1

" Aus Griinden der besseren Lesbarkeit wird in dieser kumulativen Habilitationsschrift auf die gleichzei-
tige Verwendung der Bezeichnungen mannlich, weiblich und divers (m/w/d) verzichtet. Samtliche Per-
sonenbezeichnungen sollen gleichermalien fiir alle Geschlechter verstanden werden.



1.2 Diagnostische Besonderheiten

Die Mehrheit der Patienten beschreibt haufig unspezifische Beschwerden im Sinne
von spinaler Ataxie mit asymmetrischen sensomotorischen Defiziten der unteren Ext-
remitaten.® © Daher ist eine Diagnosestellung von sdAVF ohne weitere bildmorpholo-

gische Untersuchungen nicht maglich.™

Der haufigste diagnostische Fehler in der klinischen Vorfelddiagnostik ist die Annahme
einer Polyneuropathie oder einer Spinalkanalstenose bzw. eines Bandscheibenvor-
falls.’? Weitere Rickenmarkserkrankungen wie entziindliche Pathologien, in-
tramedullare Gliome, eine Syringomyelie oder Rickenmarksischamie konnen eben-

falls als mogliche Differentialdiagnosen in Frage kommen.'? 13

Die hohe Rate an initialen Fehldiagnosen und die darauf basierenden Therapien fuh-
ren bei den meisten sdAVF-Patienten zu einer erheblichen Verzégerung der Diagno-
sestellung und Therapie.'® Bei den meisten Patienten erfolgen bis zum Zeitpunkt der
korrekten Diagnose ein- oder mehrfache operative Therapieversuche bei bestehen-

dem Verdacht auf eine andere Pathologie.? '°

Bleibt eine sdAVF unerkannt und/oder unbehandelt, kann die resultierende progres-
sive kongestive Myelopathie zu einer irreversiblen Schadigung des Myelons und einer
vollstandigen Querschnittslahmung fiihren.'? Aminoff et al. stellten in ihrer Analyse
fest, dass 50 % der unbehandelten sdAVF-Patienten innerhalb von drei Jahren nach
dem Auftreten der ersten Beschwerden rollstuhlpflichtig werden.™

Die adaquate Diagnose und suffiziente Therapie einer sdAVF erfordern vor allem ein
fundiertes anatomisches Verstandnis der spinalen vaskularen Anatomie und ihrer Va-
riationen.' An dieser Stelle ist zu erwahnen, dass mehrere klinisch relevante Aspekte

der spinalen vaskularen Anatomie bisher ungeklart sind und teilweise kontrovers in der



Literatur beschrieben wurden.’® 7 Dies ist vor allem auf die Komplexitat, aber auch

auf die Seltenheit der spinalen Gefallmalformationen zurtckzufuhren.

1.3 Klinische spinale vaskulare Anatomie
1.3.1 Arterielle Versorgung

1.3.1.1 Segmentarterien

Zervikal stammen die Segmentarterien uberwiegend aus den Arteriae vertebrales, Ar-
teriae cervicales profundae und Arteriae cervicales descendens.'® Am zervikothoraka-
len Ubergang (C8 bis T3) kénnen mehrere Segmentarterien (iber einen gemeinsamen
Abgang aus dem Truncus costocervicalis der Arteria subclavia oder direkt aus dem
Aortenbogen oder einer Arteria vertebralis verfugen und werden als Arteria intercosta-
lis suprema bezeichnet.'®

Im Bereich der Brust- und Lendenwirbelsaule versorgen die Segmentarterien aus der
Aorta den Wirbelkorper, die paraspinalen Muskeln, die Dura spinalis, die Nervenwur-
zeln und das Myelon mit Blut.'® 2° Im thorakolumbalen Bereich (T3 bis L4/seltener L5)
gehen sie paarweise aus dem dorsalen Bereich der Aorta descendens ab.?°

Die Segmentarterien der tiefen lumbosakralen Region stammen aus Asten der Arteria
iliaca interna (Arteriae iliolumbales und Arteriae sacrales laterales) oder aus der Arteria
sacralis mediana.’

Die Rami spinales aller Segmentarterien sind klinisch von Bedeutung. Sie treten durch
die Foramina intervertebralia in den Spinalkanal ein und teilen sich in (a) ventrale und
dorsale epidurale Arterien, auch als retrokorporale bzw. pralaminare Arterien bekannt,
und (b) Radikulararterien, die radikulomeningeale, radikulopiale und radikulomedullare
Aste abgeben kénnen.2°

Die retrokorporalen und pralaminaren Aste (a) stellen sowohl die Blutversorgung in-

traspinaler, extraduraler, ossarer und discoligamentarer Strukturen als auch jene des
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epiduralen Fett- und Bindegewebes sicher. Sie nehmen bei der arteriellen Versorgung
spinaler epiduraler AV-Malformationen eine zentrale Rolle ein.?’

Die radikulomeningealen Arterien (b) versorgen hauptsachlich die Dura im Bereich der
Nervenwurzelabgange, sind Uber durale longitudinale Anastomosen miteinander ver-
bunden und in der Regel die arteriellen Versorger der sdAVF.2°

Die radikulomedullaren Arterien (b) stellen eine Verbindung entlang der vorderen oder
hinteren Nervenwurzel zu den perimedullaren Arterien her und versorgen dadurch das
Myelon arteriell mit.'”- '® Wahrend der embryonalen Entwicklung sind sie anfangs auf
der Hohe aller Segmente der spinalen Achse bilateral nachweisbar.'® lhre Anzahl ver-
ringert sich jedoch noch intrauterin auf funf bis acht radikulomedullare Arterien.

Die kaliberstarkste radikulomedullare Arterie wird nach dem ersten Beschreiber
Adamkiewicz benannt und befindet sich bei 75 % der Menschen linksseitig zwischen
den Segmenten T8 und L2.2°

Die Identifizierung der radikulomedullaren Arterien ist bei der Therapieplanung einer
spinalen Gefafmalformation obligatorisch.?? Ein iatrogener Verschluss der Adamkie-
wicz-Arterie kann zum Beispiel zu einer ausgedehnten Ruckenmarksischamie mit

schwerwiegenden neurologischen Defiziten fiihren.8

1.3.1.2 Perimedulldre Arterien

Die direkte arterielle Versorgung des Myelons erfolgt Uber die perimedullar verlau-
fende Arteria spinalis anterior (ASA) und die paarigen Arteriae spinales posterolatera-
les (PSA).'® 20 Die Versorgung der zervikalen ASA erfolgt Giberwiegend auf der Héhe
des Foramens magnum aus absteigenden Asten der intrakraniellen Segmente der Ar-
teriae vertebrales und kann interindividuell stark variieren.?3 Die ASA lauft subpial ent-
lang des Sulcus medialis anterior bis zum Conus medullaris, wo sie die sogenannte

Conusarkade mit den PSA bildet und in die Arteria des Filum terminale Gbergeht.?
4



Uber die oben genannten anterioren radikulomedullaren Arterien wird die Durchblu-
tung Uber die ASA entlang der spinalen Achse verstarkt. Daher sollte die ASA nicht als
eine einzige gerade Arterie, sondern als eine aufeinanderfolgende Reihe von anato-
mischen GefaRschleifen betrachtet werden.?

Die paarigen PSA beginnen auf der Hohe des Foramens magnum und werden zervi-
kal, ebenfalls mit verschiedenen Variationen, von Asten der Arteriae vertebrales oder
der Arteria cerebelli posterior inferior gespeist.?® Die PSA verlaufen subpial entlang der
rechten und linken posterolateralen Fissur des Myelons und werden auf verschiede-
nen Ebenen von den posterioren radikulomedullaren Arterien versorgt.'8 23

Neben der direkten Verbindung zwischen der ASA und den PSA am Conus medullaris
(Conusarkade) besteht auf der gesamten Oberflache des Rickenmarks ein ausge-

dehntes Anastomosennetz zwischen diesen Arterien.2°

1.3.1.3 Tiefes arterielles System

Das tiefe arterielle System wird wiederum in ein zentrales und ein peripheres unter-
teilt.?> Das zentrale System besteht aus den von den ASA ausgehenden zentralen
Arterien, die in die Fissura mediana anterior gelangen und als sulcale oder sulcocom-
misurale Arterien bezeichnet werden.'” Nachdem sie entweder links oder rechts in das
Myelonparenchym eindringen, verzweigen sie sich vorwiegend zentrifugal innerhalb
der grauen Substanz.'” Das periphere System wird von kleinen Asten der ASA und
PSA gespeist (Vasocorona) und versorgt Uber kleine Perforatoren die oberflachlich
gelegene weille Substanz.?®

Infolgedessen versorgt die ASA ungefahr zwei Drittel der Querschnittsflache des
Myelons, wobei die PSA das hintere Drittel versorgen. Die kortikospinalen Bahnen

werden von beiden Systemen versorgt.'®



1.3.2 Venose Drainage

Aus dem Ruckenmarksparenchym wird das venose Blut Uber kleinere intrinsische ho-
rizontal verlaufende Venen in die Peripherie drainiert.?* Auf der Ebene der spinalen
Pia mater drainiert das Blut im Wesentlichen in zwei longitudinal verlaufende Venen-
systeme: die Vena spinalis anterior und posterior. Die longitudinalen Venensysteme
des Ruckenmarks sind in Bezug auf Verlauf, Gro3e und Lokalisation variabler als das
benachbarte Arteriensystem.?* 2%

Die Vena spinalis anterior befindet sich zur ASA unmittelbar dorsal und liegt somit
subpial. Bei etwa 80 % der Menschen lauft sie zusammen mit dem Filum terminale als
teilweise duRerst groRe terminale Vene bis zum Ende des Duralsacks.'® 2 Die Vena
spinalis posterior liegt subarachnoidal, variiert stark in ihrer Morphologie und zeigt pe-
rimedulldr am thorakolumbalen Ubergang eine ausgepragte Vernetzung.?

Weitere intraparenchymale transmedullare vendse Anastomosen verbinden die Venae
spinales anteriores und posteriores.?* Diese vendsen Anastomosen sind im thorakalen
Bereich am starksten ausgebildet und konnen das vendse Blut dadurch bei hamody-
namischen Veranderungen rasch von einer Seite zur anderen drainieren.?®

Am kraniozervikalen Ubergang gehen die Venae spinales anteriores und posteriores
in die Hirnstammvenen sowie in die groBen vendsen intrakraniellen Blutleiter Gber.2
Zusatzlich wird das vendse Blut Uber radikulare Venen drainiert, die entlang der vor-
deren und hinteren Nervenwurzel verlaufen und die Dura epidural durchqueren.'® 24
Die Anzahl dieser Venen ist generell hoch und kann ebenfalls stark variieren. In eini-
gen Studien wurde eine durchschnittliche Anzahl von 25 radikularen Venen gezanhlt,
die das Blut in den spinalen Epiduralraum drainieren.?* Wenn jedoch kleinere Venen
(< 0,25 mm Durchmesser) ausgeschlossen werden, betragt die Anzahl dieser Venen

sechs bis elf fir die vordere und finf bis zehn fur die hintere Nervenwurzel .24 25



Die Anzahl dieser Venen kann mit zunehmendem Alter aufgrund von fibrotischen Ver-
anderungen abnehmen, was von einigen Autoren als beglnstigender Faktor bei der
Entstehung von sdAVF betrachtet wird.¢

Der epidurale vendse Plexus erstreckt sich als kontinuierliches System vom Kreuzbein
bis zur Schadelbasis und befindet sich im Fett- und Bindegewebe des spinalen Epi-
duralraums.?® Dieses ventillose Venensystem besteht aus diinnen elastischen Wan-
den und ist im zervikalen Bereich mit den tiefen Halsvenen und thorakolumbal durch

Segmentvenen mit den Azygos- und Hemiazygos-Venensystemen verbunden.?*



2 Fragestellungen und Zielsetzungen der Arbeit

Aufgrund der insgesamt niedrigen Inzidenz der sdAVF sind in der Literatur bisher noch
viele Details der Atiologie, des klinischen Verlaufs, der optimalen Diagnostik und der
Behandlung umstritten und ungeklart.

Zunachst werden in dieser kumulativen Habilitationsschrift die bisher in der Literatur
diskutierten atiologischen und pathogenetischen Aspekte dargestellt und anhand un-
serer eigenen Datenbank diskutiert. Insbesondere werden in dieser Schrift folgende
Fragen bearbeitet:

e Wenn davon ausgegangen wird, dass eine sdAVF eine im Erwachsenenalter
erworbene Gefallerkrankung ist, stellt sich die Frage, ob sich systemische vas-
kulare Risikofaktoren wie arterielle Hypertonie, Diabetes mellitus, Fettstoff-
wechselstorungen und Nikotinabusus auf die Entstehung und den Verlauf die-
ser Erkrankung auswirken.

e Sind mogliche anatomische Variationen der spinalen Blutversorgung auch ein

weiterer pradisponierender Faktor bei sdAVF-Patienten?

Aufgrund der komplexen Anatomie der spinalen arteriellen Versorgung und der bisher
unerforschten hamodynamischen Aspekte der spinalen vendsen Drainage werden im
nachsten Abschnitt dieser Habilitationsschrift die anatomischen und neuroradiologi-
schen Merkmale seltenerer Untergruppen der spinalen AV-Shunts mit folgenden Ziel-

setzungen diskutiert:
e Es erfolgt eine Erlauterung der komplexen klinischen vaskularen Anatomie der
tiefen lumbosakralen Region sowie eine Demonstration der diagnostischen und

therapeutischen Herausforderungen der sdAVF in diesem Bereich.



¢ In einem weiteren Schritt werden die diagnostischen und therapeutischen Algo-
rithmen von Patienten mit tiefen lumbosakralen Fisteln sowie die Ergebnisse im
Langzeitverlauf prasentiert.

e Die anatomischen und neuroradiologischen Merkmale der bisher selten be-
schriebenen multiplen sdAVF werden separat bearbeitet. Insbesondere wird die
atiologische und pathogenetische Bedeutung ihrer Angiomorphologie diskutiert.

e Zuletzt werden in diesem Abschnitt die epiduralen AV-Shunts mit einer retrogra-
den Drainage demonstriert. Diese Untergruppe der spinalen AV-Shunts ist in
zahlreichen beteiligten Disziplinen bisher noch unbekannt. Der genaue Patho-
mechanismus der spinalen epiduralen arteriovendsen Fisteln (seAVF) wurde in
der Literatur bisher ebenfalls nicht beschrieben.

Im nachsten Abschnitt der Arbeit werden die therapeutischen Optionen erlautert.

Insbesondere wird die frihpostoperative Verschlechterung der Symptome trotz er-

folgreicher Ausschaltung des AV-Shunts diskutiert. Hier werden folgende Fragen

bearbeitet:
e Wie ist der genaue Pathomechanismus einer frihen postoperativen Ver-
schlechterung trotz adaquater Ausschaltung der sdAVF zu verstehen?
e |Ist eine routinemalige therapeutische Heparinisierung bei allen sdAVF-Pa-
tienten postoperativ sinnvoll?
e Hat eine postoperative Heparinisierung im Allgemeinen einen Einfluss auf
den klinischen Langzeitverlauf bei sdAVF-Patienten?
Im letzten Abschnitt wird der klinische Langzeitverlauf der sdAVF-Patienten unter-
sucht. Hier werden im Rahmen einer retrospektiven Analyse alle demographischen,
klinischen und neuroradiologischen Befunde erfasst und zur Bearbeitung folgender

Fragen analysiert:



e Geben die in den spinalen MRT-Untersuchungen nachweisbaren Veranderun-
gen des Riickenmarks, beispielsweise Odem oder Kontrastmittelaufnahme,
Hinweise auf eine irreversible medullare Schadigung, die den klinischen Lang-
zeitverlauf beeinflussen kann?

e Ist die Lokalisation der sdAVF prognostisch von Bedeutung?

e Wie ist der prognostische Stellenwert weiterer demographischer und klinischer

Befunde zum Zeitpunkt der Diagnosestellung im Langzeitverlauf zu sehen?
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3 Zusammenfassung der Ergebnisse der wichtigsten Ar-
beiten zur Thematik

3.1 Evaluation eines moglichen Einflusses systemischer vaskularer Risi-
kofaktoren auf die Entstehung und Aufrechterhaltung einer spinalen
duralen arteriovenosen Fistel (Anlage 1)

Spinale durale arteriovenose Fisteln sind die haufigsten vaskularen Pathologien der
spinalen Achse und machen ca. 70 % aller spinalen GefaBmalformationen aus.® lhre
klinischen und radiologischen Merkmale waren in den letzten zwei Jahrzehnten Ge-
genstand verschiedener Studien.® Dennoch ist liber inre genaue Atiologie bisher wenig
bekannt.> Nach dem aktuellen Stand wird davon ausgegangen, dass sdAVF eine er-
worbene Erkrankung ist."® 27 Klinische Risikofaktoren, die eine sdAVF induzieren oder
ihre Symptome hervorrufen bzw. verstarken konnen, sind derzeit nicht bekannt.

Zum Entstehungsmechanismus von duralen AV-Fisteln im Zentralnervensystem wur-
den bereits verschiedene Theorien aufgestellt.?® Beispielsweise wurde die Hypothese
aufgestellt, dass eine intrakranielle Venenthrombose mit assoziierter intravendser Hy-
pertonie und die Obstruktion des vendsen Abflusses die Offnung von kleinsten AV-
Shunts hervorrufen.?® Eine im Verlauf progrediente entziindlich-reaktive Angiogenese
in den betroffenen Arealen wurde als zusatzlicher Ausléser dieser Fisteln vermutet.?®
In Bezug auf sdAVF gingen Merland et al. davon aus, dass ein vorbestehender unzu-
reichender venoser Auslass des Ruckenmarks die Entwicklung dieser Fisteln und ihre
klinischen Symptome zusatzlich hervorrufen kénnte.®

Zwischen einer Venenthrombose und einer sdAVF wurde jedoch kein Zusammenhang
nachgewiesen. Es wird allgemein angenommen, dass anatomische Veranlagungen
und lokale hamodynamische Veranderungen die Entstehung einer sdAVF im Erwach-

senenalter beglinstigen. 62930
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Das Ziel unserer Studie bestand darin, den Einfluss von systemischen vaskularen Ri-
sikofaktoren auf die Entstehung oder Aufrechterhaltung einer sdAVF im Rahmen einer
epidemiologischen Analyse zu eruieren.*

Hierflr wurde die Rolle von systemischen vaskularen Risikofaktoren wie arterieller Hy-
pertonie, Diabetes mellitus, Fettstoffwechselstorungen und Nikotinabhangigkeit durch
einen Vergleich der Pravalenzen dieser Risikofaktoren in einer sdAVF-Kohorte von 59
Patienten mit jenen der Allgemeinbevolkerung verglichen.3!

Die alterskorrigierte Pravalenz der arteriellen Hypertonie in der sdAVF-Kohorte war
signifikant héher als jene der Allgemeinbevélkerung (P < 0,001). Die Pravalenzen von
Diabetes mellitus (P = 0,150), Nikotinabhangigkeit (P = 0,561), Adipositas (P = 0,217)
und Fettstoffwechselstérungen (P = 0,125) in der sdAVF-Kohorte unterschieden sich
nicht von der Pravalenz dieser Erkrankungen in vergleichbaren Kohorten in der Allge-
meinbevolkerung.

Da die meisten Patienten mit arterieller Hypertonie keine sdAVF entwickeln, ist es un-
wahrscheinlich, dass die arterielle Hypertonie die einzige Ursache fur sdAVF ist. Es ist
aber denkbar, dass es sich bei der arteriellen Hypertonie um einen zusatzlichen Faktor
handelt, der die Symptome von sdAVF aggravieren oder deren Entwicklung beim Vor-
handensein anderer pradisponierender Faktoren begunstigen kdnnte. Diese Hypo-
these sollte im Rahmen anatomischer und histopathologischer Studien weiter unter-

sucht werden.
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3.2 Kilinische und radiologische Besonderheiten der spinalen duralen ar-
teriovenosen Fisteln in der tiefen lumbosakralen Region (Anlage 2)

Spinale durale arteriovendse Fisteln in der tiefen lumbosakralen Region sind selten
und stellen sowohl eine diagnostische als auch therapeutische Herausforderung dar.
Spezifische klinische und neuroradiologische Merkmale dieser Fisteln wurden in der
Literatur bisher nicht beschrieben und waren ein Gegenstand dieser Studie.’

Hierzu wurden retrospektiv alle Daten der sdAVF-Patienten ausgewertet, die an der
Uniklinik Aachen zwischen 1990 und 2017 behandelt wurden. Zwanzig Patienten mit
tiefen lumbosakralen sdAVF konnten in diese Studie eingeschlossen werden. Ein Pa-
tient starb drei Monate nach der Behandlung an einer Lungenembolie und wurde aus
der Analyse ausgeschlossen. Die epidemiologischen und klinischen Daten wurden aus
den elektronischen Patientenakten entnommen.

Praoperative kernspintomographische und angiographische Aufnahmen mittels spina-
ler digitaler Subtraktionsangiographie (DSA) wurden ebenfalls fir diese Studie evalu-
iert. In den praoperativen MRT-Aufnahmen wurde sowohl das Ausmal} der Hyperin-
tensitat in den T2-Sequenzen als auch der medullaren Kontrastmittelaufnahme in den
T1-Sequenzen anhand der Anzahl der betroffenen Segmente bewertet. Die Erweite-
rung der perimedullaren Venen wurde anhand der T1- und T2-Sequenzen als nicht
vorhanden, mild oder ausgepragt eingestuft. Des Weiteren wurden die angiographi-
schen Befunde wie Lokalisation der Fistelzone, arterielle Blutversorgung und Drai-
nagevene in diese Studie eingeschlossen.

Der haufigste neurologische Befund zum Zeitpunkt der Aufnahme in unserer Einrich-
tung war eine subjektive und objektive Gangstérung. Bei 17 (85 %) Patienten war in
den unteren Extremitaten eine Parese nachweisbar. Die restlichen drei Patienten

(15 %) hatten eine langsam progrediente Ataxie ohne manifeste motorische Defizite.
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Sensorische Symptome in unterschiedlichen Auspragungen wurden bei 18 (90 %) Pa-
tienten in Form einer diffusen Hypasthesie und/oder Parasthesie in den unteren Ext-
remitaten dokumentiert. 14 (70 %) Patienten hatten zum Zeitpunkt der Aufnahme eine
Blasenfunktionsstorung.

Die durchschnittliche Zeit zwischen den ersten Symptomen und der Diagnosestellung
betrug bei allen 20 Patienten 15 Monate. Insgesamt erhielten neun (45 %) Patienten
auswartig eine andere Behandlung bei Verdacht auf eine degenerative, entzindliche
oder tumordse Pathologie in der Wirbelsaule.

Bei allen Patienten waren eine medullare T2-Hyperintensitat und eine intramedullare
Kontrastmittelanreicherung in den spinalen MRT-Aufnahmen nachweisbar. Die Vene
des Filum terminale und/oder eine lumbale Radikularvene waren bei 19/20 (95 %) Fal-
len deutlich erweitert in den MRT-/MRA-Aufnahmen ersichtlich. Zudem konnte eine
bilaterale arterielle Versorgung der Fistel bei finf (25 %) Patienten angiographisch
identifiziert werden.

Zusammengefasst ist zu betonen, dass ein medullares Odem in Kombination mit einer
Erweiterung der Filumvene oder anderer lumbaler Radikularvenen ein charakteristi-
scher kernspintomographischer Befund der lumbosakralen sdAVF ist. Eine adaquate
spinale MRA erleichtert die Identifikation der Drainagevene und Lokalisation der Fis-
telzone in der tiefen lumbosakralen Region.

Eine ausreichende bildmorphologische Darstellung der Angiomorphologie und eine
suffiziente intraoperative |dentifizierung dieser Fisteln erfordern ein fundiertes anato-

misches Wissen uber die vaskulare Anatomie der tiefen lumbosakralen Region.
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3.3 Behandlungsstrategie und Analyse des Langzeitverlaufs bei Patien-
ten mit tiefen lumbosakralen arteriovendsen Fisteln (Anlage 3)

Nachdem wir in unserer ersten Studie die klinischen und radiologischen Besonderhei-
ten dieser speziellen Untergruppe der sdAVF diskutiert hatten, analysierten wir in der
folgenden Arbeit die Ergebnisse unserer Behandlungsstrategie sowie den Langzeit-
verlauf bei diesen Patienten.3?

Alle Patienten in unserer Kohorte wurden chirurgisch behandelt. Ein Patient starb drei
Monate nach der Behandlung an einer Lungenembolie und wurde von unserer Ergeb-
nisanalyse ausgeschlossen.

Die operative Versorgung erfolgte Uber eine Hemilaminektomie in der zuvor mittels
DSA identifizierten Lokalisation der sdAVF. Die intraoperative Dopplersonographie
wurde bis 2012 routinemallig zur ldentifizierung und Verifizierung der arterialisierten
Drainagevene verwendet. 2012 wurde diese Technik durch die Indocyaningrin-Vide-
oangiographie (ICG) ersetzt. Postoperativ erhielten alle Patienten eine frihe MRT-
Kontrolle. Eine frihe postoperative DSA wurde nur in besonderen Fallen durchgefuhrt
(n = 6), wenn sich intraoperativ Unklarheiten Gber die genaue Lokalisation der Fistel-
zone ergeben hatten. Weitere klinische und radiologische Verlaufskontrollen erfolgten
im ambulanten Rahmen.

Die klinischen Daten zum Zeitpunkt der Aufnahme, der Entlassung sowie ein Jahr nach
der Entlassung und bei der letzten Nachuntersuchung wurden in dieser Studie evalu-
iert. Das Durchschnittsalter in unserer Kohorte betrug 65 + 7 Jahre, 16 (84 %) Patien-
ten waren mannlich. Die durchschnittliche Symptomdauer bis zur Diagnosestellung
betrug 15 Monate. Zum Zeitpunkt der Entlassung hatte sich eine Verbesserung des
neurologischen Status bei drei (16 %) Patienten gezeigt. Der neurologische Status der
restlichen 16 (84 %) Patienten war weitestgehend unverandert. Die Miktionsstérung
war bei allen Patienten unverandert.
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Bei der Analyse des einjahrigen Langzeitverlaufs fehlten Daten von vier Patienten, die
daraufhin von der Analyse ausgeschlossen wurden. Bei der Verlaufskontrolle ein Jahr
nach der Entlassung (n = 15) hatte sich der neurologische Status bei insgesamt sechs
(32 %) Patienten gebessert, war bei acht (42,1 %) unverandert und bei einem (5,3 %)
Patienten verschlechtert. Die Miktionsstorung hat sich nur bei einem Patienten gebes-
sert.

Aufgrund der neurologischen Verschlechterung bei einem Patienten und des progre-
dienten medullaren Odems bei zwei weiteren Patienten wurden spinale GefaRdarstel-
lungen mittels DSA durchgefuhrt. Bei allen drei Patienten zeigte sich ein Rezidiv der
sdAVF, das erneut chirurgisch behandelt wurde.

Fir die Analyse des Langzeitverlaufs (Ianger als ein Jahr) fehlten Daten von zwei wei-
teren Patienten, die daraufhin ebenfalls von der Analyse ausgeschlossen wurden. Die
mittlere Dauer zwischen Entlassung und letzter Untersuchung betrug bei den 13 Pati-
enten 86 Monate.

Insgesamt zeigte sich sonst bei acht (62 %) Patienten keine weitere Befundanderung.
Bei den restlichen sechs (38 %) Patienten war eine leichte Verschlechterung ohne den
Nachweis eines Rezidivs der sdAVF zu beobachten.

Zusammengefasst bietet die chirurgische Behandlung der tiefen lumbosakralen Fisteln
eine sichere und effektive Therapieoption. Die Rezidivrate betrug in unserer Kohorte
27 %.

Eine engmaschige und langerfristige Verlaufskontrolle ist bei diesen Patienten auf-
grund der insgesamt hoheren Rezidivrate im Vergleich mit den haufigeren thorakolum-
balen sdAVF erforderlich. Eine routinemalige angiographische Verlaufskontrolle ist
bei diesen Patienten zwar nicht indiziert, sollte aber aufgrund der besonders komple-
xen Anatomie dieser Fisteln bei jedem klinischen oder kernspintomographischen Ver-

dacht auf ein Rezidiv durchgefuhrt werden.
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3.4 Anatomische Aspekte und neuroradiologische Besonderheiten der
multiplen spinalen duralen arteriovendsen Fisteln (Anlage 4)

Spinale durale arteriovenodse Fisteln sind in der Mehrheit der Falle solitare Lasionen,
die bei Mannern im Alter zwischen 50 und 70 Jahren zu finden sind. In allen bisherigen
Studien wurde eine erworbene Pathogenese dieser Erkrankung vermutet.?8

Die Fistelzone befindet sich Uberwiegend in der Dura am Abgang einer Nervenwurzel,
die von meningoradikularen Asten einer Segmentarterie versorgt wird und transdural
in den perimedullaren Venenplexus drainiert.> 1823

Es bleibt jedoch weiterhin unklar, warum sdAVF bei fast allen Patienten ein einmaliges
Ereignis sind. Es wurde bisher Uber keine Patienten berichtet, die nach einer suffizien-
ten Behandlung einer sdAVF eine erneute Fistel an einer anderen Stelle entwickelten.
Aufgrund dessen haben wir in dieser Studie unsere Datenbank nach Patienten mit
multiplen sdAVF evaluiert und die klinischen und radiologischen Merkmale dieser Pa-
tienten separat ausgewertet. Des Weiteren wurde im Rahmen dieser Studie eine Lite-
raturrecherche zu Patienten mit multiplen sdAVF durchgefihrt.3?

Von 209 sdAVF-Patienten, die zwischen 1990 und 2017 in unserer Einrichtung behan-
delt wurden, zeigten nur drei (1,4 %) Falle multiple sdAVF. Alle drei Patienten waren
Manner und das Durchschnittsalter betrug zum Zeitpunkt der Diagnose 68 Jahre. Die
neurologischen Befunde der drei Patienten waren mit jenen von Patienten mit einer
solitaren sdAVF vergleichbar. Alle drei Patienten zeigten Paresen, Gangataxie und
Sensibilitatsstorungen in den unteren Extremitaten. Bei einem dieser drei Patienten
zeigte sich zudem eine neurogene Miktionsstorung.

Alle sdAVF befanden sich bei diesen Patienten in der thorakolumbalen Region zwi-
schen T7 und L2. Ein T2-hyperintenses Signal sowie eine Erweiterung der perime-
dullaren Venen waren bei allen drei Patienten nachweisbar. Bei zwei dieser drei Pati-
enten war eine intramedullare Kontrastmittelaufnahme darstellbar.
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Alle drei Patienten unterzogen sich einer chirurgischen Behandlung beider Fisteln in
einem Eingriff. Postoperative Kontrollen zeigten eine suffiziente Ausschaltung der Fis-
telzonen bei allen Patienten.

Unsere Literaturrecherche ergab insgesamt 25 Falle mit multiplen sdAVF. Epidemio-
logische und klinische Daten waren mit jenen unserer Kohorte vergleichbar. Interes-
santerweise befanden sich die Fisteln in der Mehrheit der bisher beschriebenen Falle
(67 %) in einem Abstand von weniger als drei Segmenten ipsi- oder kontralateral.
Diese Beobachtung kénnte durch die bisher vermutete Atiologie der sdAVF erklart
werden. Da die Entwicklung einer sdAVF bisher als Folge einer Venenthrombose
und/oder einer Auslassstérung des spinalen Venensystems angesehen wird, kdnnte
die resultierende vendse Hypertension durch hamodynamische Verschiebungen des
Blutflusses, der Gewebeperfusion und der vendsen Drainage in unmittelbarer Nach-
barschaft zur Entwicklung einer weiteren Fistel fuhren. Weitere Fragen im Hinblick auf
den genauen Aufbau des perimedullaren vendsen Systems sollten anhand unserer

Beobachtungen in der Zukunft jedoch durch anatomische Studien erforscht werden.
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3.5 Spinale epidurale arteriovendse Fisteln mit perimedullarer venoser
Drainage: Klinische und radiologische Merkmale einer unterschatz-
ten vaskularen Pathologie (Anlage 5)

In den letzten Jahrzehnten wurden verschiedene Klassifikationen fur spinale Gefal3-
malformationen erstellt. Die am haufigsten verwendete Klassifikation wurde 1988 von
Oldfield und Doppman entwickelt.>* Sie klassifizierten diese vaskularen Lasionen der
spinalen Achse in vier Typen: durale AV-Shunts, intradurale glomulare AV-Patholo-
gien, juvenile AV-Malformationen und perimedullare AV-Fisteln. Die selteneren und in
den letzten Jahren haufiger diagnostizierten seAVF wurden sowohl in dieser Klassifi-
kation als auch in den anderen jedoch nicht berlicksichtigt.?! 35-37

Im Gegensatz zu den klassischen sdAVF befindet sich die Fistelzone der seAVF im
spinalen Epiduralraum. Die vendse Drainage dieser AV-Shunts kann sowohl extraspi-
nal als auch intradural erfolgen.38

Bei einer retrograden intraduralen vendsen Drainage der seAVF kommt es wie bei den
klassischen sdAVF zu einer kongestiven Myelopathie mit unspezifischen Symptomen.
Da diese Pathologien jedoch in der Literatur bisher nur in wenigen Fallberichten pra-
sentiert worden sind, wurden in dieser Studie die anatomischen, klinischen und radio-
logischen Charakteristika dieser Fisteln ausfuhrlich demonstriert.

Insgesamt wurden Daten von 13 Patienten mit einer seAVF mit einer perimedullaren
venodsen Drainage in unserer Datenbank identifiziert und fur diese Studie evaluiert.
Demographische und klinische Daten wie der neurologische Status zum Zeitpunkt der
Aufnahme in unserer Einrichtung, die Dauer der Symptome bis zur Diagnosestellung
sowie frihere Fehldiagnosen und Behandlungen wurden in unsere Analyse einge-
schlossen. Des Weiteren wurden alle MRT- und DSA-Befunde der 13 Patienten noch-
mals bewertet.

Das Durchschnittsalter in unserer Kohorte betrug 72 Jahre. Eine Paraparese trat bei

zwolf (92 %) Patienten auf. Blasenfunktionsstérungen und sensorische Defizite der
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unteren Extremitaten wurden bei der Aufnahme bei sieben (54 %) bzw. sechs (46 %)
Patienten dokumentiert. Die durchschnittliche Dauer der Symptome bis zur Diagnose-
stellung betrug sechs Monate. Eine kongestive Myelopathie war in der MR-Bildgebung
bei allen Patienten nachweisbar. Prominente arterialisierte perimedullare Venen wur-
den in nur drei Fallen gezeigt. Die CE-MRA zeigte bei 9/10 (90 %) Patienten arteriali-
sierte perimedullare Venen mit einem assoziierten arterialisierten epiduralen Konvolut,
das meist ventrolateral lokalisiert war. Spinale DSA-Aufnahmen zeigten eine multiseg-
mentale Ausdehnung des arterialisierten ventrolateralen epiduralen Konvoluts in
sechs (46 %) Fallen. Die intradurale drainierende Radikularvene wurde bei drei (23 %)
Patienten mit einer deutlichen Entfernung vom urspringlichen Fistelpunkt lokalisiert.
Im Wesentlichen unterschieden sich die Symptome der seAVF nicht von jenen der
sdAVF. Ein wesentlicher klinischer Befund in unserer Kohorte war jedoch der relativ
akute/subakute Verlauf der Symptome im Vergleich zum chronisch progressiven Ver-
lauf der Symptome bei sdAVF.

Die Angioarchitektur der seAVF unterscheidet sich wesentlich von jener der klassi-
schen sdAVF. Die arterielle Blutversorgung der seAVF erfolgt aus mehreren Asten der
Segmentarterien im spinalen Epiduralraum, wahrend sie bei den sdAVF im Gegensatz
Uber die radikulomeningealen Aste stattfindet.

Die venose Drainage der seAVF stellt eine weitere anatomische Besonderheit dar, die
zunachst Uber ein epidurales Konvolut und im weiteren Verlauf intradural in den peri-
medullaren Venenplexus erfolgt.

Das arterialisierte epidurale Konvolut war bei den meisten Patienten ventral/ventrola-
teral lokalisiert und kann durch die ausgepragte Anastomosenbildung des epiduralen
Venenplexus im ventralen thorakolumbalen Epiduralraum erklart werden.

Ungeachtet dessen bleibt der genaue Pathomechanismus der retrograden vendsen

Drainage von epi- nach intradural weitestgehend unklar. Der sogenannte Anti-Reflux-
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Mechanismus des spinalen vendsen Systems wurde bereits in einigen anatomischen
Studien diskutiert. Insbesondere der transdurale Verlauf der Radikularvenen sollte bei
diesem Mechanismus dementsprechend eine entscheidende Rolle einnehmen.
Solange dieser Anti-Reflux-Mechanismus jedoch intakt bleibt, kann eine pathologische
Arterialisierung des perimedullaren Venensystems bei seAVF nicht stattfinden und sie
verlaufen daher asymptomatisch.

Eine intravendse Stase und/oder akute hydrostatische Veranderungen dieser erwei-
terten arterialisierten epiduralen Konvolute konnten zur Entwicklung einer Ve-
nenthrombose in dem Areal fuhren. Dies kann wiederum in einer akuten Storung des
duralen Anti-Reflux-Mechanismus und einer retrograden venosen Drainage resultie-
ren, wodurch der haufig akute/subakute Verlauf der Symptome bei diesen Patienten

erklart werden konnte.
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3.6 Antikoagulative Therapie nach chirurgischer Behandlung spinaler
duraler arteriovendser Fisteln — Analyse der Effektivitat und des
Langzeitverlaufs (Anlage 6)

Eine frihe postoperative neurologische Verschlechterung trotz der erfolgreichen Be-
handlung einer sdAVF ist ein bekanntes, wenn auch seltenes Phanomen.'® Als Ursa-
che hierfur wurde bisher die Bildung von Mikrothromben in den zuvor erweiterten und
elongierten perimedullaren Venen nach der Ausschaltung des AV-Shunts vermu-
tet_16, 29
Basierend auf dieser Hypothese wurde in einigen Studien eine postoperative Antikoa-
gulation der sdAVF-Patienten als praventive Mallnahme gegen eine mogliche frih-
postoperative Verschlechterung oder sogar auch zur Beschleunigung der neurologi-
schen Besserung empfohlen.'® Die Effektivitat und Sicherheit dieser postoperativen
Antikoagulation bei sdAVF-Patienten wurden bisher jedoch nicht untersucht und waren
daher unter anderem Themen dieser Studie.3®
In unserem Zentrum wurden die Patienten nach der Praferenz des jeweiligen Opera-
teurs entweder prophylaktisch mit niedrig dosierter Heparinisierung oder therapeutisch
mit einer Ziel-PTT von 40-50 Sekunden postoperativ antikoaguliert. Infolgedessen
wurde unsere Patientenkohorte in zwei Gruppen dichotomisiert.

e Gruppe A: postoperative therapeutische Heparinisierung (Ziel-PTT: 40-50 Se-

kunden)
e Gruppe B: routinemafige thromboembolische Prophylaxe mit niedrig dosierter
Heparinisierung

Insgesamt konnten 53 Patienten in diese Analyse eingeschlossen werden. In Gruppe
A (n=11) wurde frihpostoperativ Uber keine akute Verschlechterung berichtet. In

Gruppe B (n =42) entwickelten vier Patienten eine akute frUhpostoperative Ver-
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schlechterung. Alle vier Patienten wurden daraufhin mittels therapeutischer Heparini-
sierung (Ziel-PTT: 40-50 Sekunden) antikoaguliert und zeigten im weiteren stationa-
ren Verlauf eine vollstandige Regredienz der postoperativ aufgetretenen neurologi-
schen Verschlechterung.

Zwischen den beiden Gruppen war kein signifikanter Unterschied der frihpostoperati-
ven Verschlechterungsrate nachweisbar. Des Weiteren unterschied sich der neurolo-
gische Status der beiden Gruppen zum Zeitpunkt der Aufnahme (p = 0,093), der Ent-
lassung (p = 0,723) und der letzten Verlaufskontrolle (p = 0,222) nicht signifikant.
Unabhangig von der therapeutischen Modalitat (chirurgisch/endovaskular) kann sich
der klinische postinterventionelle Verlauf variabel gestalten. Die pra- oder postopera-
tive Gabe von Steroiden wurde bereits in mehreren Studien diskutiert und zeigte kei-
nen ausreichenden Erfolg. In mehreren Fallberichten wurde sogar eine Verschlechte-
rung der kongestiven Myelopathie nach einer Steroidgabe demonstriert.

Der Pathomechanismus der frihpostoperativen Verschlechterung bei sdAVF-Patien-
ten wurde bisher nicht vollstandig erforscht. Criscuolo et al. stellten die Hypothese auf,
dass durch die Bauchlagerung der Patienten fir die Operation eine Ubertragung des
erhohten intraabdominalen und intrathorakalen Drucks auf die spinalen Venen erfolgt,
wodurch die bestehende vendse Hypertension verstarkt wird und die resultierenden
Symptome ebenfalls verschlechtert werden.*? Dariiber hinaus waren die hdmodyna-
mischen Veranderungen der spinalen vendsen Drainage nach einem Verschluss der
Drainagevene ein zusatzlicher Risikofaktor fur die frihe postoperative Verschlechte-
rung.4°

Waren diese Hypothesen korrekt, ware auch eine hohere Inzidenzrate der frihen post-
operativen Verschlechterung erwartbar. Wir vermuten, dass noch komplexere anato-
mische Pradispositionen und lokale hamodynamische Veranderungen zu diesem Pha-

nomen beitragen konnen. Eine verminderte arterielle Versorgung durch Vasospasmen
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in den intraduralen Arterien oder der Adamkiewicz-Arterie im thorakolumbalen Bereich
durch operative Manipulationen konnte sich darauf ebenfalls auswirken. Auch auf der
venosen Seite kann es durch den Verschluss des AV-Shunts zu einer Stase und
Thrombenbildung in den zuvor erweiterten Venen kommen. Eine intraoperative Dopp-
leruntersuchung dieser Venen zeigte, dass der Blutdruck in den zuvor arterialisierten
Venen unmittelbar nach dem Verschluss des AV-Shunts zwar deutlich absinkt, die Ve-
nen aber dennoch nicht vollstandig kollabieren.'®:2® Es wird daher vermutet, dass
diese Situation das Risiko einer Thrombenbildung zusatzlich erhoht.
Zusammengefasst stellt eine akute frihpostoperative Verschlechterung bei Patienten
mit sdAVF eine klinisch relevante Komplikation dar. Sie trat bei insgesamt 7,5 % der
Patienten in unserer Fallserie auf.

Obwohl die routinemaRige therapeutische Heparinisierung die Rate der frihpostope-
rativen Verschlechterung in unserer Kohorte nicht signifikant verringert hat, deuten un-
sere Ergebnisse darauf hin, dass die therapeutische Heparinisierung in Fallen einer
akuten postoperativen Verschlechterung eine sichere und effiziente Behandlungsop-

tion darstellen konnte.
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3.7 Analyse des prognostischen Stellenwerts verschiedener klinischer
und radiologischer Parameter auf den Langzeitverlauf von Patienten
mit spinalen duralen arteriovendsen Fisteln (Anlage 7)

Der prognostische Stellenwert typischer radiologischer und klinischer Befunde bei Pa-
tienten mit sdAVF wurde in der Vergangenheit kontrovers diskutiert. Die Aussagekraft
dieser Analysen bleibt jedoch durch verschiedene Storfaktoren eingeschrankt.b: ° Die
niedrige Inzidenz dieser Erkrankung und die daraus resultierenden niedrigen Fallzah-
len in den Studien stellen hierbei die grote Herausforderung dar.® Gleichzeitig ist die
Erfassung von Daten zum Langzeitverlauf einer uberwiegend alteren und oft multimor-
biden Patientenpopulation mit mehreren logistischen Schwierigkeiten verbunden.? °
Ungeachtet dessen erzielten wir in dieser Studie die Erfassung aller verfugbaren de-
mographischen, klinischen und radiologischen Befunde und untersuchten deren prog-
nostischen Einfluss auf die funktionelle Erholung der Patienten im Langzeitverlauf.°
Wir analysierten retrospektiv alle Patienten in unserer Datenbank, die in unserer Ein-
richtung zwischen 2006 und 2016 aufgrund einer sdAVF behandelt wurden. Hierzu
wurden das Alter des Patienten, der neurologische Status zum Zeitpunkt der Diagno-
sestellung, die Dauer der Symptome vom Beginn bis zur Diagnosestellung sowie die
klinischen Befunde im Langzeitverlauf erfasst.

Sowohl das Ausmald der medullaren T2w-Hyperintensitat, der intramedullaren Kon-
trastmittelaufnahme und der Erweiterung der perimedullaren Venen in der MR-Bildge-
bung zum Zeitpunkt der Diagnosestellung als auch die Fistellokalisation in der DSA
wurden zusatzlich analysiert.

Daten fur die Langzeitergebnisse lagen bei 40 Patienten mit einer mittleren Nachbe-
obachtungszeit von 52 Monaten vor. Das Durchschnittsalter zum Zeitpunkt der Diag-

nosestellung betrug 69,3 £ 9 Jahre mit einer deutlichen mannlichen Dominanz (n = 32;
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80 %). Die durchschnittliche Dauer der Symptome bis zur Diagnosestellung betrug
20,2 Monate.

Fir diese Analyse standen praoperative MR-Bildgebungen (n = 40) und zusatzliche
kontrastmittelverstarkte MRA-Untersuchungen (CE-MRA) (n = 34) zur Verfligung. Ein
medullares Odem wurde bei 35/40 (88 %) festgestellt und erstreckte sich im Durch-
schnitt Uber 5,5 Segmente. Eine intramedullare Kontrastmittelaufnahme wurde bei
30/40 (75 %) beobachtet und erstreckte sich im Durchschnitt Gber vier Segmente. Bei
allen 40 Patienten wurden erweiterte perimedullare Venen im thorakalen und/oder tho-
rakolumbalen Bereich mit einer mittleren Ausdehnung von 7,5 Segmenten beobachtet.
In der DSA befanden sich 17 sdAVF im thorakalen Bereich und 19 im thorakolumbalen
Bereich. Vier weitere sdAVF befanden sich in der tiefen lumbosakralen Region.

In der aktuellen Analyse konnte kein Zusammenhang zwischen den initialen neurora-
diologischen Befunden und dem klinischen Langzeitverlauf nachgewiesen werden. Es
zeigte sich jedoch eine signifikante Korrelation zwischen einer kurzeren Dauer der
Symptome (< 6 Monaten) und einer Verbesserung der Symptomatik bei der letzten
Verlaufskontrolle (p < 0,05). Alle anderen untersuchten demographischen und klini-
schen Parameter zeigten in dieser Hinsicht keine statistisch signifikante Korrelation.
Erstaunlicherweise unterschied sich die Dauer der Symptome in unserer aktuellen Ko-
horte nicht wesentlich von jener einer vorigen Kohorte unseres Zentrums aus den Jah-
ren 1988 bis 2002 (20 vs. 19 Monate; p = 0,533).

Trotz der heutzutage deutlich hdheren Verfligbarkeit moderner spinaler MRT-/MRA-
und DSA-Untersuchungen lasst sich diese Verzogerung der Diagnosestellung am
ehesten durch eine weiterhin unzureichende Erfahrung der primaren behandelnden

Arzte erklaren. Es sollte nach unserer Erfahrung bei jedem Patienten mit einer unkla-
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ren Gangunsicherheit eine kernspintomographische Darstellung der gesamten spina-
len Achse erfolgen. Bei Zeichen fur intraspinale Gefal3pathologien sind weitere Gefal3-
darstellungen mittels adaquater spinaler MRA oder DSA indiziert.

Zusammengefasst sind sdAVF generell durch interindividuell variable klinische Dar-
stellungen gekennzeichnet, die die Bestimmung spezifischer prognostischer Faktoren
erschweren. Unsere aktuelle Analyse verdeutlicht den Einfluss der raschen Diagnose-
stellung auf den Langzeitverlauf dieser Erkrankung. Trotz der technischen Entwicklun-
gen und der deutlich hdheren Verfugbarkeit der neuroradiologischen nicht-invasiven
Untersuchungstechniken in den letzten Jahrzehnten erfolgt die Diagnosestellung von
sdAVF jedoch weiterhin verzogert. Unsere Beobachtungen spiegeln daher am ehesten
einen anhaltenden Mangel an Wissen und Erfahrung im Umgang mit dieser seltenen

Krankheit in den beteiligten Fachdisziplinen wider.
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4 Diskussion

4.1 Atiologische und pathophysiologische Aspekte

Uber die Jahrzehnte wurden verschiedene Theorien zur Pathogenese von sdAVF auf-
gestellt und intensiv diskutiert.’ 8 3449 |m Jahr 1972 berichteten Manelfe et al. im Rah-
men einer anatomischen Studie von vaskularen glomerulusahnlichen Strukturen, die
sich physiologischerweise zwischen zwei Schichten der spinalen Dura mater befin-
den.*' Die genaue Funktion dieser glomerulusahnlichen Strukturen konnte bisher je-
doch nicht ermittelt werden; es wird angenommen, dass sie moglicherweise eine re-
gulierende Funktion haben und einen konstanten Venendruck im Riuckenmark ge-
wahrleisten.*!

Des Weiteren konnten Tadie et al. in einer histologischen Studie keine Venenklappen
in den spinalen Venen nachweisen.*? lhre Untersuchungen zeigten jedoch eine auffal-
lige zickzackformige Verengung der Radikularvenen an der Stelle, an der sie die spi-
nale Dura mater Uberqueren.*? An dieser Stelle verliert die Vene ihre eigene Wand,
die durch eine Arachnoidalmanschette und durch die Dura selbst ersetzt wird.> 42
Basierend auf diesen Beobachtungen wurde postuliert, dass der zickzackartige Ver-
lauf und der eigenartige Aufbau dieser Venen unter normalen physiologischen Bedin-
gungen weitestgehend einen retrograden Blutfluss aus dem epiduralen in den intra-
duralen Raum verhindern.> 43

In einer Kadaverstudie wurde von Thron et al. wurde der transdurale Verlauf der spi-
nalen Venen radioangiographisch und histologisch genauer erforscht.® Anhand dieser
Analyse konnten sie den transduralen Verlauf der Radikularvenen hauptsachlich in
zwei histomorphologische Typen unterteilen: 1) der ,Slit'-Typ in ca. 60 % der Untersu-
chungen und 2) der ,Bulge/Nodular‘-Typ in 35 % der Falle. Die restlichen 5 % machten

in den Untersuchungen einen Mischtyp aus den beiden o. g. Formen aus. Sowohl der
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schmale (Typ 1, ,Slit) als auch der nodulare (Typ 2, ,Bulge/Nodular‘) Verlauf der Ra-
dikularvenen schienen eine retrograde Fullung von epi- nach intradural zu verhindern.
Durch diese anatomischen und histologischen Beobachtungen wurde der Begriff ,Anti-
Reflux-Mechanismus der spinalen Dura mater* in der Literatur etabliert.*® Ein Versagen
dieses Anti-Reflux-Mechanismus wurde eine retrograde Fullung der Radikularvenen
unter bestimmten Umstanden begtinstigen.> 2" Infolgedessen kann dieser pathologi-
sche retrograde Blutfluss zur Bildung von Mikrothromben und zu weiteren umschrie-
benen GefaRverschliissen in dem betroffenen Areal fiihren.'® Dies kann Gber entziind-
liche reaktive Veranderungen der Dura wie eine Angioneogenese die Entwicklung und
Aufrechterhaltung einer sdAVF beférdern.*

Wenn das Versagen des Anti-Reflux-Mechanismus der spinalen Dura mater jedoch
der einzige Pathomechanismus der sdAVF ware, ware auch eine deutlich hohere In-
zidenz erwartbar. Daher mussen auch zusatzliche Faktoren zu der Entwicklung dieser
Fisteln beitragen.

Basierend auf dieser Hypothese wurde im Rahmen der kumulativen Habilitation der
Einfluss von systemischen vaskularen Risikofaktoren auf die Entstehung oder Auf-
rechterhaltung einer sdAVF im Rahmen einer epidemiologischen Analyse erstmalig
wissenschaftlich erforscht.# Hierflir wurden systemische vaskulare Risikofaktoren wie
arterielle Hypertonie, Diabetes mellitus, Fettstoffwechselstorungen und Nikotinabhan-
gigkeit durch einen Vergleich der Pravalenzen dieser Risikofaktoren in einer sdAVF-
Kohorte von 59 Patienten mit jenen der Allgemeinbevolkerung verglichen.3!
Interessanterweise lag die alterskorrigierte Pravalenz der arteriellen Hypertonie in der
sdAVF-Kohorte signifikant hdher als jene der Allgemeinbevdlkerung (p < 0,001). Die
Pravalenzen der restlichen vaskularen Risikofaktoren unterschieden sich nicht von je-

nen der Allgemeinbevolkerung.
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Eine plausible denkbare pathophysiologische Korrelation zwischen arterieller Hyper-
tonie und sdAVF ware aus unserer Sicht, dass ein langer bestehender arterieller Blut-
hochdruck zur Aufrechterhaltung und Erweiterung eines duralen AV-Shunts in der Fis-
telzone beitragen konnte. Diese Hypothese kann auch durch die klinische Beobach-
tung bekraftigt werden, da viele Patienten eine vorubergehende Verschlechterung der
Symptome bei korperlicher Anstrengung wie schnellem Treppensteigen, psychischer
Aufregung oder sportlichen Aktivitaten beschreiben, die normalerweise mit einem An-
stieg des arteriellen Blutdrucks einhergehen.

Bei der Aufrechterhaltung des AV-Shunts verringert die resultierende vendse Hyper-
tension den AV-Druckgradienten und reduziert somit sowohl die Blutversorgung als
auch die Gewebeperfusion des Myelons, was als kongestive Myelopathie bezeichnet
wird."® Die medullare Autoregulation in den betroffenen Arealen wird dadurch progres-
siv ausgeschopft.?°

Es kommt im weiteren Verlauf zu einer unkontrollierten Gefalerweiterung, die die Ka-
pillaren erreicht und eine intraparenchymatdse Odembildung verursacht. Schreiten
diese unkontrollierten Prozesse fort, kommt es im spateren Stadium der Erkrankung
zu einem irreversiblen, ischamisch nekrotisierenden Prozess im Myelon (Foix-Alajuan-
nine-Syndrom).40: 44

Daruber hinaus konnten wir im Rahmen einer weiteren Studie feststellen, dass das
perimedullare Venensystem bei Patienten mit einer kirzeren Symptomdauer in der
MRT-Bildgebung deutlich prominenter erscheint.*> Diese Beobachtung wurde in der
Literatur bisher nicht beschrieben. Interessanterweise zeigten diese Patienten zudem
in der Langzeitanalyse ein signifikant groReres Potential zur Erholung und Ruckbil-

dung der Symptome.#®
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Die Ergebnisse unserer Studie deuten darauf hin, dass die pathophysiologischen Ver-
anderungen des Myelons uber die Zeit verschiedene Stadien durchlaufen. In der fru-
hen Phase kommt es als Reaktion auf den erhdhten intravenésen Druck zu einer Er-
weiterung des perimedullaren Venenplexus. In diesem Stadium der Erkrankung ist die
venose Drainage des Myelons wahrscheinlich noch erhalten und suffizient, wodurch
die deutlich bessere Erholung dieser Patienten im Langzeitverlauf bei erfolgreicher
Behandlung erklart werden kann.*® Im weiteren Verlauf der Erkrankung kann es durch
die progressive venose Hypertonie zu Gefallverschlissen und der Bildung von
Mikrothromben kommen, die wiederum die spinale vendse Drainage irreversibel be-
eintrachtigen und durch die die Verschlechterung der Langzeitergebnisse bei diesen
Patienten erklart werden kann.?®

Es konnte jedoch bisher nicht nachvollzogen werden, wann und unter welchen Um-
standen das medullare Gewebe bei bestehender vendser Hypertension dekompen-

siert und wann die irreversiblen Schaden des Myelons auftreten.

4.2 Diagnostische Verfahren und Besonderheiten

In der Priméardiagnostik ist vor allem die spinale MRT von Bedeutung.'" '® Typische
MRT-Befunde, die haufig gleichzeitig auftreten, sind bei sdAVF-Patienten zu beach-

ten:

¢ Die betroffenen Areale des Myelons erscheinen als Ausdruck eines zentrome-
dullaren Odems bzw. einer Mischung von Odem und Nekrose in der T1-Wich-

tung leicht hypo- und in der T2-Wichtung deutlich hyperintens.*®

e Eine irregulare Kontrastmittelaufnahme in der T1-Wichtung kann ebenfalls
haufig beobachtet werden und dient als Hinweis auf das Vorliegen einer suba-

kuten oder chronischen Infarzierung."’
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o Die typischerweise erweiterten und geschlangelten perimedullaren Venen sind
in unterschiedlicher Ausdehnung und Lokalisation in den T2-Wichtungen oft-
mals als Flow-Voids zu erkennen. Diese pathologisch erweiterten Venen las-
sen sich in der T1-Wichtung nach Kontrastmittelgabe noch deutlicher darstel-

len. "

Die endgultige Diagnose, Lokalisierung und Beschreibung der hamodynamischen As-

pekte einer sdAVF bleiben jedoch eine Doméne der selektiven spinalen DSA."°

Dessen ungeachtet kann sich die Darstellung der Fistelzone in vielen Fallen, auch in
den Handen von erfahrenen Untersuchern, als schwierig gestalten. Nicht wenige Pa-
tienten unterziehen sich mehreren spinalen DSA-Untersuchungen, bis die korrekte Di-
agnose einer sdAVF gestellt werden kann, was der komplexen Angioarchitektur des

Rickenmarks geschuldet ist."® 33

Vor allem die Erkennung einer sdAVF in der tiefen lumbosakralen Region erfordert ein
exzellentes Wissen Uber die Blutversorgung und die vendse Drainage dieser Areale.”
Diese Untergruppe der sdAVF wurde in der Literatur bisher nur in wenigen Fallberich-
ten beschrieben und im Rahmen dieser kumulativen Habilitation daher durch mehrere

Analysen ausfuhrlich erforscht.

Zunachst wurden die anatomischen, neuroradiologischen und klinischen Charakteris-
tika dieser Patientengruppe analysiert. Ein charakteristischer kernspintomographi-
scher Befund der lumbosakralen sdAVF in unserer Kohorte war ein medullares Odem
in Kombination mit einer Erweiterung der Filumvene oder anderer lumbaler Radikular-
venen. Darlber hinaus war bei 25 % der Patienten mit einer sdAVF in der tiefen lum-
bosakralen Region eine bilaterale Blutversorgung der Fistelzone nachweisbar. Eine

solche multiple arterielle Versorgung dieser Fisteln wurde in der Literatur bisher nicht
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beschrieben. Anhand unserer Beobachtung stellt diese eine weitere Besonderheit und
gleichermal3en diagnostische Herausforderung sowie ein ernsthaftes Risiko eines
Therapieversagens dar. Basierend auf unseren aktuellen Ergebnissen sollten bei be-
stehendem Verdacht auf eine sdAVF in der lumbosakralen Region alle versorgenden
Arterien der tiefen lumbosakralen Region angiographisch suffizient mit seitlichen, an-

terior-posterioren und schragen Aufnahmen dargestellt werden.

In einer weiteren Analyse untersuchten wir unser Therapiemanagement und den klini-
schen Langzeitverlauf bei dieser Untergruppe von sdAVF separat und ebenfalls erst-
malig in der Literatur. Alle Patienten mit einer lumbosakralen sdAVF wurden in unserer
Klinik operativ behandelt. Bei diesen Patienten wurde in unserem Therapiealgorithmus
bewusst von einer endovaskularen Therapie aufgrund der relativ haufigen komplexen
arteriellen Versorgung der Fistelzone und des resultierenden erhohten Risikos einer
insuffizienten endovaskularen Ausschaltung abgesehen. Eine suffiziente Ausschal-
tung der sdAVF konnte bei 95 % der Falle erreicht werden, wodurch die Effizienz un-

serer neurochirurgischen Versorgung dieser Fistel bestatigt werden konnte.

Interessanterweise unterscheidet sich der postoperative Verlauf dieser Patienten nicht
wesentlich von jenem der Patienten mit den haufigeren thorakolumbalen sdAVF. Dies
ist am ehesten durch den ahnlichen Pathomechanismus dieser Fisteln, die kongestive

Myelopathie, zu erklaren.

Da diese Untergruppe von sdAVF in der Literatur lediglich in wenigen Fallbeispielen
beschrieben wurde, war ein Vergleich mit einer ahnlich groRen endovaskular behan-

delten Patientengruppe leider nicht maoglich.

Daruber hinaus stellen die seAVF weitere klinische und therapeutische Herausforde-
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rungen dar und wurden in der Literatur ebenfalls nur selten beschrieben. Die klini-
schen, anatomischen und neuroradiologischen Aspekte der seAVF wurden im Rah-

men dieser Habilitationsschrift ausfiihrlich analysiert.?’

Eine kongestive Myelopathie mit einem akuten/subakuten klinischen Verlauf war in
unserer Kohorte der dominierende Befund bei seAVF. Im Gegensatz zur klassischen
sdAVF wurden prominente arterialisierte perimedullare Venen nur bei wenigen seAVF
festgestellt. Die initiale MRA-Bildgebung zeigte dahingegen bei 90 % dieser Patienten
ein langstreckiges arterialisiertes epidurales Konvolut, das meist intraspinal ventrola-
teral lokalisiert war. Spinale DSA-Aufnahmen bestatigten die multisegmentale Ausdeh-
nung dieses arterialisierten epiduralen Konvoluts bei diesen Patienten, das als eine
Fistelzone angesehen werden kann. Des Weiteren war die intradurale drainierende
Radikularvene bei 23 % der Patienten mit einer deutlichen Entfernung vom urspring-
lichen Fistelpunkt lokalisiert. Aufgrund dieser komplexen Anatomie und der haufigen
langstreckigen Ausdehnung des vendsen Konvoluts sehen wir eine operative Versor-
gung dieser Patienten als effiziente Modalitat.

Wir konnten hier ebenfalls keine vergleichbaren Studien Uber seAVF in der Literatur
finden, sodass unsere aktuellen Daten als Grundlage fur zukunftige Analysen, aber
auch als Referenz bei der diagnostischen und therapeutischen Planung dieser Entitat
dienen konnen.

Neben dem MRT und der DSA sind moderne Untersuchungstechniken wie die spinale
kontrastverstarkte MR-Angiographie (CE-MRA) und die angiographische Computerto-
mographie (Dyna-CT) im Rahmen der spinalen Angiographie hervorragende diagnos-
tische Mittel in der neuroradiologischen Darstellung spinaler Gefaldimalformationen, die
bei unseren Patienten standardmaRig durchgefiihrt wurden.' 47

Am Beginn des Jahrhunderts wurde die CE-MR entwickelt.!": 48 Diese zeitlich und
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raumlich hochaufgeloste MR-Angiographie-Technik ermdglichte die exzellente nicht-
invasive Darstellung der spinalen Gefal3e sowie die ldentifizierung und Lokalisierung
eines AV-Shunts mit hoher Sicherheit. Mull et al. veroffentlichten im Jahr 2007 eine
Serie mit 19 Patienten mit einem klinisch kernspintomographischen Verdacht auf eine
sdAVF."" Bei all diesen Patienten wurde vor der spinalen Angiographie eine CE-MRA
durchgefuhrt. In 14 Fallen liel3 sich die sdAVF anhand der CE-MRA erkennen und
prazise lokalisieren. In nur funf Fallen kam es zu einer Differenz bezuglich der Hohe
um ein Segment. Diese Technik wurde in den folgenden Jahren deutlich verfeinert und
gehort in den Referenzzentren inzwischen zur nicht-invasiven Standarddiagnostik bei

spinalen GefaRmalformationen.*®

Die genaue Identifizierung und Lokalisation des Fistelpunkts in der spinalen Angiogra-
phie erfolgt in der Regel anhand eines deutlichen Kalibersprungs von der kleinkalibri-
gen Arterie in die dickere Vene.'® 46 Im Rahmen der Angiographie kam in den letzten
Jahren haufiger eine Dyna-CT zur Anwendung, die eine exzellente Visualisierung der
Gefalde in Bezug auf die kndchernen Strukturen bietet und daher in unserem diagnos-
tischen Algorithmus etabliert wurde.*” Die Darstellung der benachbarten knéchernen
Strukturen bietet dem Operateur eine exzellente Mdglichkeit, um die Fistelzone intra-
operativ lokalisieren zu kdonnen. Der Stellenwert dieser Technik wird im Rahmen wei-
terer Analysen noch erforscht, insbesondere im Hinblick auf die begleitende Strahlen-
belastung und die mogliche Analyse der dynamischen Aspekte einer spinalen Gefal3-

malformation.

4.3 Therapeutische Modalitaten

Das Ziel der Behandlung einer sdAVF sollte die Unterbindung des AV-Shunts an der
Fistelzone sein, um eine Reduktion der vendsen Hypertension des Myelons zu errei-

chen.%: 26
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Bei der Behandlung der sdAVF haben sich Uber die letzten Jahrzehnte zwei Therapie-
moglichkeiten etabliert: a) ein chirurgischer Verschluss des proximalen Abschnitts der
Drainagevene mittels Clipping oder bipolarer Koagulation oder b) eine endovaskulare
Embolisation im Rahmen superselektiver (Mikro-)Katheterisierung der versorgenden
radikulomeningealen Arterie.®

In unserer Kohorte erhielten alle Patienten eine chirurgische Behandlung und die Ver-
schlussrate lag bei 98 %.%° Wahrend die intraoperative Dopplersonographie in den
90er Jahren und noch zu Beginn des 21. Jahrhunderts zur Erkennung der arterialisier-
ten Venen verwendet wurde, wird die ICG-Videoangiographie seit 2015 standardma-
Rig bei allen Patienten verwendet.” %

Bei der operativen Behandlung von spinalen Gefalimalformationen, insbesondere von
sdAVF und seAVF, ermoglicht diese Technik eine suffiziente intraoperative Echtzeit-
darstellung der Gefal3e, des Blutflusses und der Gewebeperfusion der untersuchten
Areale.*” Sie bietet zudem eine unmittelbare, noch intraoperative Kontrolle des Be-
handlungserfolgs.®?

Die ersten operativen Therapieversuche zielten auf eine komplette Resektion samtli-
cher erweiterter perimedullarer Gefalle ab, was in der Mehrzahl der Falle zu einer er-
heblichen irreversiblen Schadigung des Myelons flihrte.>% %' Anhand der Ergebnisse
von anatomisch-histologischen Untersuchungen in den 1970ern und 1980ern wurde
zunehmend klar, dass bereits eine Okklusion der Drainagevene mit/ohne Koagulation
der Fistelzone eine suffiziente Behandlung darstellt.34 50 52

In Fallserien Uber operativ behandelte sdAVF wurde Uber eine Verschlussrate der Fis-
teln von 95 % mit relativ wenigen perioperativen Komplikationen berichtet.® ° Die Ope-
rationsverfahren bei sdAVF haben von der Uber die letzten Jahrzehnte fortschreiten-

den technischen Entwicklung der neurochirurgischen Operationen deutlich profitiert.3°
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In den 1980ern und frihen 1990ern war eine multisegmentale Laminektomie ein Stan-
dardverfahren bei der operativen Behandlung einer sdAVF.*® Durch die weitere Ent-
wicklung und Einfuhrung moderner Techniken in der neuroradiologischen Diagnostik
und die daraus resultierende optimale Darstellung der Fistelzone und der Drainage-
vene ist heutzutage in der Regel eine unisegmentale Hemilaminektomie Uber der Fis-
telzone als operativer Zugangsweg in den meisten Fallen vollig ausreichend.®®

Die erste endovaskulare Embolisation einer sdAVF wurde von Doppman et al. im Jahr
1968 beschrieben.® 53 Aufgrund der geringen Invasivitat und der Moglichkeit, die Em-
bolisation der sdAVF im Rahmen der diagnostischen DSA durchzufuhren, etablierte
sich die endovaskulére Therapie zunehmend in den 1980ern und 1990ern.54-56 Bereits
in den ersten Fallserien mit endovaskular behandelten Patienten wurde jedoch von
einer deutlich hoheren Rezidivrate im Vergleich mit den chirurgisch behandelten Fallen
berichtet.® Trotz der Verwendung moderner Embolisate wie Isobutyl- und N-
Butylcyanoacrylat oder Onyx in den letzten Jahren blieb diese weiterhin relativ hoch.>’
Auch kombinierte endovaskular-neurochirurgische Therapiekonzepte wurden disku-
tiert.53 Bei diesem Therapiekonzept erhalten die Patienten bereits wahrend der diag-
nostischen Angiographie, wenn eine sdAVF dargestellt wird, einen endovaskularen
Therapieversuch.® Beim Versagen der endovaskularen Behandlung werden die Pati-
enten chirurgisch behandelt, ohne weitere Embolisationsversuche durchzufihren. Die
Rezidivraten solcher Therapiekonzepte lagen jedoch im Vergleich zu der rein chirurgi-
schen Behandlung ebenfalls deutlich héher.5: 58

Unabhangig von der Behandlungsmodalitat ist eine frihpostoperative Verschlechte-
rung trotz adaquater Okklusion der sdAVF ein bekanntes und bisher ungeklartes Pha-
nomen.'® Eine friihpostoperative Verschlechterung trat bei insgesamt 7,5 % der Pati-

enten in unserer Fallserie auf.3°
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Als Ursache hierfur wird in der Literatur vermutet, dass es durch den Verschluss der
AV-Fistel und der dadurch abrupt eintretenden hamodynamischen Veranderungen im
intraspinalen vendsen System zu einer Thrombenbildung in den perimedullaren Venen
kommen konnte.?® Basierend auf dieser Vermutung wurde in vielen Zentren in den
letzten Jahrzehnten eine postoperative Heparinisierung dieser Patienten routinemafig
durchgefuhrt.

Die Effektivitat und Sicherheit der frihpostoperativen Heparinisierung bei operativ be-
handelten sdAVF-Patienten wurde in der Literatur bisher noch nicht untersucht und
war der Gegenstand einer Analyse im Rahmen dieser kumulativen Habilitation.

In unserem Patientengut wurde nach der Praferenz des jeweiligen Operateurs entwe-
der prophylaktisch mit niedrig dosierter Heparinisierung oder therapeutisch mit einer
Ziel-PTT von 40-50 Sekunden postoperativ antikoaguliert. Dadurch gelang es, den
moglichen Effekt der therapeutischen Heparinisierung gegenuber der routinemafigen
thromboembolischen Prophylaxe bei diesen Patienten zu untersuchen. Unsere Ergeb-
nisse zeigten keinen signifikanten Unterschied der fruhpostoperativen Verschlechte-
rungsrate bei beiden Gruppen. Des Weiteren unterschied sich der neurologische Sta-
tus der beiden Gruppen zum Zeitpunkt der Entlassung (p = 0,723) und der letzten Ver-
laufskontrolle in der Langzeitanalyse (p = 0,222) nicht signifikant.

Es ist jedoch anzumerken, dass eine rasche Erholung bei Patienten mit einer frihpost-
operativen Verschlechterung nach dem Ansetzen der therapeutischen Heparinisierung
beobachtet wurde. Auch wenn die routinemalige Heparinisierung keinen Einfluss auf
die funktionelle Erholung im Langzeitverlauf zeigte, bietet diese im Fall einer frUhpost-
operativen Verschlechterung jedoch eine effektive Behandlungsoption und ist anhand
unserer Daten einzusetzen. Da diese Fragestellung in der Literatur bisher nicht bear-

beitet wurde, kann unsere Analyse als Grundlage fur weitere anatomische und mog-
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licherweise auch prospektive Studien dienen, um diese bisher ungeklarten Phano-
mene besser zu verstehen und die Therapiekonzepte in den verschiedenen Zentren

zu optimieren.

4.4 Kilinische und radiologische Pradiktoren fuir den Langzeitverlauf

Aufgrund der insgesamt unspezifischen Symptomatik und der niedrigen Inzidenz der
sdAVF ist bisher nur wenig Uber mogliche pradikative Faktoren fur den Langzeitverlauf
nach dem Abschluss der Therapie bekannt.® Zahlreiche Faktoren wurden in der Lite-
ratur kontrovers diskutiert, ohne dass ein Konsens gefunden werden konnte.3 9 59
Wir analysierten unsere Datenbank sowohl im Hinblick auf den pradikativen Stellen-
wert verschiedener epidemiologischer und klinischer Aspekte als auch auf MRT- und
DSA-Befunde.® Die Ausdehnung der medullaren Veranderungen in den MRT-Aufnah-
men wie bei einem Odem und einer Kontrastmittelaufnahme sowie das Ausmal der
Erweiterung der perimedullaren Venen wurden ausgewertet. Des Weiteren evaluierten
wir den Einfluss des Patientenalters, der neurologischen Befunde sowie der Symptom-
dauer bei allen Patienten.

Bei einer mittleren Nachbeobachtungszeit von 52 Monaten korrelierte bei 40 Patienten
eine kurzere Symptomdauer (< 6 Monate) als einziges statistisch signifikantes Ergeb-
nis mit einer besseren Prognose. Alle weiteren untersuchten klinischen Befunde zeig-
ten interessanterweise keinen Einfluss auf den Langzeitverlauf.

Unabhangig von der Therapieoption ist der prognostische Einfluss der initialen neuro-
radiologischen Befunde auf den klinischen Langzeitverlauf bei Patienten mit sdAVF
weiterhin umstritten.® 6081 Hetts et al. beobachteten bei einer Kohorte von 31 Patien-
ten eine positive Korrelation zwischen der frihen funktionellen Erholung nach der Be-

handlung und dem Ausmal der erweiterten perimedullaren Venen zum Zeitpunkt der
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Diagnosestellung.®? In einer anderen Kohorte von 65 Patienten von Cenzato et al. war
eine lumbale Lokalisation der sdAVF mit einem deutlich geringeren Erholungspotential
assoziiert.®® Im Gegensatz dazu berichteten Dhandapani et al. bei 22 mikrochirurgisch
behandelten Patienten Uber eine hohere Verbesserungsrate bei Patienten mit sdAVF
unterhalb von Th9 innerhalb einer mittleren Nachbeobachtungszeit von sieben Mona-
ten.8

Im Gegensatz zu diesen Studien zeigte unsere aktuelle Analyse keine Korrelation zwi-
schen den initialen neuroradiologischen Befunden und dem klinischen Langzeitverlauf.
Zusammengefasst heben unsere Ergebnisse die Notwendigkeit einer rascheren Diag-
nosestellung einer sdAVF hervor. Trotz mehrerer auswartiger aufwendiger spinaler
MRT- und DSA-Untersuchungen blieb die sdAVF bei vielen Patienten in unserer Ko-
horte lange Zeit unerkannt. Bei der heutzutage hohen Verfugbarkeit moderner diag-
nostischer Mittel ist diese Verzogerung der Diagnose am ehesten auf einen Mangel an
Wissen Uber diese Erkrankung unter den Arzten der beteiligten Disziplinen zuriickzu-
fuhren. Um solche klinisch relevanten Verzogerungen zu vermeiden, sollte aus unse-
rer Erfahrung bei jeder unspezifischen Symptomatik der unteren Extremitaten oder
Gangataxie mit ungeklarter Genese eine MRT-Untersuchung der gesamten spinalen
Achse veranlasst werden. Beim Nachweis medullarer Veranderungen oder ungewohn-
licher GefalRerweiterung sind hier weitere Gefal3darstellungen mittels spinaler CE-
MRA oder DSA obligatorisch. Eine adaquate Diagnose und ein rascher Therapiebe-

ginn bieten den Patienten die besten prognostischen Aussichten.
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5 Zusammenfassung

Trotz der technischen Fortschritte in den letzten Jahrzehnten gelten die spinalen Ge-
falkmalformationen weiterhin sowohl diagnostisch als auch therapeutisch als komplexe
Pathologien. Es wurden zwar verschiedene Theorien zur Pathogenese dieser AV-Mal-
formationen aufgestellt, eine ausreichende Erklarung des Entstehungsmechanismus
blieb bisher jedoch aus.

Basierend auf der Annahme, dass die Erkrankung eine erworbene vaskulare Patholo-
gie ist, wurden im Rahmen dieser kumulativen Habilitation erstmalig in der Literatur
die haufigsten vaskularen Risikofaktoren in einer gro3en Fallserie statistisch epidemi-
ologisch untersucht. Interessanterweise zeigten unsere Daten, dass Patienten mit ei-
ner sdAVF signifikant haufiger als die Gesamtbevdlkerung an einer therapiebedurfti-
gen arteriellen Hypertonie leiden. Aufgrund unserer Analyse nehmen wir an, dass die
arterielle Hypertonie als ein begunstigender Faktor in der Pathogenese der sdAVF an-
gesehen werden kann. Diese Korrelation zwischen sdAVF und arterieller Hypertonie
erklart zudem einige bisher nur unvollstandig geklarte klinische Phanomene. Dabei
handelt es sich um die Fragen, warum sdAVF fast ausschliel3lich bei Patienten im
mittleren bis fortgeschrittenen Alter (50-60 Jahre) auftreten und warum die Symptome
der unbehandelten sdAVF-Patienten bei korperlicher Anstrengung wie psychischer
Aufregung oder sportlichen Aktivitaten akut zunehmen. Andererseits stellt unsere Hy-
pothese sicherlich einen Anreiz fur weitere histologische und anatomische Studien der
bisher wenig erforschten spinalen Dura und spinalen vaskularen Anatomie dar.
Daruber hinaus ist ein fundiertes Wissen Uber die vaskulare Anatomie des Rucken-
marks, deren Varianten und pathologische Prozesse eine obligatorische Vorausset-

zung fur ein suffizientes diagnostisch-therapeutisches Konzept.
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Im Rahmen dieser kumulativen Habilitation wurden erstmalig klinische, angiomorpho-
logische sowie auch neurochirurgische Aspekte seltener Untergruppen der spinalen
AV-Fisteln ausfuhrlich erforscht.

Sowohl die klinisch-bildmorphologischen Besonderheiten als auch die Therapieoptio-
nen und der Langzeitverlauf von neurochirurgisch behandelten Patienten mit einer
sdAVF in der tiefen lumbosakralen Region wurden in mehreren Analysen bearbeitet.
Unsere Daten zeigten, dass die venose Drainage dieser Fisteln sowohl Uber eine Ra-
dikularvene als auch uber die Vene des Filum terminale erfolgen. Der AV-Shunt in
diesen Fisteln zeigt einen besonderen Low-Flow-Charakter.

Unsere Analysen ergaben zudem, dass sdAVF in der tiefen lumbosakralen Region
durch eine relativ haufige multiarterielle/bilaterale Versorgung im Vergleich zu den
haufigeren sdAVF in der thorakolumbalen Region gekennzeichnet sind. Einen weite-
ren Unterschied stellt die Lokalisation der Fistelzone dar, die sich bei diesen sdAVF
im Gegensatz zu den thorakolumbalen Fisteln, wo die Fistelzone fast ausschlieRlich
auf der dorsalen Seite der Nervenwurzel lokalisiert ist, haufig im vorderen Bereich ei-
ner Nervenwurzel befindet. Alle diese anatomischen, bisher nicht beschriebenen Be-
sonderheiten sollten sowohl wahrend der spinalen diagnostischen Angiographie als
auch der operativen Behandlung bertcksichtigt werden.

Ein weiterer Bestandteil dieser kumulativen Habilitation waren die bisher in der Litera-
tur selten beschriebenen seAVF. Die Fistelzone befindet sich bei den seAVF im epi-
duralen Raum und durch bisher ungeklarten Prozesse kommt es im Lauf der Zeit zu
einer Arterialisierung der intraduralen Venen uber die retrograde Fullung einer Radi-
kularvene. In unserer Datenbank konnten wir eine komplexe und oftmals variable An-
giomorphologie dieser Fisteln feststellen. Der Aufbau des AV-Shunts variiert hier von
einer umschriebenen epiduralen Fistelzone bis hin zu einem komplexen uber mehrere

Segmente ausgedehnten arterialisierten Gefalikonvolut. Des Weiteren konnten wir
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nachweisen, dass die arterielle Versorgung dieses arterialisierten epiduralen Gefal3-
konvoluts Uber mehrere Segmentarterien erfolgen kann. Unsere Analyse zeigte zu-
dem, dass die Drainagevene bei diesen Fisteln in einer Distanz von mehreren Seg-
menten von der eigentlichen epiduralen Fistelzone lokalisiert werden kann. Diese Er-
kenntnisse beeinflussen die Therapieentscheidung fundamental.

Basierend auf unseren anatomischen Beobachtungen in diesem Patientengut ist eine
operative Versorgung dieser Fisteln zu bevorzugen. Eine endovaskulare Versorgung
ist aufgrund der angiomorphologischen Komplexitat dieser Fisteln mit einem deutlich
erhohten Risiko eines Rezidivs verbunden, sodass wir aufgrund unserer Analyse von
einer primaren Embolisation der Lasion abraten.

Des Weiteren wurden im Rahmen der Habilitation mehrere Analysen hinsichtlich des
postoperativen Langzeitverlaufs durchgefuhrt. In erster Linie wurde der Einfluss der
frGhen postoperativen Heparinisierung auf den Langzeitverlauf erstmalig in der Litera-
tur analysiert. Unsere Daten zeigten zwar keinen signifikanten Einfluss der Heparini-
sierung, wir konnten jedoch eine deutliche Erholung bei Patienten registrieren, die eine
frGhe postoperative Verschlechterung der Symptome erlitten hatten.

Das Phanomen der postoperativen Verschlechterung trotz suffizienter Okklusion einer
sdAVF wurde in der Literatur nur selten beschrieben. Wir vermuten, dass es in Folge
der operativen Ausschaltung einer sdAVF und des daraus resultierenden abrupten
Stopps des arteriellen Blutflusses in die perimedullaren Venen zur Bildung von
Mikrothromben in diesem Venensystem kommt. Diese Mikrothromben konnen wiede-
rum weitere Gefallverschlisse verursachen und die venose Drainage des Rulcken-
marks negativ beeinflussen. Durch die von uns registrierte Besserung der Symptome
nach einem Ansetzen der Heparinisierung bei diesen Patienten kann diese Hypothese

bekraftigt werden.
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Basierend auf diesen Ergebnissen ist eine routinemallige Heparinisierung nach der
Ausschaltung einer sdAVF nicht sinnvoll. Sollte es jedoch postoperativ zu einer akuten
Verschlechterung der Symptome kommen, ist eine Heparinisierung der betroffenen
Patienten indiziert, bis sich die neu aufgetretenen Symptome gebessert haben.

Des Weiteren wurden im Rahmen dieser Habilitation die Langzeitergebnisse sowie der
Einfluss unterschiedlicher klinischer und bildmorphologischer Parameter auf den ge-
samten postoperativen Langzeitverlauf untersucht. Unsere Analyse zeigte, dass eine
langere Symptomdauer mit einem deutlich schlechteren funktionellen Status zum Zeit-
punkt der Analyse assoziiert ist. Bedauerlicherweise konnten wir auch feststellen, dass
sich die Symptomdauer bei Patienten mit sdAVF Uber die letzten drei Jahrzehnte trotz
der enormen Entwicklung der diagnostischen Verfahren in demselben Zeitraum nicht
verkurzt hat. Diese Beobachtung spiegelt moglicherweise einen weiterhin bestehen-
den Mangel an Kenntnissen Uber diese Pathologien in den behandelnden Disziplinen
wider.

Es ist grundsatzlich zu beachten, dass mittels einer MRT-Untersuchung im Rahmen
der Abklarung einer Gangataxie mit ungeklarter Ursache die gesamte spinale Achse
abgebildet werden muss, um alle moglichen strukturellen Veranderungen zu erfassen.
Typische kernspintomographische Veranderungen bei einer vaskularen Pathologie
der spinalen Achse sind erweiterte intradurale GefaRRe sowie ein medulldres Odem mit
oder ohne Kontrastmittelaufnahme. Bei solchen Veranderungen sollte unbedingt eine
erweiterte GefalRdarstellung der spinalen Achse veranlasst werden.

In dieser Hinsicht liefern modernste Techniken wie die spinale zeitaufgeloste dynami-
sche Kernspinangiographie (z. B. TWIST-MR-Angiographie) oder weitere spezielle
bildgebende Verfahren im Rahmen der spinalen DSA (z. B. Dyna-CT) zudem exzel-

lente diagnostische Ergebnisse.
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Durch eine frihzeitige Diagnosestellung und adaquate Therapie kann die chronisch
progressive Schadigung des Ruckenmarks bei den betroffenen Patienten verhindert
oder zumindest reduziert werden. Bei der Therapieplanung ist die Erfahrung der be-
teiligten neuroradiologischen und neurochirurgischen Fachdisziplinen in der Behand-
lung dieser Art von GefalRmalformationen ausschlaggebend.

Das Ziel weiterer wissenschaftlicher Arbeiten sollte unter anderem darin bestehen, die
bisher wenig studierte vendse Drainage des Ruckenmarks genauer zu untersuchen.
Des Weiteren sollten die aus einer pathologischen AV-Kurzschlussbildung resultieren-
den pathophysiologischen Prozesse sowohl histopathologisch als auch bildmorpholo-
gisch intensiver erforscht werden.

Dies alles konnte die bisher lange Symptomdauer bis zur korrekten Diagnosestellung
einer sdAVF wesentlich verkurzen, die Therapieplanung deutlich verbessern und somit

das Risiko einer irreversiblen Schadigung des Ruckenmarks reduzieren, wodurch in

erster Linie das Leiden der betroffenen Patienten gelindert werden konnte.
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Arterial Hypertension Is Associated with Symptomatic Spinal Dural Arteriovenous

Fistulas

Fidaa Jablawi, Omid Nikoubash Michael Mull

OBJECTIVE: To determine possible systemic factors that
may induce or be associated with the pathogenesis and
pathologic course of spinal dural arteriovenous fistulas
(SDAVFs), the most common type of arteriovenous disorder
of the spinal cord and its meninges.

METHODS: We assessed the role of possible systemic
(vascular) risk factors (arterial hypertension, diabetes
mellitus, fat metabolism disorders, and nicotine depen-
dence) by comparing the prevalence of these risk factors in
an SDAVF cohort of 59 patients with the prevalence in the
general population.

RESULTS: Age-corrected prevalence of arterial hyper-
tension in the SDAVF cohort was significantly higher than
in the general population (P < 0.001). Prevalence of
diabetes mellitus (P = 0.150.), nicotine dependence
(P = 0.561), adiposity (P = 0.217), and fat metabolism
disorders (P = 0.125) did not differ from prevalence of
comparable cohorts in the general population.

CONCLUSIONS: Our results and data from the literature
suggest that arterial hypertension may play an important
role in the development of SDAVF-related symptoms or the
development of SDAVFs in the presence of other predis-
posing factors.

INTRODUCTION

pinal dural arteriovenous fistulas (SDAVFs) are the most
common type of arteriovenous (AV) disorder involving the
spinal cord and its meninges and account for 70% of all

spinal AV shunts.”* Clinical and radiologic characteristics of
SDAVFs and treatment strategies have been the subject of various
studies in the last 2 decades.”* Nonetheless, the pathophysiology,
in particular, the etiology, of SDAVFs is not yet fully under-
stood.*™ It is currently assumed that SDAVFs are acquired le-
sions.> However, clinical factors that may induce or be associated
with SDAVFs are currently unknown. The purpose of our study is
to determine possible systemic factors that may induce or be
associated with the pathogenesis and the pathologic course of
SDAVEFs.

MATERIALS AND METHODS

After obtaining permission from the local ethics board, we
retrospectively searched our medical database for all patients who
underwent spinal digital subtraction angiography in our institu-
tion between 2006 and 2016 and identified 59 consecutive patients
with angiographically verified SDAVFs. The initial diagnosis of
SDAVF was based on clinical and radiologic criteria that
comprised 1) clinical sequelae of myelopathy resulting in motor or
sensory disturbances with or without vegetative bladder/bowel
dysfunctions and 2) magnetic resonance imaging findings of
congestive myelopathy of the spinal cord and/or visibly engorged
perimedullary veins. All suspected cases of SDAVF were verified by
digital subtraction angiography. All clinical data, including de-
mographics, clinical and neurologic presentation, comorbidities,
and premedication, and radiologic data were assessed by the
primary treating physicians and reevaluated for this study. To
assess the role of possible systemic (vascular) risk factors, we
compared the prevalence of cardiovascular diseases, including
arterial hypertension, diabetes mellitus, fat metabolism disorders,
and nicotine dependence, in our SDAVF cohort with the compa-
rable prevalence in the general population in Germany. The
investigated risk factors were defined according to respective
societies.""*
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Table 1. Vascular Risk Factors of Patients with Spinal Dural Arteriovenous Fistula ‘

Age Group (Years)

Risk Factor Cohort 50—59 60—69 70-79 >80

Hypertension General population 20% P < 0.001" 25% P < 0.001* 31% P < 0.001" 32% P=0.003"
SDAVF 64% 80% 76% 86%

Diabetes mellitus General population 7% P=1096 14% P=0627 19% 21% P=10173
SDAVF 7% 10% 6% 0%

Adiposity General population 18% P=0325 21% P=0114 20% P=0797 16% P =0.869
SDAVF 27% 35% 22% 14%

Nicotine dependence General population 24% P=0672 14% P = 0481 7% P=0416 3% P=0621
SDAVF 27% 20% 1% 0%

Fat metabolism disorders General population 3% P=1029 48% P =0.038" 53% P =10141 38% P=0012"
SDAVF 27% 25% 39% 86%

Age-corrected prevalence of clinical (vascular) risk factors (50—59 years, n = 14; 60—69 years, n = 20; 70—79 years, n = 17; >80 years, n = 7). One 36-year-old patient with adiposity was
excluded from this analysis to ensure comparability with the literature. P values were calculated with the original data provided by the Robert Koch Institute Department of Epidemiology
and Health Monitoring.""'?

SDAVF, spinal dural arteriovenous fistula.

*Significant P value.

Statistical Analysis

We compared the prevalence of possible risk factors in our cohort
and the general population using the Pearson % and Fisher exact
tests depending on data distribution. P values < 0.05 were defined
as significant. All statistical analyses were performed with IBM
SPSS Statistics for Windows Version 23 (IBM Corp., Armonk, New
York, USA).

RESULTS

Mean age of all patients (N = 59) was 66.86 years =+ 10.38 (median,
68 years; range, 36—8s years). There were 45 male patients (77%).
All patients presented with various combinations of progressive
neurologic deficits. There were 43 (69%) patients with paraparesis,
28 (47%) patients with ataxia, 26 (44%) patients with sensory
disturbance, and 12 (20%) patients with bladder/bowel dysfunc-
tion. The average symptom duration before diagnosis was 20
months + 23 (median, 12 months; range, 1—120 months). Fistula
locations ranged from Co to S3. Most SDAVFs were located in the
thoracolumbar region (n = 31).

Vascular risk factors in our cohort and the general population
are compared in Table 1. The age-corrected prevalence of arte-
rial hypertension in our cohort was consistently significantly
higher than in the general population (P < o0.001).”" The
prevalence of diabetes mellitus (P > 0.173), nicotine
dependence (P > 0.416), and adiposity (P > o.114) did not
differ from the prevalence of comparable cohorts in the
general population, whereas the prevalence of fat metabolism
disorders correlated inconsistently with prevalence in the
general population (P = 0.012—0.291)."""*

DISCUSSION

The first studies dealing with SDAVFs were published by Kendall
and Logue in 1977 and Merland et al. in 1980." Although SDAVFs
are the most common type of AV disorders of the spinal cord and
its meninges, little is known about their etiology.”"* In contrast to
SDAVFs, various theories about the natural history of intracranial
dural AV fistulas have been established.”*™® The presence of
microscopic dural communications between arteries and veins at
the proximity of cranial venous sinuses has been previously
described in the literature.'”"® It was hypothesized that venous
sinus thrombosis with associated intravenous hypertension and
venous outflow obstruction might initiate the opening of these
channels and form AV shunts into the venous sinuses.”*’® An
additional angiogenesis, as a part of the inflammatory process that
organizes and recanalizes the thrombosed sinuses, was consid-
ered to influence the progression of these fistulas.” Concerning
SDAVFs, Merland et al.*® assumed that an insufficient venous
outlet of the spinal cord induced the development of these
fistulas and their clinical symptoms.

It has been hypothesized that once a fistula is present, the
progressive fibrosis or thrombosis of radicular venous outlets
could reinforce the medullar venous hypertension due to a
decreased venous drainage.””*" However, the relationship be-
tween an AV fistula of the spinal dura and meningeal venous
thrombosis has never been proven.”'* In the past, the patho-
physiologic focus in most publications dealing with SDAVFs has
been on local changes.>®>* It is generally assumed that anatomic
predispositions and local hemodynamic changes favor the devel-
opment of SDAVFs.® Accordingly, we hypothesized that systemic
diseases that affect the vascular system may be associated with
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the development of SDAVFs. In our study, the most common
finding in patients with SDAVFs was a co-occurrence of arterial
hypertension. The age-corrected prevalence of arterial hyperten-
sion in our cohort was consistently significantly higher than in the
general population (Table 1), supporting the hypothesis that
systemic diseases may be associated with SDAVFs.’* The
simplest conceivable pathophysiologic correlation between arterial
hypertension and SDAVFs would be that chronic arterial hyper-
tension, in the presence of other predisposing factors, opens or
maintains preexisting AV dural shunts. Supporting this hypothe-
sis, in an intraoperative study of g patients with SDAVFs, Hassler
et al.’ registered a markedly increased circumscribed venous
pressure (60%—87.5% of the mean systemic arterial blood
pressure) in arterialized draining veins. The mean venous
pressure in the dural AV fistulas was increased to 74% of the
systemic arterial pressure, and it increased concomitantly with
the elevated arterial pressure. According to the authors, this
concomitant increase of venous pressure with arterial pressure
may explain the typical clinical deterioration that patients
experience during physical activity.

According to the same rationale, it may be possible that
asymptomatic preexisting SDAVFs become symptomatic in the
presence of arterial hypertension. Asymptomatic SDAVFs have
been rarely reported in the literature. In our series, we found one
52-year-old patient with an incidental SDAVF in the upper thoracic
region. Sato et al.” reported 2 patients with asymptomatic
SDAVFs. In contrast to symptomatic SDAVFs, in all 3
asymptomatic fistulas, there was no medullary edema on
magnetic resonance imaging despite the existence of dilated
perimedullary veins. The average age of these 3 asymptomatic
patients was approximately 10 years younger than the age of
symptomatic patients in the respective series. Although the
sample size is too small to draw definite conclusions, these
findings may imply that SDAVFs may be asymptomatic initially
and that progressive venous hypertension and subsequent
medullary congestion induce clinical symptoms over time.

Data in the literature also support a more complex hypothesis
concerning the relationship between arterial hypertension and
SDAVFs. It could be possible that chronic arterial hypertension
favors the development of SDAVFs. In a cadaveric study that did
not address SDAVFs, Tadie et al.* observed glomus-like elements
at the passage point of the radicular vein through the dura mater.
Tadie et al.* considered these glomus-like elements as initial
stages of AV fistulas and hypothesized that these elements could
become manifest fistulas in the presence of chronic venous

REFERENCES

. Mull M, Nijenhuis RJ, Backes WH, Krings T,
Wilmink JT, Thron A. Value and limitations of
contrast-enhanced MR angiography in spinal
arteriovenous malformations and dural arteriove-

M, Hemet

3. Huffmann BC, Gilsbach JM, Thron A. Spinal dural
arteriovenous fistulas: a plea for neurosurgical mea
treatment. Acta Neurochir (Wien). 1995;135:44-51.

hypertension. In another cadaveric study whose focus was not
SDAVFs, Thron et al.” distinguished between a narrow slit type
and spongy-like nodular type of the transdural course of radic-
ular veins. This theory is supported by cadaveric studies reported
by other authors, which showed that physiologic vessel walls of
intradural veins were thinned and replaced by a layer of arachnoid
and dural tissue.>>*3*4 Although hypothetical, it is conceivable
that the combination of 1) spongy-like nodular radicular veins, 2)
thinned transdural vessel walls, and 3) arterial hypertension might
favor the development of AV shunts. An associated venous outflow
disorder could reinforce this pathophysiologic condition.

Given that most patients who have arterial hypertension do not
develop an SDAVF, it is unlikely that arterial hypertension is the
only cause of SDAVFs. Rather, it is conceivable that arterial hy-
pertension is a cofactor that might aggravate SDAVF-related
symptoms or that favors the development of SDAVFs in the
presence of other predisposing factors. In the end, one must bear
in mind that the discussion of the etiology of SDAVFs is highly
speculative, as hypotheses concerning the etiology of SDAVF are
usually based on physiologic studies, especially considering that
histopathologic studies of SDAVFs are still lacking. Nevertheless,
our results and data from the literature suggest that arterial hy-
pertension may influence SDAVF-related symptoms or favor the
development of SDAVFs in the presence of other predisposing
factors.

Limitations

Two major limitations of our study are the relatively small sample
size without an adequate control cohort and the retrospective
approach, both of which provoke speculative interpretation of our
data to some extent. Nevertheless, our comparison with the
general population may serve as a first cornerstone for future
histologic studies, particularly considering there are very few data
concerning this topic in the literature.

CONCLUSIONS

Our results and data from the literature suggest that arterial
hypertension may contribute to the development of SDAVF and/or
its related symptoms in the presence of other predisposing fac-
tors. We hypothesize that a combination of 1) spongy-like nodular
radicular veins, 2) thinned transdural vessel walls, and 3) arterial
hypertension might favor the development of AV shunts. Further
anatomic and histologic studies are required to prove or disprove
this hypothesis.

=y

. Hassler W, Thron A. Flow velocity and pressure
rements in spinal dural arteriovenous fis-
tulas. Neurosurg Rev. 1994;17:29-36.

. Di Chiro G. Foix-Alajouanine syndrome. AJNR Am
Clavier E, J Neuroradiol. 1990;11:1286.

~

Freger P,

d P. Morphological and functional anat-

nous fistulas. AJINR Am ] Neuroradiol. 2007;28:
1249-1258.

N

. Krings T, Mull M, Gilsbach JM, Thron A. Spinal
vascular malformations. Eur Radiol.
267-278.

2005;15:

omy of spinal cord veins. ] Neuroradiol. 1985;12: 8. Thron A, Krings T, Otto J, Mull M, Schroeder JM.
3-20. The transdural course of radicular spinal cord
veins—a microangiographical and microscopical
study. Clin Neuroradiol. 2015;25:361-369.
assler W, Thron A, Grote EH. Hemodynamics of
spinal dural arteriovenous fistulas. An intra- 9. Benhaiem N, Poirier J, Hurth M. Arteriovenous

operative study. ] Neurosurg. 1989;70:360-370.

fistulae of the meninges draining into the spinal

362 WWW.SCIENCEDIRECT.com

WORLD NEUROSURGERY, HTTP://DX

54

.DOILORG/10.1016/J.WNEU.2017.04.050



ORIGINAL ARTICLE

FIDAA JABLAWI ET AL. ARTERIAL HYPERTENSION ASSOCGIATED WITH SYMPTOMATIC SDAVF
veins. A histological study of 28 cases. Acta Neu- 15. Dichgans J, Gottschaldt M, Voigt K. Arteriovenous 22. Aminoff MJ, Barnard RO, Logue V. The patho-
ropathol. 1983;62:103-111. dura angiomas in the transverse sinus. Clinical physiology of spinal vascular malformations.

symptoms, typical arterial circulation and frequent J Neurol Sci. 1974;23:255-263.

10. Otto J. Morphology of the Anti-reflux Mechanism in the venous outflow disorders [in German] Zentralbl
Transdural Course of the Radicular Veins. Neuroradio- Neurochir. 1972;33:1-18. 23. Groen RJ, Groenewegen HJ, van Alphen HA,
logical and Histological Study. Aachen, Germany: Hoogland PV. Morphology of the human internal
Faculty of Medicine, RWTH Aachen University; 16. Awad IA, Little JR, Akarawi WP, AhlJ. Intracranial vertebral venous plexus: a cadaver study after
1990 [doctoral thesis]. dural arteriovenous malformations: Factors pre- intravenous Araldite CY 221 injection. Anat Rec.

disposing to an aggressive neurological course. 1997;249:285-204.

11. Robert Koch Institute, Department of Epidemi- J Neurosurg. 1990;72:839-850.
ology and Health Monitoring, German Health 24. van der Kuip M, Hoogland PV, Groen R]. Human
Interview and Examination Survey for Adults 17. Aminoff MJ. Vascular anomalies in the intracranial radicular veins: regulation of venous reflux in the
(DEGSI). Public Use File Version 1.0. 2015. http:// dura mater. Brain. 1973;96:601-612. absence of valves. Anat Rec. 1999;254:173-180.

dx.doi.org/10.7797/16-200812-1-1-1.

18. Aminoff MJ, Kendall BE. Asymptomatic dural
12. Robert Koch Institute, Department of Epidemi- vascular anomalies. Br ] Radiol. 1973;46:662-667.
ology and Health Monitoring, German Health Up-
date 2012 (GEDA 2012). Public Use File Version 1.0. 19. Lawton MT, Jacobowitz R, Spetzler RF. Redefined Conflict of i Th hors declare that the
2014. http://dx.doi.org/10.7797/29-201213-1-1-1. role of angiogenesis in the pathogenesis of dural on ict of interest statement: Ihe authors declare that the
arteriovenous malformations. ] Neurosurg. 1997;87: article cuﬁtent was E.Dmpusgd in the absence of any p
13. Thron AK. Applications in spinal dural AV fis- 267-274. or f’”a”‘f’a/ ‘ that could be
tulas. In: Vascular Anatomy of the Spinal Cord: Radio- as a potential conflict of interest.
anatomy as the Key to Diagnosis and Treatment. 2nd ed. 20. Merland JJ, Riche MC, Chiras J. Intraspinal Received 22 January 2017 accepted 7 April 2017
Switzerland: Springer International Publishi ext dullary arteriovenous fistulae draining L g
2016. into the medullary veins. ] Neuroradiol. 1980;7: Citation: World Neurosurg. (2017) 103:360-363.
271-320. http://dx.doi.org/10.1016/j.wneu.2017.04.050
14. Borden JA, Wu JK, Shucart WA. A proposed Journal homepage: www.WORLDNEUROSURGERY.org
classification for spinal and cranial dural arte- 21. Sato K, Terbrugge KG, Krings T. Asymptomatic . "
. N . P . . X Available online: www.sciencedirect.com
riovenous fistulous malformations and impli- spinal dural arteriovenous fistulas: pathomechan-
cations for treatment. ] Neurosurg. 1995;82: ical considerations. ] Neurosurg Spine. 2012;16: 1878-8750/$ - see front matter © 2017 Elsevier Inc. All
166-179. 441-446. rights reserved.
Doing More with Less
The Doing More with Less section of WORLD NEUROSURGERY focuses on the
particular needs of the lower-resource neurosurgery world, which includes most of the
world. The Section solicits submissions of news articles, commentaries, and scientific and
technical papers that relate to issues surrounding optimal patient care in resource-challenged
environments. In particular, this call for scientific and technical papers focuses on methods
for accomplishing neurosurgical goals with low-cost solutions that are practical to implement
in neurosurgical operating theaters and care environments where minimal or basic tools and
materials are available.
During your submission process, please choose “Doing More with Less” as your article type.
WORLD NEURDSURGERY 103: 360-363, JuLy 2017 WWW.WORLDNEUROSURGERY.ORG 363

55



08.2. Anlage 2

Published December 28, 2017 as 10.3174/ajnr.A5497

ORIGINAL RESEARCH
SPINE

Clinical and Radiologic Characteristics of Deep Lumbosacral
Dural Arteriovenous Fistulas

F.Jablawi, “*O. Nikoubashman, ““G.A. Schubert, ““’M. Dafotakis, ““'F.-). Hans, and “’M. Mull

ABSTRACT

BACKGROUND AND PURPOSE: Spinal dural arteriovenous fistulas located in the deep lumbosacral region are rare and the most difficult
to diagnose among spinal dural arteriovenous fistulas located elsewhere in the spinal dura. Specific clinical and radiologic features of these
fistulas are still inadequately reported and are the subject of this study.

MATERIALS AND METHODS: We retrospectively evaluated all data of patients with spinal dural arteriovenous fistulas treated and/or
diagnosed in our institution between 1990 and 2017. Twenty patients with deep lumbosacral spinal dural arteriovenous fistulas were
included in this study.

RESULTS: The most common neurologic findings at the time of admission were paraparesis (85%), sphincter dysfunction (70%), and
sensory disturbances (20%). Medullary T2 hyperintensity and contrast enhancement were present in most cases. The filum vein and/or
lumbar veins were dilated in 19/20 (95%) patients. Time-resolved contrast-enhanced dynamic MRA indicated a spinal dural arteriovenous
fistula at or below the L5 vertebral level in 7/8 (88%) patients who received time-resolved contrast-enhanced dynamic MRA before DSA.
A bilateral arterial supply of the fistula was detected via DSA in 5 (25%) patients.

CONCLUSIONS: Clinical symptoms caused by deep lumbosacral spinal dural arteriovenous fistulas are comparable with those of spinal
dural arteriovenous fistulas at other locations. Medullary congestion in association with an enlargement of the filum vein or other lumbar
radicular veins is a characteristic finding in these patients. Spinal time-resolved contrast-enhanced dynamic MRA facilitates the detection
of the drainage vein and helps to localize deep lumbosacral-located fistulas with a high sensitivity before DSA. Definite detection of these
fistulas remains challenging and requires sufficient visualization of the fistula-supplying arteries and draining veins by conventional spinal
angiography.

ABBREVIATIONS: AV = arteriovenous; CE-MRA = time-resolved contrast-enhanced dynamic MRA; FV = filum terminale vein; IsSSDAVF = deep lumbosacral spinal
dural arteriovenous fistula; SDAVF = spinal dural arteriovenous fistula

Despite being the most common spinal vascular malforma-
tion, spinal dural arteriovenous fistulas (SDAVFs) are rare
and still underdiagnosed entities."> The incidence of SDAVF in
the general population is 5-10/million/year.”

A recent meta-analysis of all case series that included >5
patients concluded that men were affected 5 times more often
than women and that the mean age at the time of diagnosis was
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55-60 years.® If not treated properly, SDAVFs are associated
with a considerable morbidity with progressive spinal cord
symptoms."”* The clinical presentation of an SDAVF can be
ascribed to venous congestion due to pathologic arteriovenous
(AV) shunts in most cases.” Initial symptoms are often non-
specific.” They include gait difficulties, symmetric or asym-
metric sensory symptoms such as paraesthesia in 1 or both feet,
diffuse or patchy sensory loss, and radicular pain.® More than
80% of all SDAVFs are located between T6 and L2, but SDAVFs
can occur anywhere along the dura of the spinal canal.” Ac-
cording to various reports, fistulas in the sacral region occur in
approximately 4% of patients with SDAVFs.>'" However,
larger series dealing with SDAVFs located in the deep lumbo-
sacral region (IsSDVAF) are still lacking in the literature. The
purpose of our study was to evaluate the clinical and radiologic
data of 20 patients with IsSSDAVFs presenting to our center
between 1990 and 2017.
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MATERIALS AND METHODS

After obtaining permission from our local ethics board, we retro-
spectively evaluated the medical and radiologic reports of the
RWTH Aachen University Hospital for patients diagnosed with
SDAVF between January 1990 and March 2017. SDAVFs located
above the L5 vertebral level and arteriovenous malformations of
the filum terminale were excluded from our analysis.

Two experienced physicians analyzed the radiologic data
blinded to all clinical data. A reference standard for statistical
analysis was established in a consensus reading.

The extension of the T2 signal hyperintensity and the medul-
lary contrast enhancement were qualified by the number of ver-
tebral levels shown to be affected on T1 and T2 MR images. The
appearance of the perimedullary veins was rated subjectively as
absent, mild, or prominent due to their tortuous and dilated ap-
pearance on the T1 and T2 images.

The neurologic status was assessed according to the Aminoff-
Logue disability score (AL-score). We re-evaluated the docu-
mented neurologic status at the time of admission (AL-score), the
duration of symptoms from onset until diagnosis, as well as pre-
vious misdiagnosis and treatment.

Diagnostic Tools

MR Imaging/MRA. Before admission to our center, all 20 patients
underwent extensive spinal DSA and/or MR imaging (0.5T
and/or 1.5T). Two experienced physicians analyzed the radiologic
data blinded to all clinical data. A reference standard for statistical
analysis was established in a consensus reading.

The extension of the T2 signal hyperintensity and the medul-
lary contrast enhancement was qualified by the number of verte-
bral levels shown to be affected on T1 and T2 MR images. The
appearance of the perimedullary veins was rated subjectively as
absent, mild, or prominent due to their tortuous and dilated ap-
pearance in the T1 and T2 images.

Moreover, 8/19 patients who were admitted after time-re-
solved contrast-enhanced MR angiography (CE-MRA) in our in-
stitution underwent additional spinal CE-MRA (1.5T) before
DSA. MRA was performed on a clinical 1.5T MR imaging system
with a phased array spine coil. The MR imaging protocol included
3 different pulse sequences: First, T2-weighted survey images
were acquired to depict the course of the spinal cord as an ana-
tomic reference. Second, MR fluoroscopy, performed with ad-
ministration of a 2-mL test bolus of gadolinium-based contrast
agent (gadopentetate dimeglumine; vial concentration, 0.5 mol/
L), was used to determine the optimal scan delay between contrast
injection and the start of the MRA acquisition. Finally, we per-
formed a dynamic 2-phase 3D fast-spoiled gradient-echo pulse
sequence with 45 mL of contrast agent. These 2 phases served to
distinguish relatively early contrast enhancement, which mainly
involves (normal and/or pathologic) arteries and arterialized
veins, from later enhancement in which arteries and arterialized
veins but also normal veins are visualized together. The number of
sections was individually adjusted (range, 75—85 mm; 45-51 mm)
to include the vertebral column, usually from T3 to S5. The pre-
cise evaluation was then achieved by MPR and maximum inten-
sity projection. If initial CE-MRA findings were suspicious for a
fistula zone, we performed additional coronal and axial contrast-
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enhanced T1-weighted images focused on the suspected fistula
region. Further details about our spinal CE-MRA technique have
been previously described.""!

DSA. After re-evaluation of all previous spinal angiographic ex-
aminations performed elsewhere before admission to our center,
we finally focused our further DSA examinations on the lumbo-
sacral region.

DSA was performed with a femoral approach in a dedicated bi-
planar neuroangiographic suite. Standardized angiography included
selective manual injections of 4—5 mL of 300 mg/mL of iodinated
nonionic contrast medium into the lumbar and intercostal arteries.
Furthermore, injections into both vertebral arteries, the costocervical
arteries, the thyrocervical trunks, and the arterial feeders of the sacral
region were added. Imaging was in the anteroposterior direction with
2 frames per second. Oblique and lateral views were added to eluci-
date the morphology of the AV shunt as well as the intradural course
of the draining veins. Film sequences of at least 5-20 seconds were
obtained. In 2 patients, in whom IsSSDAVF was previously diagnosed
elsewhere before referral to our center, our DSA examinations in-
cluded solely the deep lumbosacral region.

Statistics

Pearson x” tests and Fisher exact tests were used when applicable.
Student ¢ tests and Mann-Whitney U tests were used when appli-
cable after testing for data distribution with a Shapiro-Wilk test.
P values with an « level of <.05 were significant. All statistical
analyses were performed with SPSS 23 software (IBM, Armonk,
New York).

RESULTS

We identified 194 patients with SDAVFs located anywhere along
the spine. Twenty (10.3%) of these patients had IsSSDAVFs and
were included in our study.

Clinical Features

Table 1 provides an overview of clinical findings in all 20 patients
included in this study. Seventeen of 20 (85%) patients were men.
The mean age was 63 * 5 years (median, 63.5 years; range, 53—78
years). Overall, 16 (80%) patients experienced a gradual onset and
progressive deterioration of neurologic function. The remaining
4(20%) patients had a rapid deterioration of their motor function
in the lower extremities within a mean period of 2.5 months
(range, 1—4 months) and presented with a severe motor disability
at time of admission.

However, the most common neurologic finding at time of
admission at our institution was subjective and objective gait dis-
turbances of the lower extremities. Paresis in the lower extremities
was present in 17 (85%) patients. The remaining 3 patients (15%)
had a slowly progressive ataxia and hypesthesia without manifest
motor deficits. Sensory symptoms in various severities were doc-
umented in 18 (90%) patients and comprised diffuse loss of sen-
sation and/or paresthesia in the lower extremities. One (case 15)
of these 18 patients had dysesthesia from the T12 level downward.
Fourteen (70%) patients presented with a sphincter dysfunction
at time of admission to our institution.

The mean time between clinical onset and diagnosis in all 20
patients was 15 = 12 months (median, 15 months; range, 1-36



Table 1: Clinical presentation of patients with deep lumbosacral spinal dural arteriovenous fistulas

Duration of

Case Age Symptoms Previous Diagnosis

No. (yr)/Sex (mo) ymp at Time of Diag AL-Score and Treatment

1 66,M 24 Paraparesis 3/5% sensory transverse lesion L5, sphincter dysfunction 3 Lumbar disc prolapse:
discectomy L4-5

2 56, M 36 Paraparesis 3/5, sensory transverse lesion L2 3

3 63, M 24 Paraparesis 2-3/5, sensory transverse lesion LI, sphincter dysfunction 4

4 60,M 30 Paraparesis 4/5, sensory transverse lesion L4, sphincter dysfunction 3 Lumbar disc prolapse:
discectomy L34, L4-5

5 7ILM 14 Distal accentuated paraparesis 3/5, mild hypesthesia of the right leg 3

6 66,M 18 Paraparesis 3/5, sensory transverse lesion L5, sphincter dysfunction 4 Lumbar spinal stenosis: dorsal
decompression L1-2

7 55, M 2 Paraplegia and anesthesia below T8, sphincter dysfunction 5

8 67,M 26 Paraparesis 4/5, sensory transverse lesion T12, sphincter dysfunction 2 Intramedullary tumor: biopsy

9 73,M 9 Paraparesis 3/5, sensory transverse lesion T5, sphincter dysfunction 4 Intramedullary tumor: biopsy

10 70,M 3 Paraparesis 3/5, sensory transverse lesion SI, sphincter dysfunction 4

n 69, M 6 Paraparesis 1-2/5, sensory transverse lesion L4, sphincter dysfunction 5

12 67,F 12 No paresis, hypesthesia below TT1, ataxia 1

3 63, M 1 Paraparesis 3/5, sphincter dysfunction 3

14 61,M |l Distal accentuated paraparesis 3/5, hypesthesia of the right leg, ataxia, 3 Lumbar spinal stenosis: dorsal

sphincter dysfunction decompression and

discectomies L4-5, L5-S1

15 67,F 9 Paraparesis 4/5, dysesthesia below T12, paresthesia on the dorsum 2 Lumbar disc prolapse:

of the left foot discectomy L5-S1

16 63, M ND No paresis, sensory transverse lesion L1, ataxia, sphincter dysfunction 1 Repeat insufficient
embolizations of [sSSDAVF

7 55,M 10 Monoparesis left foot 1 Lumbar stenosis: dorsal
decompression

18 78,M 4 Spastic paraparesis 3/5, paresthesia in both feet, sphincter dysfunction 4

19 74, M 24 Paresis of the left leg 4/5, diffuse paresthesia of the lower extremities 2

20 53,F 6 No paresis, diffuse paresthesia of the lower extremities, mild ataxia, 1

mild sphincter dysfunction

Note:—AL-Score indicates Aminoff-Logue disability score; ND, no data.
2Muscle strength grade.

Table 2: Radiologic features of deep lumbosacral spinal dural arteriovenous fistulas

MRI/MRA DSA

T2/T1 Contrast Perimedullary Prominent DSA
Case Shunt Hyperintensity ~ Enhancement  Vein Enlargement  Prominent Lumbar until
No. Location (Extension) (Extension) (Extension) FV Vein Diagnosis Arterial Feeder
1 SIR T7-conus T9-TI0 Mild, T7-T8 No No 4 lliolumbar artery R
2 L5R T9-Tn T5-T Mild, T5-T1 No Yes 4 lliolumbar artery R
3 SIL T8-conus Absent Absent Yes No 4 Middle sacral artery L
4 SIR T9-conus Absent Mild, T10-T12 Yes No 3 lliolumbar artery R
5 SIR T3-conus ND ND Yes No 3 lliolumbar artery R
6 L5L T8-conus T9-conus Mild, T10-T12 No Yes 2 L5L
7 SIR Té6-conus T8-TI2 Mild, T7-n No Yes 2 Lateral sacral artery L
8 S2R TI0-T12 -T2 Mild, Tn-T12 Yes No 3 Lateral sacral artery R
9 L5L T4-conus T9-T12 Absent No Yes 3 L4L
10 SIR T4-conus Absent Severe, T6-conus Yes No 2 Lateral sacral artery R
il SIR T6-conus T2-11 Mild, T6-conus No Yes 5 lliolumbar artery bilateral
12 S3R T10-conus T Severe, T7-conus Yes No 3 Lateral sacral artery bilateral
13 SIR T2-conus T12-conus Mild, T8-conus Yes No 4 lliolumbar artery R
14 S2L T5-conus T7-conus Mild, T8-L3 Yes No 4 lliolumbar artery bilateral
15 SIL T5-conus Absent Severe, T7-conus Yes No 2 Lateral sacral artery L
16 s2L Absent TI0-T1 Absent Yes No 2 lliolumbar artery L
17 SIL T5-conus T4-11 Mild, T3-T4 Yes No 2 lliolumbar artery bilateral
18 s2L T8-T12 T8-TN Mild, T9-T12 Yes No 5 lliolumbar artery bilateral
19 L5R T8-conus T8-conus Severe, T6-T12 No Yes 2 lliolumbar artery R
20 S2R T12-conus T9-conus Mild, T7-T No Yes 1 Lateral sacral artery

Note:—R indicates right; L, left; ND, no data.

months). The mean Aminoff-Logue disability score at time of
admission was 3 * 1.5 (median, 3; range, 1-5).

Overall, 9 of 20 (45%) patients had undergone other treat-
ments before admission to our institution. Six of these 9 patients
underwent microsurgical lumbar dorsal decompression and/or
discectomy due to the assumption of a spinal degenerative dis-
ease. Two other patients underwent a biopsy with the assumption
of an intramedullary tumor. The remaining patient was admitted
to our center due to recurrence of the ISSDAVF after repeat endo-
vascular treatment performed elsewhere.

58

Radiologic Findings
Table 2 provides an overview of radiologic findings in all 20
patients.

On preoperative MR imaging, there was a medullary T2-
weighted hyperintense signal in all except 1 patient (95%) (mean,
7 vertebral levels; range, 0—13 vertebral levels). The signal altera-
tion involved the conus medullaris in 16 (80%) patients. There
was intramedullary contrast enhancement in 15 (75%) patients
(mean, 3 vertebral levels; range, 1-10 vertebral levels). Another 16
(85%) patients presented with an enlargement of the perimedul-
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lary veins in the upper thoracic and/or thoracolumbar region in
various extensions (mean, 4 vertebral levels; range, 0—7 vertebral
levels). The filum terminale vein (FV) was dilated in 12 (60%)
patients; in another 7 (35%) patients, other dilated lumbar veins
were detected. In the remaining patient, no pathologic changes of
the FV or the lumbar radicular veins were obvious in the presence
of dilated perimedullary veins.

All 20 patients underwent repeat spinal DSA until a definite
diagnosis was established (mean, 3 DSAs; range, 2—5 DSAs).

Overall, 8 (40%) patients received preoperative spinal CE-
MRA, which revealed no evidence of an SDAVF in the upper
thoracic or thoracolumbar region. However, in 7 of these 8 (88%)
patients, CE-MRA demonstrated a prominent FV or lumbar ra-
dicular vein in the MIP, and MPR images suggested fistula local-
ization in the deep lumbosacral region.

In 4 (20%) patients, the dilated perimedullary veins in the
thoracolumbar region were microsurgically exposed and the di-
rection of flow was assessed via Doppler sonography. The subse-
quent DSA was focused on the lumbosacral region, and a
IsSDAVF could be identified in all 4 patients.

DSA revealed, in 17 (85%) patients, an arterial supply via the
arches of the internal iliac arteries, namely the iliolumbar (n = 11)
and the lateral sacral arteries (n = 6). The remaining 3 patients
presented with an arterial supply via the middle sacral artery and
the L4 and L5 segmental arteries, respectively.

In 5 (25%) of these 20 patients, DSA demonstrated a bilateral
arterial supply via both the iliolumbar arteries (n = 4) and lateral
sacral arteries (n = 1). There were no major complications related
to angiography.

DISCUSSION
Because most studies that deal with sSSDAVFs are case reports and
smaller case series, more comprehensive studies are lacking.12
Thus, it was our aim to describe the clinical and radiologic fea-
tures of sSSDAVFs in a series of 20 consecutive patients who pre-
sented to our institution. In the literature, the sacral region was
considered a rare location for SDAVFs (4%).'>'®> However, the
incidence of IsSDAVF in our recent series accounts for up to
10.3% of patients with SDAVF. This higher rate of sSSDAVFs in
our series is explained by the large number of patients with sus-
pected SDAVFs who were referred to our institution as a tertiary
referral center for spinal vascular diseases. Moreover, our current
study also included SDAVFs localized at the L5 vertebral level
(n=4).

Nonetheless, to the best of our knowledge, our study repre-
sents, at the time of this writing, the largest single-center series
dealing with clinical and radiologic features of IsSSDAVF.

Clinical Features

The clinical presentations of SDAVFs of various locations are of-
ten nonspecific and may mimic a variety of conditions."* ' Initial
symptoms reported in the literature range from low back pain to
complete spastic paraplegia.”'>'” Comparing our recent findings
with a previous analysis of SDAVFs presented to our center be-
tween 1989 and 2002, we observed no essential differentiations
between clinical symptoms caused by IsDAVFs and those caused
by SDAVFs in other locations.'® Similar to patients with SDAVFs
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in other locations, most patients in our recent study had a slightly
progressive paraparesis, sensory abnormalities, and sphincter
dysfunctions at time of admission.'®

Moreover, the relatively high rate of misdiagnosis in patients
with 1sSSDAVFs (40%) demonstrates the difficulties in detecting
the suspected fistula and the broad spectrum of probable differ-
ential diagnoses.

These difficulties, in turn, may lead to clinically relevant delays
until the correct diagnosis is established. It has been hypothesized
that clinical symptoms become more severe the longer the correct
diagnosis and treatment are delayed and the venous congestion
persists.”'*'” We could not identify a significant correlation be-
tween symptom duration and the severity of morbidity for all 20
patients (P = .41). Nevertheless, intraindividual progressive de-
terioration of symptoms was present in all our patients.

Radiologic Findings

Consistent with findings of fistulas in other locations, typical MR
imaging findings in our series were a combination of intramedul-
lary edema and dilated perimedullary vessels.”*” In most cases,
the spinal cord demonstrated contrast enhancement reflecting
a disturbance of the blood-cord barrier in the presence of ve-
nous congestion."*"**

Nevertheless, the enlargement of the perimedullary veins was
absent and mild in 14 (70%) patients and prominent in only 4
(20%) patients. Additionally, dilated FV or radicular veins in the
deep lumbosacral region were the hallmark of IsSSDAVFs in our
MR images and were present in 95% of patients.

In all 7 of 8 (88%) patients who underwent CE-MRA, the
arterialized FV and lumbar veins appeared even more prominent
than the enlarged perimedullary veins in the respective cases.
Moreover, the multiplanar reconstruction of CE-MRA images in
our series allowed a sufficient differentiation between FV and
other lumbar veins. At least 3-mm sagittal sections in T1/T2 MR
images are necessary to identify these veins.

The prominent appearance of the FV in patients with IsSSDAVF
has been previously discussed in a few reposts.”*>* However, our
recent findings demonstrate that the deep lumbosacral course of
either a prominent arterialized FV or other lumbar radicular veins
combined with typical medullary congestion should always evoke
the differential diagnosis of an AV shunt in this region, even in the
absence of prominent perimedullary veins (Figure).

One of the milestones in the diagnostic evaluation of spinal
vascular malformations was the development of time-resolved
contrast-enhanced MR angiography.”'" In a series reported by
Mulletal,' the MRA-derived level of the feeding artery in SDAVFs
agreed with DSA findings in 14 of 19 cases, including 2 patients
with IsSSDAVF at the S1-2 level. In the remaining 5 cases, a mis-
match of only 1 vertebral level (not side) was noted for the feeding
artery.

CE-MRA facilitates localizing the AV shunt by focusing the
DSA on the assumed fistula region, resulting in a shorter inter-
vention time, less contrast agent application, and a lower expo-
sure dose.""

In fact, the need for microsurgical exploration to identify the
blood flow in the arterialized veins in the thoracolumbar region
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FIGURE. A and B, Sagittal T2- and contrast-enhanced T1-weighted images reveal congestive myelopathy and dilated perimedullary veins (white
arrows). C and D, Spinal CE-MRA shows dilated radicular veins in the lumbar region suspicious for an SDAVF in the lumbosacral region (white
arrows). E-H, DSA examinations identify the fistula in the dural sleeve of the left S2 root (black arrowhead) supplied via the lateral sacral artery
(white arrowhead). Note the upward draining sacral radicular vein (black arrow). 1 andJ, Intraoperative indocyanine green angiography confirms
the intradural course of the arterialized draining vein (black arrow) embedded at the ventral side of the S2 nerve root.

decreased in our series after establishment of the CE-MRA tech-
nique in our center.

Due to our recent experience, we found that more advanced
4D-MRA techniques with better time resolution may provide ad-
ditional information about the flow direction in the intradural
arterialized veins.

DSA remains the criterion standard for the definite diagnosis
of SDAVE.">'*?! Whenever a spinal AV shunt is suspected, an
angiography of all thoracic and lumbar segmental arteries is re-
quired. In nonconclusive cases, further examination of cervical
and pelvic arterial feeders is required.””

However, despite technologic advances, DSA of the pelvic re-
gion remains technically challenging. A trivial-but-common
problem that resulted in an impaired DSA image quality was
bowel dysfunction, present in most patients in our series. We
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could overcome these difficulties by the prophylactic administra-
tion of spasmolytic medication 1 day before or during the DSA.

Moreover, due to the low-flow character of these fistulas and
the long drainage up to the conus medullaris, sSSDAVFs could be
easily missed by inexperienced readers during DSA. Thus, pro-
longed DSA series with additional oblique and lateral projections
are recommended in these patients.

The fistula locations in our series ranged from L5 to S3 level.
Sixteen of 20 (85%) demonstrated an arterial supply via arches of
the internal iliac arteries. The arterial supply of the remaining 3
fistulas was unusual: Case 3 presented with an ISSDAVF localized
at the S1 level, with an arterial supply via the middle sacral artery;
cases 6 and 9 presented with a fistula localized at the L5 level with
an arterial supply via an atypical L5 segmental artery arising from
the abdominal aorta and a descending L4 segmental artery, re-
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spectively. Most interesting, fistulas localized at the L5 level (n =
4) presented with a broad variety of arterial feeders comprising
the iliolumbar arteries and L4 and L5 segmental arteries.

Moreover, 5 (25%) of 20 patients in our series presented with
a bilateral arterial supply via the arches of both internal iliac ar-
teries (On-line Figure).

The detection of a bilateral arterial supply of an IsSSDAVF was
significantly higher in patients who were diagnosed after estab-
lishment of CE-MRA in 2003 in our center (P <.05). This finding
reflects growth in our own experience in diagnosing theses fistulas
and the development of multimodal diagnostic tools.

The complex angioarchitecture in the deep lumbosacral re-
gion with a variant and frequently bilateral arterial supply may
contribute to difficulties in identifying the fistula. Thus, an opti-
mal DSA examination for the sacral region requires selective and
long visualization of all lumbar segmental arteries, the middle
sacral artery, and both internal iliac arteries and their arches. If
these examinations remain nonconclusive, super selective cathe-
terization of potential feeding arteries in the pelvic and lumbar
region may be indicated. Moreover, the bilateral arterial supply in
these patients could be sufficiently visualized in series with super-
selective distal microcatheter injection, resulting in a better opaci-
fication of the feeding arteries.

Whenever the AV shunt is identified, the ipsilateral and con-
tralateral feeding arteries above and below the fistula should be
examined to exclude the possibility of multiple arterial feeders to
the fistula zone from the adjacent arteries."**

Nonetheless, once an AV shunt in the deep lumbosacral region
is suspected, the most probable differential diagnosis for an
SDAVF is an arteriovenous malformation of the filum terminale.
In both cases, namely SDAVF and filum terminale—~AVM, symp-
toms are caused by medullary venous congestion resulting in
comparable myelopathic disorders and a progressive clinical
course. In contrast to sSSDAVFs, the filum terminale artery arising
from the anterior spinal artery predominantly feeds a filum
terminale-AVM.

Even though the filum terminale—AVM is an extremely rare
disease, one should be aware of this differential diagnosis in every
suspected AV shunt located in the deep lumbosacral region.

In inconclusive repeat DSAs, the search for the exact fistula
localization should not be discontinued in patients with a high
probability of an SDAVF.?” In certain cases, a surgical exploration
of the arterialized perimedullary veins might be helpful; to facili-
tate the detection of the fistula localization in subsequent DSA in
4 patients with repeat nonconclusive DSA examinations, we mi-
crosurgically exposed the arterialized perimedullary veins in the
thoracolumbar region at the level with the greatest vein enlarge-
ment. We then assessed the direction of blood flow in these veins
via intraoperative Doppler sonography. In all 4 cases, a caudocra-
nial blood flow was detected. Thus, subsequent DSA examina-
tions were focused on the thus assumed deep lumbosacral origin
of the fistula. This strategy was successful in all 4 cases.

In summary, we note that IsSSDAVFs remain diagnostically
challenging, even in experienced hands. Spinal CE-MRA pro-
vides, in most the cases, a sufficient visualization of the perimed-
ullary and lumbar draining veins and facilitates the subsequent
DSA examinations. However, for a precise fistula localization,
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DSA remains the criterion standard diagnostic tool. The low-flow
characteristics of these fistulas with a frequently variant arterial
supply and problems of optimal visualization may cause serious
difficulties in localizing the fistula via DSA. Thus, optimized DSA
examinations require a sufficient visualization of all potential
feeding arteries and draining veins in the pelvic and lumbar
regions.

In practice, prolonged series as well as additional oblique and
special lateral projections help visualize the intradural course of
the draining vein up to the conus.

CONCLUSIONS

Clinical symptoms caused by IsSSDAVFs are often nonspecific and
may mimic a variety of conditions. The presence of a dilated FV
and/or lumbar radicular vein on MR imaging/CE-MRA com-
bined with typical congestive medullary changes should always
evoke the differential diagnosis of an arteriovenous shunt in the
deep lumbosacral region, even in the absence of perimedullary
dilated veins. However, identifying IsSSDAVF via DSA remains
challenging due to the complex and variant spinal arterial supply
in this region and the difficulties in the optimal visualization of
the lumbosacral region.
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ABSTRACT
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Objective: Deep lumbosacral dural arteriovenous fistulas (ISDAVF) are rare and present serious diagnostic and
treatment difficulties. In our current analysis we present our treatment strategy and the long-term clinical
outcome of nineteen patients with IsDAVF.

Patients and methods: We retrospectively analyzed our radiological and medical records for patients presenting
with SDAVF between 1990 and 2018 at the University Hospital Aachen. We identified twenty patients with a
IsDAVF. All patients were treated surgically. One patient died of pulmonary embolism three months after
treatment and was excluded from our outcome analysis. Clinical data at time of admission, discharge, one year
after discharge and at the last follow-up were evaluated according to modified Aminoff-Logue disability score
(AL-score) for this analysis.

Results: Mean age was 65 + 7 years (median, 67; range, 53-78), sixteen patients (84 %) were male. After
surgery, four patients developed a recurrent fistula in the same shunt zone and were re-treated microsurgically.
Follow-up data one year after treatment was available in 15 patients. No relevant changes in AL-score were
observed within this period. For the long-term follow-up analysis, data of 13 patients were available; 38.5 % of
patients developed late functional deterioration.

Conclusion: In our cohort, patients with deep lumbosacral dural arteriovenous fistula had a higher risk of early
recurrence compared to patients with thoracolumbar SDAVF, with a considerable percentage of late functional
deterioration. Thus strict clinical and radiologic long-term follow-up examinations are recommended in those
patients.

1. Introduction

of ISDAVF consist of case reports and smaller case series, there is still no
specific data about the long-term outcome of these patients. Therefore,

The vast majority of spinal dural arteriovenous fistulas (SDAVF)
reported in the literature are located in the thoracolumbar area. In a
previous report from our institution, only 10.3 % of all patients with
SDAVF presented with a deep lumbosacral location. [1] In these fis-
tulae, diagnostic and treatment strategies pose particular challenges
due to the location as well as the complex angiomorphology of the
arteriovenous (av) shunt.

However, since the majority of studies that deal with the treatment

we aim in our current analysis to present the clinical long-term outcome
after surgical treatment of patients with this rare and difficult to di-
agnose subgroup of SDAVF.

Abbreviations: 1sDAVF, deep lumbosacral dural arteriovenous fistula; SDAVF, spinal dural arteriovenous fistula; av, arteriovenous; AL-score, modified Aminoff-

Logue disability score
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Fig. 1. A and B: Sagittal T2- and contrast-enhanced T1-weighted images show congestive myelopathy and dilated perimedullary veins (white arrows). C and D:
Spinal CE-MRA identifies a pathologically arterialized radicular vein in the deep lumbosacral region suspecting an arterivenous shunt in this region. E-H: DSA and
Dyna-CT examinations in lateral and p. a. projections precisely localize the fistula point in the dural sleeve of the right L5 root (white arrowheads) draining via the L5
radicular vein (white arrows). I-J: Intraoperative findings and ICG videoangiography confirms the intradural (dura: white arrowheads) course of the arterialized
draining radicular vein (white arrows). (ICG: Indocynine green).
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2. Patients and methods
2.1. Patients

We retrospectively analyzed our radiological and medical records
for patients presenting with SDAVF between 1990 and 2018 at the
RWTH University Hospital Aachen. We identified twenty patients with
a SDAVF localized in the deep lumbosacral region below L4 vertebral
level (IsSDAVF). Spinal epidural arteriovenous fistulas in this region
were excluded from the current analysis and reported elsewhere [20].
The diagnosis of in these patients was based on clinical and radiological
criteria comprising myelopathic symptoms, congestive myelopathy on
MR images and angiographic verification of the fistula location.

All but one patient received a microsurgical interruption of their
fistula. This patient underwent endovascular treatment and died of
unrelated pulmonary embolism three months after treatment, and was
therefore excluded from our long-term outcome analysis. Fig. 1 de-
monstrates neuroradiologic and intraoperative findings of a patient
with deep lumbosacral fistula.

2.2. Surgical treatment

Microsurgical treatment was performed under general anesthesia in
the prone position. We verified the radiological level of the fistula with
intraoperative fluoroscopic controls. A partial or total hemi-
laminectomy with partial medial facettectomy was performed at the
marked level to explore the nerve roots and the dura on the side of the
fistula. A paramedian dural incision was made. The arterialized
draining vein was identified under microscope and the intravenous
arterial blood flow was confirmed via intraoperative Doppler ultra-
sound (n = 17) and indocyaningreen angiography in the latter two
patients. The arterialized vein was coagulated and divided. If there was
hypervascularization of the radicular and/or periradicular dura, we
gently coagulated the respective area. There was no need for dura re-
section in any of the cases. We closed the dura in watertight fashion
without using dural graft in all cases.

2.3. Outcome and follow-up

After treatment, all patients received neurological examinations on
a daily basis during their stay in our department. Postoperative mag-
netic resonance imaging (MRI) examinations were acquired routinely
within one week after surgery in all patients. Early postoperative DSA
was performed in 6/19 patients during hospitalization to evaluate the
surgical results.

We used the Aminoff-Logue disability score (AL-score) (Table 1) to
evaluate the documented functional condition at time of admission in
our institution, at time of discharge, and on follow-up exams [2]
(Table 2).

All patients received neurological and radiological (MRI) follow-up

Table 1
Modified Aminoff-Logue disability score.

Grade Characteristics

Gait disturbances

0 Normal

1 Leg weakness, abnormal walk or stance, but no restriction of activity
2 Restricted activity

3 Requiring 1 stick for walking

4 Requiring 2 sticks, crutches or walker

5 Confined to wheelchair

Micturition

0 Normal

1 Hesitancy, frequency, urgency

2 Occasional urinary incontinence or retention
3 Total urinary incontinence or retention
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exam within 6-12 weeks after discharge, as well as annual clinical and
MRI examinations for a minimum of three years after treatment.

3. Results

Sixteen of nineteen (84 %) patients were male. Mean age was
65 + 7 years (median, 67; range, 53-78). Radiologic characteristics
and clinical presentations of all nineteen patients have been previously
described by our group elsewhere [1].

All nineteen patients received microsurgical interruption of the
IsDAVF. One case with delayed cerebrospinal fluid leakage was treated
successfully with lumbar drainage. No other operative or perioperative
complications related to surgical treatment were documented in the
remaining patients.

Early postoperative DSA examinations were obtained in 6/19 (31.6
%) patients due to surgeons preference to evaluate the surgical result;
no residual fistula was detected in any of these cases. All patients re-
ceived clinical and MR follow-up exams in our center three months
after discharge. Further annual clinical and MR follow-up examinations
were recommended in all patients. In case of ongoing medullar venous
congestion, persisting symptoms or functional deterioration after
postoperative improvement of the functional condition early CE-MRA
and DSA were indicated.

3.1. Clinical outcome

The most common neurological findings at time of admission in our
institution were subjective and objective gait disturbances of the lower
extremities, which were seen in all cases. Sensory symptoms of variable
severity were seen in eighteen (90 %) patients and comprised diffuse
loss of sensation and/or paresthesia in the lower extremities. One pa-
tient suffered dysesthesia from the T12 level on downwards. Thirteen
(68.4 %) patients presented with a bladder dysfunction at time of ad-
mission. Mean time between clinical onset and diagnosis was 15 * 1
months (median, 12; range, 1-36). The mean AL-score for gait at time
of admission was 3 = 1.4 (median: 3, range; 1-5) and for micturition
was 1.8 = 1.35 (median: 2, range; 1-3)

Long-term outcome was not available in four patients at the one-
year follow-up who were lost during follow-up and additional two other
patients at the last follow-up who die of causes not related to their
SDAVF during follow-up.

At time of discharge (n = 19), the mean AL-score for gait was
3 = 1.35 (median: 3, range; 1-5). The AL-score for gait had improved
in three (16 %) and was unchanged in sixteen (84 %) patients. The
micturition was unchanged in all nineteen patients.

At the one-year follow-up (n = 15), the mean AL-score for gait was
2.8 = 1.5 (median: 3, range; 0-5). The AL-score for gait was improved
in six (31.6 %) patients, unchanged in eight (42.1 %) patients, and
worsened in one (5.3 %) patient. The mean AL-score for micturition was
1.7 *= 1.43 (median: 3, range; 0-3). Micturition was improved in one
(5.3 %) and unchanged in eighteen patients (94.7 %). During the one-
year-follow-up, three patients were re-admitted to our center due to
progressive neurological deterioration (n = 1) or persisting motor dis-
abilities and medullar edema (n = 2). The fistula occlusion was pre-
viously confirmed in two of these three patients via early postoperative
DSA. All three cases presented a dural av shunt in the same previous
fistula zone and were treated microsurgically. No further surgery re-
lated complications were reported in any of the cases.

Follow-up data exceeding one year was available in 13/19 (68.4 %).
Table 2 provides an overview of follow-up results. Mean long-term
follow-up was 85.7 + 71.6 months (median, 69.5; range, 10-231
months). One of these thirteen patient was re-admitted to our center 21
months after surgery due to a persistence of medullar edema in the
follow-up MR-exams despite of fistula occlusion was confirmed via
early postoperative DSA. Angiographic follow-up examinations showed
a recurrent IsDAVF in the same previous fistula zone and microsurgical
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Table 2
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Baseline characteristics and long-term outcome analysis of patients with deep lumbosacral SDAVF. Neurological outcome was determined according to the Aminoff-

Logue score (AL-scores) for gait (G) and micturition (M). (n.d.: no data).

Case No. Age & sex Fistula location ~ Duration of symptoms (months) AL-score Fistula Recurrences
Pre-treatment At discharge Follow-up (one year) Last follow-up

1 66/M Sir 24 G3, M2 G3, M2 n.d. n.d. No

2 67/M L5 re 18 G2,M0 G2,M0 n.d. n.d. No

3 63/M Ss21 24 G2, MO G1, MO n.d. n.d. No

4 67/M S2r 26 G2, M2 G2, M2 n.d. n.d. No

5 73/M 51 9 G5, M3 G5,M3 G4,M3 n.d. No

6 55/M Slr 2 G5, M3 G5, M3 G5, M3 n.d. Yes (10mon)

7 71/M S11 11 G4, M3 G4,M3 G4,M3 G4,M3 Yes (7mon)

8 63/M S11 24 G4, M3 G4,M3 G4,M3 G4,M3 No

9 63/M S11 1 G4, M3 G4, M3 G5, M3 G5,M3 No

10 55/M S11 10 G1, MO G1, MO G1, MO G1,M0 No

11 56/M L5t 36 G3, MO G3, MO G3,M0 G4,M0 No

12 74/M I5r 24 G3, MO G3, MO G1,M0 G1,M0 No

13 60/ M Sir 30 G3, M3 G3, M3 G3, M3 G4, M3 Yes (1mon)

14 71/M Sir 14 G4, MO G4, M3 G3, M3 G5, M3 Yes (21mon)

15 70/ M Sir 3 G5, M3 G4, M3 G3, M3 G4, M3 No

16 67/ F S3 12 G1, MO G1, MO GO,MO GO,MO No

17 78/ M Sir 4 G4 (5), M3 G4, M3 G3, M2 G3, M2 No

18 53/F s21 7 G1, MO G1,M0 G1,M0 G1,M0 No

19 67/ F S11 9 G2, M1 G2, M1 G2, M1 G3, M1 No

re-treatment was performed successfully without further complications.

At long-term follow-up, the mean AL-score was 3 * 1.68 (median:
4, range; 0-5). Compared with the one-year follow-up AL-score for gait
at last follow-up had worsened in five (38.5 %) patients and was un-
changed in the other eight (61.5 %). Micturition was unchanged in all
thirteen patients.

4. Discussion

Our aim was to systematically investigate the clinical long-term
outcome and evaluate our treatment strategy in patients with IsSDAVF.

We found that outcome within one year after surgery is similar to
that of SDAVF of other locations [1,3]. Clinical symptoms of the ma-
jority of patients in our study were stable within the first year after
definitive treatment. In our long-term follow-up analysis within a mean
period of 85.7 * 71.6 months (range, 10-231 months), however, there
was late deterioration of gait in 5/13 (38.5 %) patients.

To the best of our knowledge, there is only one study in the lit-
erature that deals with long-term outcome of patients with IsDAVF in-
cluding data of eleven patients reported recently by Gioppo el al. [4]. In
their long-term analysis within a mean period of 31 months (range 6-57
months) the gait was improved in 8/11 (73 %) patients and stable in 3/
11 (27 %). Micturition improved in 4/11 (36 %) patients and remained
stable in 7/11 (64 %) patients. No functional deterioration was reported
in any of these patients [4].

Late functional deterioration in patients with SDAVF, in general, is a
well-known but still understudied phenomenon [5,6]. The higher rate
of late deterioration in our current cohort compared with the recently
reported series by Gioppo et al. about thirteen cases with sacral SDAVF
might be explained by the markedly longer follow-up period in our
analysis [4].

In general, it has been hypothesized that late functional deteriora-
tion after treatment of patients with SDAVF might be caused by not
fully understood long-term changes of spinal cord hemodynamics [6,7].
Nonetheless, our data do not allow determining the definite cause of
this late functional deterioration in these patients. Our results provide
also no sufficient explanation for the markedly higher rate of late de-
terioration in ISDAVF compared with that of an unpublished series of
other 40 patients with SDAVF (20 %) in higher levels, who were treated
in our center between 2006 and 2016.

We hypothesize that, hemodynamic changes as well as progressive
myelopathy might be probable causes of late functional deterioration in
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SDAVF patients despite sufficient interruption of av shunts and com-
plete regression of venous congestion.

Notably, the rate of relatively early recurrences in 4/ 15 (27 %)
cases in the current cohort of patients with IsDAVF was also higher than
the 1 % in a cohort of 59 patients with thoracolumbar SDAVF treated in
our center between 2006 and 2016 [8].

The main goal of SDAVF treatment should be a complete dis-
connection of the av shunt and consecutive reduction of the venous
congestion in the spinal cord [5,6]. Generally, optimal treatment by
means of endovascular embolization and/or surgical interruption of
SDAVF is still a controversial subject in the literature [9-13]. In line
with various other referral centers, microsurgical occlusion has been
the treatment of choice in the vast majority of patients with SDAVF in
our center, including those in the deep lumbosacral region
[9,10,14,15].

To the best of our knowledge, specific investigations about the ef-
ficacy of endovascular treatment of IsDAVF in a comparable large
sample series are still lacking in the literature.

However, the understanding of the specific morphology of the ar-
terial supply and the venous drainage in the deep lumbosacral region is
essential for an effective treatment management of SDAVF localized in
this area. In a previous report by our group we found that IsDAVF are
characterized by: 1) a frequent low-flow av shunt with subsequent small
drainage veins ascending to the conus medullaris, 2) a bilateral arterial
supply, 3) a frequently anterolaterally localized shunt zone (in contrast
to SDAVF in the thoracolumbar region where the shunt zone is typically
localized dorsolaterally in the respective nerve root sleeve) [8,16]. All
of which could make both angiographic as well as intraoperative
identification of the shunt zone and its respective arterialized drainage
veins challenging resulting in a higher rate of recurrent or residual
fistula (27 %).

Three of four patients with recurrent IsDAVF have received an early
postoperative DSA within the same inpatients stay with no evidence for
a residual fistula. Consecutive DSA studies showed a recurrent fistula in
the same previous shunt zone. Given these pitfalls, it is possible that
there was either actual delayed recurrence due to revascularization via
collateral microvascular channels of the shunt zone due to complex
arterial supply, or that the actual shunt zone and drainage vein could
have been partially or completely missed out in DSA exams and/or
during the microsurgical inspection due to the low-flow character of
these fistulas.

To overcome the diagnostic difficulties of this subgroup of SDAVF,
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various considerations should be made during MRI and DSA exams
[1,17,18]. Moreover, if surgical treatment is performed, intraoperative
doppler sonography and indocyanine green angiography (ICG) images
might facilitate the intraoperative identification of the fistula zone and
the draining vein, which is frequently located ventrolaterally to the
respective nerve root [19].

In summary, the complex vascular morphology of the deep lumbo-
sacral region makes the treatment of SDAVF in this region challenging.
Even in experienced hands, IsSDAVF are characterized by a relatively
high rate of recurrent and/or residual shunts after surgical treatment.
Specific data about endovascular treatment of ISDAVF are still lacking
in the literature.

Furthermore, these patients present a higher rate of late deteriora-
tion in long-term follow-up in comparison with patients of higher lo-
cated SDAVF and the impaired functional status of the vast majority of
patients with ISDAVF remains unchanged after treatment. Thus, clinical
and MR follow-up examinations including spinal MRA, should be car-
ried out strictly within at least the first three years after treatment in
order to rule out residual or recurrent fistulas. Particularly in patients
with persisting or deterioration of clinical symptoms and/ or radiologic
findings evident for congestive myelopathy spinal MRA and DSA should
be performed in order to rule out residual or recurrent fistulas.

5. Limitations

A major limitation of our study is the small sample size and the
retrospective approach with the lack of systematic follow-up exams,
both of which provoke speculative interpretation of our data to some
extent. As IsDAVFs are a rare but relevant entity, our results may
nevertheless serve as helpful reference to optimize the diagnostic,
therapeutic and follow-up strategies of this subgroup of SDAVF.

6. Conclusions

In our cohort, patients with deep lumbosacral dural arteriovenous
fistula had a higher risk of early recurrence (27 %) compared to patients
with thoracolumbar SDAVF, with a considerable percentage of late
functional deterioration. Thus, we recommend strict follow-up ex-
aminations via MRI/ MRA for these patients at least within a period of
three years after treatment to rule out recurrent and/or residual av
shunts.
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Background. - Spinal dural arteriovenous fistulas (SDAVF) are usually solitary lesions. Synchronous and/or
metachronous double SDAVF have rarely been reported in the literature. We report on three patients with
double SDAVF and present our single center experience in the diagnostic and treatment management in
these patients.

Material and methods. - We retrospectively revised our medical database for all patients who were diag-
nosed and treated in our center due to a SDAVF between 1990 and 2017. All data including demographics,
clinical presentations, as well as radiological data were re-evaluated for this study.

Results. — Three (1.4%) of 209 consecutive patients with SDAVF presented double SDAVF with different
arterial feeders and venous drainage patterns. All three patients were men. The mean age at time of diag-
nosis was 67.9 + 10 years (median; 68, range: 53-82). Myelopathic symptoms were reported in all three
cases. All three fistulas were located in the thoracolumbar region between T7 and L2. MRI/CE-MRA showed
medullar T2-hyperintensity, intramedullary contrast-enhancement and dilatation of perimedullar veins
in various extensions.

Conclusion. - Double SDAVF are extremely rare and were found in 1.4% of patients in our series. The vast
majority of the reported double SDAVF in the literature has been detected synchronously within an area
of equal or less than three vertebral levels. Thus, whenever the SDAVF is identified, further injections of
the fistula-zone neighbored segmental arteries might be recommended. However, due to the extremely
low incidence of double SDAVF a complete spinal DSA is not indicated.

© 2018 Elsevier Masson SAS. All rights reserved.

Introduction

SDAVF is the most frequent vascular disease of the spinal cord
and its meninges and accounts for about 70% of all spinal arte-
riovenous (av) pathologies of the spinal cord and its meninges.
The disease becomes symptomatic predominantly in elderly men
between 40 and 60years [1,2].

SDAVF are usually solitary lesions and are commonly localized
in the thoracolumbar region, They may be encountered from the
sacral region, supplied via spinal branches of the iliolumbal arteries
or the middle sacral artery, to the level of the foramen magnum
supplied via cervical feeders including both vertebral arteries, the
thyreocervical and costocervical trunk and the ascending cervical
artery [3-5]. The venous drainage in all these spinal arteriovenous
shunts occur typically transdurally into the coronal venous plexus
producing medullar venous hypertension that leads to swelling and
edema within the spinal cord and accompanies the characteristic

* Corresponding author.
E-mail address: mmull@ukaachen.de (M. Mull).

https://doi.org/10.1016/j.neurad.2018.09.004
0150-9861/© 2018 Elsevier Masson SAS. All rights reserved.

symptoms of a slowly progressive paraparesis, bowel and bladder
dysfunction and sensory disturbances [6].

The fistula-zone itselfis predominantly located at or in the nerve
root sleeve, supplied by meningoradicular branches of a segmental
artery and draining transdurally into the coronar venous plexus [7].

However, multiple SDAVFs have rarely been reported in the
literature. (Table 1) In this study we report on the clinical and radi-
ologic features of three patients with double SDAVF and present
our single center experience in the diagnostic and treatment man-
agement in this patients series.

Material and methods

After obtaining permission from our local ethics board, we ret-
rospectively revised our medical database for all patients who were
diagnosed and treated in our center due to a SDAVF between 1990
and 2017.

The initial diagnosis of SDAVF was based on clinical and radio-
logical criteria that comprised:

https://doi.org/10.1016/j.neurad.2018.09.004

Please cite this article in press as: Jablawi F, Mull M. Double spinal dural arteriovenous fistulas. ] Neuroradiol (2018),

68



G Model
NEURAD-758; No.of Pages5

2 F. Jablawi, M. Mull / Journal of Neuroradiology xxx (2018) XXxx-Xxx

Table 1

Overview of all twenty-eight cases of double spinal dural arteriovenous fistulas reported in the literature (including present cases). n.d.: no data.
Author Age and sex Timing of Location Treatment

diagnosis N N N
Lesion 1 Lesion 1 Lesion 3

Thiebot et al. [31], 1986 24,F synchronous T4r T121 14,151 n.d.
Merland et al. [32], 1985 n.d.( 4 cases) n.d. n.d. n.d. n.d.
Barnwell et al. [33], 1991 69, F metachronous c1-C2r C5-C6 1 surgery
Pierot et al. 47, M synchronous T6l T8r combined
[14], 1993 64, M synchronous T8 1 T91 surgery
Chaloupka et al. [34], 1995 48, M synchronous L11 T91 combined
Dam-Hieu et al. [35], 2001 49, M synchronous T6 1 L1r surgery
van Dijk et al. [36], 2002 62,M metachronous T5 (n.d.) T9 (n.d.) (n.d.)
El-Serwi et al. [37], 2006 47, M synchronous T7r T5r1 embolization
Sugawara et al. [38], 2005 72,M metachronous T6 L1 surgery
Rizvi et al. [39], 2006 50,M metachronous T9 L-1 combined/surgery
Shankar et al. [40], 2011 61,M synchronous cezl c61 C3,C6r embolization
Geetal. [41], 30,M synchronous T121 L1l surgery
2013 62,M synchronous T6 1 T3r embolization
Oshita et al. [42], 2011 74,M synchronous (@] C1 surgery
Cenzato et al. [43], 2007 45, M synchronous T5T1 T61 surgery
Dagar et al. [44], 2010 58, M metachronous T121 Lir surgery
Hanakita et al. [45], 2012 57,M synchronous T7r T121 surgery
Hetts et al. [46], 2013 40, M synchronous C5-C61 C5-C6 1 surgery
Avecillas-Chasin 72,M metachronous T7r T12r embolization/surgery
etal. [47],2015 51,M metachronous Clr c1l surgery
Kaku et al. [48], 2017 56, M metachronous Clr S2r surgery
Present cases
1[26] 63,M metachronous Lir L21 surgery
2 65,M synchronous T81 T9r surgery
3 51,M synchronous T71 T7r surgery

e clinical squeal of myelopathy resulting in motor or sensory
disturbances with or without vegetative bladder-bowel dysfunc-
tions and;

* MR imaging findings of congestive myelopathy of the spinal cord
and/or visibly engorged perimedullary veins.

All suspected cases of SDAVF were verified by DSA. All clinical
data including demographics, clinical and neurological presenta-
tion, as well as radiological data were assessed by the primary
treating physicians and re-evaluated for this study.

Results

We identified 209 consecutive patients with angiographically
verified SDAVF. Three (1.4%) of these 209 patients presented double
SDAVF and were included in the recent study. (Table 1)

All three patients were men. The mean age at time of diag-
nosis was 67.9+10years (median; 68, range: 53-82). All three
patients presented with paresis, gait ataxia, and sensory deficits
in the lower extremities in various severities. Sphincter dysfunc-
tion was present in one of these three patients at time of admission
in our center.

All SDAVF were located in the thoracolumbar region between
T7 and L2. T2w-hyperintense signal and elongation and/or dilata-
tion of perimedullar veins were present in all three patients. There
was intramedullary contrast enhancement in two of these three
patients. All three patients underwent a microsurgical interrup-
tion of their fistulas. One patient showed postoperatively a space
occupying epidural hemorrhage in the post-operative MRA. The
hematoma was surgically evacuated without further procedural
complications.

Ilustrative case

This 51-year-old man complained of a one-year history of
weakness and ataxia in the lower extremities, accompanied by
cramping pain in both thighs. During the year he had also devel-
oped paraesthesia in the dorsal and medial site of the both thighs

and feet. Slowly progressive urinary and bowel incontinence fol-
lowed. At time of admission neurological examination revealed
proximal accentuated spastic paraparesis grade 3/5 with gait ataxia
and brisk tendon reflexes in the lower extremities. All sensory
modalities were reduced in the dorsal site of the both thighs. Mag-
netic resonance imaging (Fig. 1) revealed a medullar edema of the
thoracic spinal cord from T 6 to the conus at L1 vertebral level
with centromedullary hyperintensity in T2-weighted images. No
medullar contrast enhancement was shown. Enlarged and tortu-
ous perimedullar veins became apparent by flow voids and contrast
enhancement, extending from the craniocervical region to T6 verte-
bral level dorsally to the spinal cord. CE-MRA revealed a pathologic
early arterialization of the enlarged perimedullar veins suggest-
ing a SDAVF at the level of T6/T7 intervertebral foramen. Spinal
angiography showed a dural arteriovenous shunt at the level of the
intervertebral foramen T6/T7 supplied by meningeal branches of
the left T7 segmental artery as assumed in the CE-MRA. Further
examinations of the ipsilateral and contralateral segmental arter-
ies showed a bi-segmental arterial supply of the left av shunt at T7
via a dural branch from the right T6 segmental artery. The venous
drainage of this fistula was ascending to cranicervical region con-
tinuing into the left sigmoid sinus. Interestingly, we identified an
additional SDAVF localized at the level of the right T6/T7 interverte-
bral foramen and supplied by the right T7 segmental artery showing
a different and less prominent ascending venous drainage pattern.
Both fistulae were occluded microsurgically in the same session via
laminectomy of T7.

Discussion

Though SDAVFs are considered to be an acquired disease, their
precise etiology is still unknown [7]. In the presence of an av shunt
in the spinal dura, venous hypertension in the coronal venous
plexus causes usually a chronic reduction of the intramedullary
av pressure gradient [8]. These hemodynamic changes were
considered in the literature to be the most pathophysiological con-
tributing factor of congestive myelopathy [9-11]. Nevertheless, for
successful treatment management a sufficient opacification and
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Fig. 1. A-B.Sagittal T2- and contrast-enhanced T1-weighted images show medullar edema in the thoracic region and extensive dilated perimedullar veins. C. Spinal CE-MRA
(MIP) reveals abnormal arterialized perimedullar veins in the thoracic and cervical region (white arrowhead). D-I1. DSA examinations in pa projection as well as axial and
coronar MPR of Dyna-CT of the left T 7 segmental artery. D-F. Identify primarily a SDAVF (white arrow) with ascending and descending perimedullar draining veins (white
arrowhead). Further DSA examinations. G-1. Of the fistula zone neighbored segmental arteries reveal a second fistula (white arrow) supplied via the right T7 segmental artery
and presenting a different and less prominent venous drainage pattern (white arrowhead).
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profound understanding of the angiomorphology of the fistula via
spinal MRI/CE-MRA and DSA are mandatory [12].

Among 209 SDAVF patients who were treated in our institution
between 1990 and 2017, only three (1.4%) cases presented a dou-
ble SDAVF with different arterial feeders, distant fistula zones and
various venous drainage patterns.

Multiple SDAVFs have been mentioned in the literature only
incidentally in case reports or in few larger case series without
further specific descriptions. Table 1 provides an overview about
all reported double SDAVF in the literature. An analysis of Merland
et al. about 57 patients included four cases with double SDAVFs,
estimating an incidence for double SDAVF of 7% in the respective
series [13]. However, the authors did not specifically describe the
location of neither the fistula zones nor the venous drainage pat-
tern in these four patients. In another series of 50 patients, Pierot
et al. reported on two (4%) patients with double SDAVF [14].

Nonetheless, sufficient data about the true incidence of dou-
ble SDAVF is still missing in the literature. Various factors might
hinder the precise estimation of the incidence of double SDAVF.
On the one hand, classic SDAVFs are generally a rare entity; Thron
etal. assumed an annual incidence for SDAVF of 5-10 cases per mil-
lion [7]. Due to this low incidence of SDAVF and to the diagnostic
difficulties, patients with suspected SDAVF are mainly referred to
specialized centers with high expertise in diagnosing and treating
this kind of spinal vascular diseases [15]. This might induce, in turn,
a referral selection bias in statistical analysis of these patients. On
the other hand, the variability of diagnostic, treatment and follow-
up strategies in the various referral centers might result also in a
discrepancy in the estimated rate of double fistula [16-19].

All three patients in our recent series have been referred to our
center due to chronic progressive myelopathic symptoms and radi-
ological findings evident of a SDAVF. Paraparesis and gait ataxia
were present in all three patients at time of diagnosis. Case 2
suffered additionally bowel dysfunction at time of admission in
our center. MR images in all three cases demonstrated medullar
edema and pathologically enlarged perimedullar vessels in vari-
ous extensions along the thoracolumbar region. Two of these three
patients presented centromedullary contrast enhancement in var-
ious extensions.

Even though the very small sample size of our recent series does
not allow a statistical analysis, we observed no major differences
between the clinical presentations and MR findings of this series
and those of patients with solitary SDAVF diagnosed in our center
[1]. Nonetheless, the typical but non-specific neurological and radi-
ological findings in SDAVF patients contribute, generally, to often
misdiagnosing and subsequent delay of the correct diagnosis and
treatment [20].

In the last two decades advanced diagnostic tools have been
developed to facilitate the diagnosis of spinal vascular malforma-
tions [12,21]. Since 2004/2005, we perform initially spinal CE-MRA
in SDAVF patients whenever it is possible [12,22]. CE-MRA may
serve to detect, localize, and characterize, various types of spinal AV
shunts with a high sensitivity [ 12].Ina previously reported series by
our group, CE-MRA could correctly predict the level of the fistula
within one vertebral level in nineteen patients with SDAVF [12].
Hence, we usually focus our DSA examinations primarily on the sus-
pected region shown in the prior CE-MRA [12]. All three patients
underwent a spinal selective DSA examination in our center for
definite diagnosis.

Including the present cases, sufficient data about the timing of
the diagnosis was available for twenty-five of all twenty- eight dou-
ble SDAVF cases. In sixteen (64%) of these twenty-five patients the
second fistula was localized in a distance of equal or less than three
vertebral levels from the first identified one. Furthermore, in eleven
(69%) of these sixteen cases the double SDAVF have been diagnosed
synchronously during the same DSA examination.

This frequently close spatial relationship between double SDAVF
might be based on common etiological factors. SDAVF were con-
sidered to occur secondary to thrombosis and/or outlet disorder
of spinal venous system resulting in a so-called medullar venous
congestion. Thus it is conceivable that, the presence of a single
SDAVF could promote the development of a second fistula due to
the subsequently increased medullar venous pressure and the con-
comitant venous stagnation and thrombosis in the adjacent veins.

Based on our own experience, once a SDAVF is identified fur-
ther injections of all neighbored ipsi- and contralateral segmental
arteries above and below the fistula-zone might be necessary for
sufficient visualization of the angiomorphology. Nonetheless due
to the:

o extremely rare incidence of double SDAVF and;

e due to the fact that the vast majority of reported double SDAVF
were localized in a circumscribed area of the spinal dura and
have been often synchronously identified, a routine complete
DSA examination of all spinal cords feeding segmental arteries
might not be indicated.

It might be otherwise recommended only in cases of discrepancy
between CE-MRA findings and the verified fistula location on DSA,
such like various suspected arterial feeder and/or different venous
drainage patterns.

All three patients in our recent study underwent microsurgical
interruption of their SDAVF. Data about treatment strategy of dou-
ble SDAVF are available for twenty-one of all reported twenty-eight
cases. Thirteen (62%) of these twenty-one cases underwent surgical
treatment, other five (24%) cases received endovascular and sur-
gical treatment, and the remaining three (14%) patients received
solely endovascular embolization.

The main goal of treatment is to disconnect the av shunt and to
reduce the venous congestion of the spinal cord by endovascular
embolization and/or surgical interruption [16,23-25].

Surgical interruption was the first-line therapy for all SDAVF in
our center [17,26]. Our treatment strategy is in line with various
large representative series [19,27]. It is a safe, effective and rela-
tively simple intervention with the exception of sacral fistulae [17].
In a large meta-analysis dealing with sixteen studies that provided
information on surgical success rates Steinmetz et al. reported a
success rate of 97.9% for surgical treatment regardless of SDAVF
localization [19]. In contrast, the success rate of endovascular treat-
ment reported in various studies ranged between 69.2% and 89.5%
[28-30].

All included patients in our recent series received a neu-
rological examination in a daily basis and a MRI examination
within one week after surgery. We usually recommend, in all
SDAVF patients, further clinical and MR follow-up examinations
three, six months, and twelve months after discharge. Extensive
clinical and neuroradiological examinations should be, however,
performed in case of progressive deterioration after treatment, per-
sistence of symptomatology and/or pathological MRI findings six
months after treatment, or in case of late neurological deteriora-
tion after initial improvement with no evidence of other possible
contributing pathologies [12]. In those cases, CE-MRA and DSA re-
examinations should comprise all spinal cord feedings arteries to
exclude local recurrence, second SDAVF, or possible other spinal
vascular pathologies.

Limitations

Major limitations of our study are the small sample size and the
retrospective approach, both of which might provoke speculative
interpretation of our data to some extent.
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However, our recent observations may provide an overview of
specific diagnostic and treatment strategies of this rare disease, in
particular since the incidence of double SDAVF is extremely low and
there are very few data concerning this fistuals in the literature.

Conclusion

Double SDAVF are extremely rare and have been yet reported
in overall twenty-eight patients in the literature (including the
present cases). The rate of double SDAVF in our series accounts
for 1.4% of all SDAVF in our own series. The vast majority of the
reported cases has been detected synchronously and the multiple
fistulas were localized within an area of equal or less than three ver-
tebral levels. Due to these observations, the routine opacification
of the SDAVF neighbored ipsi- and contralateral segmental arter-
ies might be recommended in all SDAVF patients, but a complete
spinal DSA is not indicated once the dural av shunt is identified.
However, if clinical and/or neuroradiological follow-up examina-
tions revealed an evidence of a persisting av shunt, spinal CE-MRA
and complete DSA are mandatory.
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Spinal Epidural Arteriovenous Fistula with Perimedullary
Venous Reflux: Clinical and Neuroradiologic Features of an
Underestimated Vascular Disorder

M. Mull, ¥’ A. Othman, ““’M. Dafotakis, ““'F.-J. Hans, ““’G.A. Schubert, and ““F. Jablawi

ABSTRACT

BACKGROUND AND PURPOSE: The purpose of this study was to discuss the clinical and radiologic characteristics of spinal epidural
arteriovenous fistulas (SEAVF) and demonstrate their specific angiomorphology in a single-center series.

MATERIALS AND METHODS: Thirteen consecutive patients were diagnosed with SEAVF at RWTH Aachen University Hospital between
2006 and 2018 and were included in this study. All patients had MR imaging and DSA before treatment; 10 of these 13 patients received
contrast-enhanced MRA (CE-MRA).

RESULTS: The mean patient age was 72 * 8 years. Paraparesis was present in 12 (92%) patients. Sphincter dysfunction and sensory
symptoms were observed in 7 (54%) and 6 (46%) patients, respectively. The mean duration of symptoms was 6 = 8 months. Congestive
myelopathy on MR imaging was present in all patients. Prominent arterialized perimedullary veins were demonstrated in only 3 cases.
CE-MRA revealed arterialized perimedullary veins and an arterialized epidural pouch in 9/10 (90%) patients, mostly located ventrolaterally.
DSA demonstrated a multisegmental extension of the arterialized ventrolateral epidural pouch in 6 (46%) cases. An intradural radicular
drainage vein was localized distant from the original fistula point in 3 (23%) patients.

CONCLUSIONS: Congestive myelopathy with an acute/subacute clinical course was the dominant finding in spinal epidural arterio-
venous fistulas. CE-MRA is a powerful diagnostic tool for identifying arterialized perimedullary veins as well as an arterialized epidural
pouch. While arterialized perimedullary veins frequently present with only mild enlargement and elongation in spinal epidural arterio-
venous fistulas, the arterialized epidural pouch is frequently located ventrolaterally and may extend over several vertebral levels. DSA
remains the criterion standard to precisely visualize a spinal epidural arteriovenous fistula and its intradural radicular drainage vein, which
may be located distant from the fistulous point.

ABBREVIATIONS: AV = arteriovenous; CE-MRA = contrast-enhanced MRA; SDAVF = spinal dural arteriovenous fistula; SEAVF = spinal epidural arteriovenous
fistula

arious classifications have been established for spinal vascular
malformations and fistulas based on their vascular supply, ve-
nous drainage pattern, and nidus location and morphology. The
most common classification of spinal vascular diseases was devel-
oped by Oldfield and Doppman in 1988." They classified these
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lesions into 4 types comprising classic spinal dural arteriovenous
fistulas (SDAVFs), glomus arteriovenous malformations, congeni-
tal juvenile arteriovenous malformations, and perimedullary arterio-
venous fistulas. The much rarer spinal epidural arteriovenous fistulas
(SEAVFs) were not included in this classification.

In contrast to the SDAVF, the arteriovenous (AV) shunt in
the SEAVF is located in the epidural space. The venous drain-
age of these AV shunts varies from pure epidural fistulas with
extradural venous drainage to combined epidural and intra-
dural venous reflux.”

A SEAVF with perimedullary venous reflux has been thought
to present with nonspecific myelopathic symptoms comparable
with those of a typical SDAVE.>* However, their precise angio-
graphic and clinical presentations have not yet been investigated
in alarge number of patients and might still be unfamiliar to most
neurologic and radiologic physicians.

A clear recommendation for treatment technique and strategy
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is also still lacking in the literature. The goal of treatment is, how-
ever, the interruption of the intradural radicular drainage vein to
stop the arterialization of perimedullary veins and additionally
the obliteration of the arterialized epidural pouch to decrease the
risk of residual or recurrent fistula. These goals can be achieved
either surgically or endovascularly.

To further characterize this extremely rare subgroup of fistu-
las, we identified 13 patients presenting with an SEAVF with peri-
medullary venous reflux to demonstrate their anatomic features
and clinical and radiologic presentation.

MATERIALS AND METHODS

After obtaining permission from our local ethics board, we retro-
spectively evaluated the medical and radiologic reports of patients
with an SEAVF diagnosed between January 2006 and February
2018 in RWTH Aachen University Hospital. All clinical data, in-
cluding demographics and clinical presentation, were assessed by
the treating physicians and re-evaluated for this study. In partic-
ular, we re-evaluated the neurologic status at time of admission to
our institution, the duration of symptoms from onset until diag-
nosis, as well as previous misdiagnoses and treatment. The docu-
mented functional condition at time of discharge was rated as
worse, stable, or improved.

All patients underwent spinal MR imaging (n = 13) and/or
contrast-enhanced MRA (CE-MRA) (n = 10) before spinal an-
giography. Five (39%) of these 13 patients underwent repetitive
DSA for a definite diagnosis. As a rather new technique, C-arm
flat panel CT was performed in the last 5 patients of this cohort.

Radiologic data were analyzed blinded to all clinical data by
both the first and last author. The first author is an interventional
neuroradiologist with >30 years” experience in spinal angiogra-
phy and spinal vascular diseases; the last author is a consultant
neurosurgeon with a many years’ experience in clinical, radio-
logic, and surgical aspects of spinal vascular diseases. A reference
standard for statistical analysis was established in a consensus
reading. We retrospectively evaluated the arterial supply, venous
drainage patterns, and location and extension of the arterialized
epidural pouch in our DSA findings of all included patients.

MR/CE-MRA Imaging
MR imaging was performed in 7 patients at 1.5T (Intera, Release
10:3; Philips Healthcare, Best, the Netherlands) and in 6 patients
at 3T (Prisma; Siemens, Erlangen, Germany) (n = 6) as part of the
routine clinical work-up. Sagittal T2- and pre- and postcontrast
T1-weighted images were obtained as well as axial T2- and con-
trast-enhanced T1 images of the thoracolumbar region. In 1 pa-
tient, examination was limited to the lumbar and deep thoracic
regions only. The craniocaudal extension of the T2 signal hyper-
intensity and the medullary contrast enhancement were qualified
by the number of vertebral levels shown to be affected on T1 and
T2 MR images. The appearance of the perimedullary veins was
rated subjectively as mild, moderate, or prominent due to their
tortuous and dilated appearance in the T1 and T2 images.
Contrast-enhanced MR angiography was performed on a clin-
ical 1.5T MR imaging system with a phased array spine coil in 4
patients. To emphasize the arterial phase of the bolus enhance-
ment relative to the venous enhancement, we sampled the k-space
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using elliptic centric ordering, which allowed separation into ar-
terial and mixed arterial-venous enhancement. Further details
about this CE-MRA technique have been previously described by
our group elsewhere.”®

In 6 patients, time-resolved angiography with stochastic tra-
jectories was performed on a clinical 3T MR imaging system. This
CE-MRA also divides k-space into 2 regions but samples them
alternately using a semi-randomized method. It allows a rapid
acquisition of multiple images during the passage of the contrast
bolus.

DSA
Selective spinal DSA was performed via a femoral approach in a
dedicated biplanar neuroangiographic suite (Artis zee biplane;
Siemens). Standardized angiography included selective manual
injections of 4-5 mL of 300 mg/mL of iodinated nonionic con-
trast medium into the lumbar and intercostal arteries. If the pre-
ceding MRA examination suggested the level of a SEAVF, DSA
protocol included at least injection of the segmental arteries, on
both sides, 1 level above and below the suggested level. Imaging
was in the anteroposterior direction with 2 frames per second.
Oblique and lateral views were added to depict the morphology of
the AV shunt as well as the intradural course of the draining vein.
Film sequences of at least 5-20 seconds were obtained. Further-
more, 3D C-arm conebeam CT acquisitions (so-called Dyna-CT;
Siemens) were performed in the last 5 patients in this cohort with
a total acquisition time of 8 seconds. The arterial injection for the
conebeam CT angiogram allowed both early and late opacifica-
tion throughout the acquisition. MPRs were performed using an
external postprocessing workstation.

The extension of the epidural pouch, the arterialized perimed-
ullary veins, and the location of the perimedullary veins (dorsal,
ventral) were analyzed on the basis of CE-MRA and DSA.

RESULTS

Clinical Presentations

Ten (77%) of 13 patients were men. The mean age was 72 * 8
years (median, 77 years; range, 59—83 years). Overall, 10 (77%)
patients presented with a relatively short clinical course (<6
months) with progressive motor weakness in the lower extremi-
ties. The remaining 3 (23%) patients experienced a gradual onset
and progressive deterioration of neurologic function. The mean
interval between symptom onset and diagnosis was 6 = 8 months
(median, 3 months; range, 1-24 months) when excluding 1 sta-
tistical outliner in this series with a symptom duration of 60
months (Table 1).

The most common neurologic findings at admission in our
institution were gait disturbances due to paraparesis in 12 (92%)
patients. The remaining 1 (8%) patient had neurogenic claudica-
tion without manifest motor deficits. Eight (62%) patients re-
ported sphincter dysfunction at admission to our institution. Sen-
sory symptoms in various severities were documented in 7 (54%)
patients and comprised diffuse loss of sensation and/or paresthe-
sia in the lower extremities.

All 13 patients underwent microsurgical interruption at our
center. Microsurgical dorsal lumbar decompressions and discec-
tomies due to assumption of a spinal degenerative disease were



Table 1: Clinical presentation of patients with spinal epidural arteriovenous fistula

Patient Age Duration of Status
No. (yr)/Sex Symptoms (mo) Symptoms at Diagnosis at Discharge
1 78,M 6 Paraparesis, sphincter dysfunction Improved
2 63, M 1 Paraparesis, sphincter dysfunction hypesthesia below T10 Stable
3 77,M 15 Paraparesis, hypesthesia L4, ataxia, sphincter dysfunction Stable
4 60, F 15 Paraplegia, hypesthesia disturbances below T10 Improved
5 68,F 24 Neurogenic claudication <100 m Improved
6 77,M 15 Paraplegia, hypesthesia below L1, sphincter dysfunction Stable
7 64,F 1 Paraparesis, sphincter dysfunction Improved
8 83,M 60 Paraparesis , hypesthesia, sphincter dysfunction Stable
9 72,M 0 Paraparesis, hypesthesia, sphincter dysfunction Stable
10 80,M 12 Paraparesis, sphincter dysfunction Stable
1l 77,M 2 Paresis of left foot, ataxia Stable
12 78, M 3 Paraparesis, hypesthesia Stable
3 59,M 5 Ataxia Stable
Table 2: Angiomorphologic characteristics of spinal epidural arteriovenous fistulas
Extension of Location of
Origin of Extension Arterialized Arterialized No. of
Patient Intradural Radicular of Epidural Perimedullary Perimedullary DSAs until
No. Arterial Feeder® Drainage Vein® Pouch® Veins® Veins® Diagnosis
1 3R 3L 13-14 T8-TI2 D=V 2
2 L3 bilateral, L4 L 3L 12-14 T3-TI2 D=V 2
3 LIR LIR L ND D<V 1
4 L3 bilateral L3R L3 T9-11 D>V 1
5 Left iliolumbar artery S1 Sl T7-T12 D>V 3
6 TIOLand TIIL L2L T10-L3 Té-L1 D=V 3
7 LL L2L L1-L2 T3-T12 D=V 1
8 TI2L TI2L Ti2L ™m D>V 3
9 L3L L3L L3L T6-T12 D<V 1
10 L4R L4R L2-L4 T3-TI10 D=V 1
1l 3L Slbilateral L3-S1 TI0-L1 D>V 1
12 L3R L3R L3R T9-T12 D<V 1
IE) LIR LIR LIR TI0-L1 D>V 1
Note:—D indicates dorsal to spinal cord; V, ventral to spinal cord; L, left; R, right; ND, no data.
2DSA.
© MRA/DSA.

performed elsewhere before a definite diagnosis in 3 (23%) of
these 13 patients.

Radiologic Findings
Data of preoperative MR images were available in all 13 patients
(Table 2). There was a centromedullary multisegmental T2WT hy-
perintense signal with involvement of the conus medullaris in all
patients (mean, 7 vertebral levels; range, 1-13 vertebral levels). In-
tramedullary contrast enhancement was present in 10/12 (83%) pa-
tients (mean, 3 vertebral levels; range, 1-10 vertebral levels).

Enlargement and elongation of arterialized perimedullary
veins in the thoracic and/or thoracolumbar region were detected
in various manifestations in all patients, mild in 6 (50%), moder-
atein 3 (25%), and prominent in the remaining 3 (25%) patients.
The arterialized perimedullary veins were localized predomi-
nately dorsal to the spinal cord in 5 (42%) and ventrally in 3
(25%). In the other 5 patients, arterialized perimedullary veins
were observed dorsal and ventral to the spinal cord. In 9 (90%) of
10 patients who underwent CE-MRA before DSA at our center,
the arterialized ventrolateral epidural pouch was additionally de-
tected, triggering the diagnosis of an SEAVF.

In 5 patients, >2 DSA examinations were necessary to estab-
lish the diagnosis of SEAVF (Table 2).

Angiographically, 10 (77%) of the 13 fistulas were in the lum-
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bar region, and 2, (15%) in the lower thoracic region below T10,
respectively. The remaining (8%) fistula was located in the sacral
region. The arterialized ventrolateral epidural pouch in 6 (46%)
of 13 patients extended over several vertebral levels (mean, 2 ver-
tebral levels; range, 1-3 vertebral levels). Multiple arterial feeders
were detected in 3 (23%) patients.

Furthermore, the intradural radicular drainage vein originated in
3 (23%) patients distant from the level of the fistula-feeding segmen-
tal artery, ipsilaterally in 2, patients 6 and 7, and bilaterally in patient
11 (range, 1-3 vertebral levels) (Table 2).

DISCUSSION
Definition and Pathogenic Aspects of SEAVF
Arteriovenous disorders of the epidural venous plexus have been
rarely reported in the literature.””® Paraspinal AV shunts were
first clearly described by Cognard et al® in 2 patients with retro-
grade filling of intradural veins. The first SEAVF in our institution
was diagnosed in 2006 and reported elsewhere.'® Since then,
SEAVFs have been more frequently diagnosed in our center. The
finding might reflect a better understanding of this particular vas-
cular disorder as well as the growing diagnostic impact of spinal
MR angiography.

The angioarchitecture, namely the feeding arteries, the venous
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FIG1. A, Sagittal T2- weighted images (3T; T2-TSE; slice thickness, 3 mm) reveal extensive congestive myelopathy (white arrowhead). B-D, Spinal
CE-MRA (3T; time-resolved imaging with strochastic trajectories (TWIST); sagittal MIP; coronal and axial MPR) shows arterialized pouch in the
lumbar ventrolateral epidural space (white arrows) in association with arterialized perimedullary veins in the thoracic region (white arrowheads)
suspicious for a SEAVF in the lumbar region. E, DSA in lateral projection shows a SEAVF (white arrow) supplied via branches of the left L2
segmental artery (black arrowhead) and drained via the respective intradural radicular vein (white arrowheads). Note the extraspinal venous
outlet (asterisk).

drainage pattern, and the location of the AV shunt itself, differen-
tiate these SEAVFs from the more frequent SDAVFE.®

Concerning the angioarchitecture in SEAVF, the blood supply
of the epidural arterial arcade is usually derived from numerous
osseous and epidural branches of the segmental arteries with mul-
tisegmental and/or collateral anastomoses running along the spi-
nal epidural space.”'" In contrast, SDAVFs are usually supplied
via radiculomeningeal branches of the radicular arteries, which
run within the dural sleeve of the respective nerve roots."”

The venous drainage in SEAVF can occur epidurally and trans-
durally via an intradural radicular drainage vein into the perimedul-
lary venous plexus, in contrast to the venous drainage in classic
SDAVE, which occurs exclusively transdurally into the perimedul-
lary venous plexus.”

Concerning the location of the AV shunt, the fistulous zone in
all our patients was in the ventral and ventrolateral epidural
spaces with variable craniocaudal extension of the arterialized
epidural pouch along several vertebral levels (Fig 1).

In 1 patient, the epidural shunt was even more complex, cross-
ing the midline; multiple compartments of the epidural plexus
were filled ventrally as well as the contralateral intradural radicu-
lar vein on the same vertebral level (Fig 2).

The frequent ventral/ventrolateral location of the arterialized
ventrolateral epidural pouch in an SEAVF could be explained by
the rich venous anastomoses of the relatively wide ventral epidural
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space in the thoracic and lumbar regions.'” The posterior venous
plexus is not well-appreciated angiographically and is not regularly
involved in any pathologic process.”'* In contrast to the SEAVF, the
AV shunt in a classic SDAVF is usually located within the dural sleeve
of the nerve root dorsolaterally in the thoracolumbar region and
mainly ventrolaterally in the deep lumbosacral region.™">

Nonetheless, the precise pathomechanism of the transdural
venous drainage in both SDAVFs and SEAVFs is still unclear.'>'®
An anti-reflux-impeding mechanism between both the epidural
and perimedullary venous systems has been a matter of dispute in
various anatomic studies.'>'”*" Tadié et al'” reported an anti-
backflow system within the transdural course of the radicular veins,
resulting from narrowing and zigzagging of the vein walls while
crossing the dura. Thron et al'* differentiated 2 types of transdural
venous courses: a slit-like and a zigzag bulgy type. Both types of trans-
dural venous courses might act as a valve protecting against reflux
from the epidural into the coronal venous plexus.'*'? Nonetheless,
due to the valveless venous walls of the epidural plexus, it is also
conceivable that this anti-reflux mechanism might decompensate
under high-pressure conditions and the venous blood could flow in
either direction.'®'**'** A retrograde filling of radicular veins from
the epidural venous plexus has also been observed in a few anatomic
studies.'”'>'7'%2+2> Moreover, during spinal DSAs and epidural
phlebography, epidural shunts without reflux into the perimedullary
veins have been occasionally visualized."”



FIG 2. A-B, Sagittal T2- and contrast-enhanced Tl-weighted images (3T; T2-TSE; TI-TSE; slice thickness, 3 mm) show extensive congestive
thoracic myelopathy. C, Spinal CE-MRA (sagittal MIP) reveals an abnormal arterialized epidural pouch in the lumbar region (white arrow) in
addition to thoracic arterialized perimedullary veins (white arrowhead). D, DSA (posteroanterior projection) exams identify the fistula in the
epidural space on the vertebral level of L4 (white arrow), supplied via the right L4 segmental artery and drained by the contralateral L4 intradural
radicular vein (white arrowhead). E and F, Axial and coronal MPR of DynaCT, 2 mm, 8 seconds rotation: Note the multisegmental and bilateral
extension of the arterialized epidural pouch and the left sided origin of the intradural radicular drainage vein crossing the dura at the

contralateral neural foramen (white arrowhead).

On the basis of these observations, one could assume that epi-
dural shunts might occur more frequently than previously
thought, but they often remain asymptomatic as long as the trans-
dural anti-reflux mechanism remains intact.'*'*

An intravenous stasis and/or acute hydrostatic disturbances
within these arterialized elongated epidural compartments might
reinforce the development of venous thrombosis. This may, in
turn, induce acute disruption of the dural anti-reflux mechanisms
causing transdural venous drainage and subsequent congestive
myelopathy.*® Supporting this hypothesis, the origin of the arte-
rialized radicular vein in 3 (23%) patients in our series was caudal
to the epidural AV shunt (Fig 3).

Clinical Presentation

Due to the extremely low incidence of SEAVFs, clinical presenta-
tions of these lesions have been rarely reported systematically in
larger sample series.'**” Most patients in our study presented
with motor weakness of the lower extremities, sphincter dysfunc-
tion, and sensory disturbances (Table 1) at admission. After treat-
ment, clinical symptoms of most patients in our study stabilized
or were mildly improved at discharge.'**” This result is in accor-
dance with those in case series reported by Kiyosue et al'* and
Nasr et al.”’

Due to the arterialization of the perimedullary venous plexus,
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several progressive pathophysiologic changes can occur in the spi-
nal cord and its vessels, such as hyalinization, vascular calcifica-
tion, necrosis, and gliosis, all potential contributors to irreversible
functional deterioration of the spinal cord.”®*°

One major finding in our current analysis was the relatively
rapid clinical course of SEAVFs compared with classic SDAVFs.
This might be triggered by acute hemodynamic changes of the
venous outflow of the spinal cord caused by thrombosis and/or
hydrostatic changes in the epidural and perimedullary venous
plexus.”

Radiologic Findings

The hallmarks of SEAVFs on MR imaging in our current cohort
were the following: 1) congestive thoracolumbar myelopathy with
a high rate of conus medullaris involvement, 2) a predominantly
nonprominent appearance of the pathologically arterialized peri-
medullary veins in most cases (75%), and 3) the presence of ven-
trally/ventrolaterally located arterialized epidural venous pouches
detected in 9 of 10 patients with CE-MRA preceding DSA.

The value of CE-MRA in diagnosing an SDAVF has been pre-
viously reported by our group.® In a series of 19 patients with
SDAVFs, the correct localization could be achieved in 14 (74%)
patients. In the remaining 5 patients, a mismatch of only 1 verte-
bral level was noted.® Our current findings are supported by
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FIG 3. A, Spinal CE-MRA (1.5 T, sagittal MIP) reveals an extensive pathological arterialization of a ventrolateral epidural venous pouch extending
over four vertebral levels (white arrow). B—C, Further reconstructions of the source MRA images (coronal and axial MPR) demonstrate precisely
the epidural pouch (white arrow) and show the filling of the intradural radicular drainage vein (white arrowhead). D—E, DSA exams (posteroan-
terior projections) identify the multisegmental ventrolateral epidural pouch of the SEAVF (white arrow) with multiple left-sided arterial feeders
supplied by the thoracic segmental arteries T 10 and T 11. Note the distant origin of the intradural radicular drainage vein (asterisk).

Mathur etal,>! who recently observed, in a series of 7 patients with
SEAVFs, a high accuracy and reliability of CE-MRA for identifi-
cation and localization of these lesions.

DSA is, however, still regarded as a basic diagnostic tool for the
angiomorphologic, pretherapeutic evaluation in spinal AV fistulas
and malformations.”**** In 5 (38%) of 13 patients, even repetitive
spinal DSA remained inconclusive and did not sufficiently depict the
suspected AV shunt before referral to our center.

Based on our experience, reasons for this failure rate were
insufficient opacification of the respective segmental artery based
on atherosclerosis and anatomic obstacles and a too-short DSA
series, resulting in missing the intradural radicular and/or peri-
medullary veins. Moreover, 4 of these 5 patients did not undergo
spinal CE- MRA initially, which may have facilitated the diagnosis
via subsequent DSA.

Spinal angiography offers a dynamic visualization of the an-
gioarchitecture of vascular malformations, including the arterial
feeders, the morphology of AV shunts/venous pouches, and the
draining veins.”*

Overall, 12 (92%) fistulas were located in the thoracolumbar
region and were supplied by segmental arteries. The remaining
(8%) fistula was located in the sacral region and was supplied by
branches of the left iliolumbar artery. Also, multisegmental or
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collateral arterial feeders of the arterialized ventrolateral epidural
pouch were present in 3 (23%) of our patients. In contrast, of 196
patients with SDAVFs treated at our center between 1990 and
2017, only 9 (4.6%) fistulas presented with a multisegmental or
bilateral arterial supply.”*>

The predominant thoracolumbar location of SEAVFs and
the higher rate of multiple arterial feeders of SEAVFs com-
pared with classic SDAVFs could also be explained by the wide
epidural space and the rich epidural anastomotic arterial net-
work in this region.>”"?

The arterialized epidural pouch extended over several verte-
bral levels in 6 (46%) patients. The intradural radicular drainage
vein in 3 of these 6 patients was distant from the epidural fistulous
point. This multisegmental distance between the fistulous feeding
artery and the origin of the intradural radicular drainage vein has
never been previously observed in any classic SDAVF at our
center.'>”?

Because the main goal of treatment of SEAVF is the discon-
nection of the intradural radicular drainage vein as well as the
complete interruption of arterialized epidural compartments, the
precise localization of the intradural radicular drainage vein in
SEAVF is essential to reduce the risk of residual or recurrent fis-
tulas irrespective of the treatment technique and strategy.



Limitations

A major limitation of our study is the small sample size and the
retrospective approach. Because spinal epidural arteriovenous fis-
tulas are a very rare but clinically relevant entity, our results may,
nevertheless, serve as an orientation for future studies, in partic-
ular because there are scarce data concerning this topic in large
cohorts in the literature.

CONCLUSIONS

Congestive myelopathy with an acute or subacute clinical course
is a dominant finding in SEAVFs. The presence of myelopathic
symptoms combined with medullary venous congestion with or
without contrast enhancement on MR imaging should require
CE-MRA, even in cases of nonprominent perimedullary veins. In
SEAVFs, CE-MRA is a powerful noninvasive diagnostic tool to
identify the epidural AV shunt itself and detect arterialized peri-
medullary veins. DSA remains obligatory for the angiomorpho-
logic analysis of the epidural AV shunt, which frequently extends
ventrolaterally over several vertebral levels. DSA is mandatory for
identifying the origin of the intradural radicular drainage vein
that may be located distant from the epidural fistulous point.
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Anticoagulation Therapy After Surgical Treatment of Spinal Dural Arteriovenous Fistula.
Effectiveness and Long-Term Outcome Analysis

Fidaa Jablawi'?, Gerrit Al d

OBJECTIVE: Effectiveness and safety of anticoagulation
therapy (AC) after treatment of spinal dural arteriovenous
fistula (sdAVF) are still inadequately discussed in the
literature and are addressed in this study.

METHODS: We retrospectively analyzed our medical
database for patients with sdAVF treated in our institution
between 2006 and 2016. Neurologic status at time of
admission, discharge, and last follow-up was d via

Schubert’, Franz-Josef Hans**, Michael Mull’

CONCLUSIONS: Acute postoperative deterioration in
patients with sdAVF is a clinically relevant complication
and was present in 7.5% of patients in our series. Although
routine therapeutic AC did not decrease the rate of acute
deterioration significantly, our findings imply that thera-
peutic AC in cases of acute postoperative deterioration
might be a safe and efficient treatment option.

Aminoff-Logue disability score.

Patient cohorts were dichotomized as group A (post-
operative therapeutic heparinization) and group B (routine
thromboembolic prophylaxis with low-dose heparin).

RESULTS: Fifty-three patients were included in this
analysis. In group A (n = 11), no acute deterioration was
reported. In group B (n = 42), 4 patients developed acute
postoperative deterioration; therapeutic AC was initiated in
all 4 patients resulting in complete neurologic recovery
within the inpatient stay. However, the incidence of post-
operative deterioration did not reach statistical signifi-
cance between treatment groups (P = 0.57).

Data of 40 patients were available for long-term analysis
(mean, 534 + 36 months). Neurologic status did not differ
significantly between both groups at time of admission
(P = 0.093), discharge (P = 0.723), and last follow-up
(P = 0222).

INTRODUCTION

nitial symptoms of sdAVF usually comprise sensorimotor
I disturbances, gait difficulties, sphincter dysfunction, and less
frequently, radicular pain.”* Because of the nonspecific na-
ture of their signs and symptoms, sdAVFs are often misdiagnosed
as spinal degenerative disease, peripheral neuropathy, transverse
myelitis, or medullar neoplasm.*>>
Since the first description of sdAVF by Aminoff and Logue in
1974, several explanations for the underlying cause have been
provided.*®° However, medullar venous congestion was consid-
ered to be the most important pathophysiologic mechanism
inducing myelopathic symptoms.”® In the presence of an
arteriovenous (AV) shunt, various pathologic changes have been
observed in the draining veins and the coronal venous plexus,
including progressive fibrosis and thrombosis.”""**  Also,
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microvascular thrombosis has been detected frequently in the
spinal cord parenchyma of patients with sdAVF."

The complete interruption of the respective draining vein should
be the main goal of treatment.”'* Nonetheless, acute postoperative
deterioration is a rare and thus understudied phenomenon in these
patients.””™ The rapid development of microthrombosis in the
coronal venous plexus immediately after disconnection of the fistula
was considered to induce acute functional deterioration."” Based on
this hypothesis, various studies recommended the use of
anticoagulation (AC) after treatment of sdAVF.’>'® However, the
role of postoperative AC is still insufficiently studied. It is the pur-
pose of this study to present our single-center experience and
evaluate the effectiveness and safety of immediate postoperative AC
therapy in microsurgically treated patients with sdAVF as a treat-
ment approach for possible acute deterioration and/or acceleration
of neurologic recovery.

METHODS

Patients
After obtaining permission from our local ethics board, we retro-
spectively analyzed our prospectively maintained medical database for
all patients treated in our institution for angiographically verified
sdAVF between June 2010 and February 2016. The diagnosis of sdAVF
in these patients is based on clinical and radiologic criteria comprising
1) myelopathic symptoms including motor and/or sensory distur-
bances with or without vegetative bladder-bowel dysfunctions, 2)
magnetic resonance imaging (MRI) findings of medullar edema,
medullar contrast enhancement, and/or engorged perimedullary
veins, and 3) angiographic verification of sdAVF. All clinical data
including demographics, clinical and neurologic presentation, and
surgery reports as well as clinical and radiologic follow-up data were
assessed by the treating physicians and re-evaluated for this study.
We dichotomized our cohort regarding the administration of
AC as follows:

1) therapeutic treatment group (A): routine postoperative thera-
peutic AC.

2) prophylactic group (B): routine thromboembolic prophylaxis
only.

The therapeutic AC was performed empirically and based on the
individual surgeon’s preference. In general, that was considered
standard operating procedure at the time, but was changed later,
resulting in the 2 cohorts described in our current study.

Surgical Treatment

The microsurgical procedure was performed under general
anesthesia in the prone position. The level of the fistula was
verified with intraoperative fluoroscopy. A partial or total hem-
ilaminectomy at the marked level was performed to explore the
dura and the respective nerve root at the site of the fistula.
A paramedian dural incision was then made, followed by
microscopic verification of the arterialized draining vein and
confirmation of arterialization via intraoperative Doppler so-
nography and indocyanine green angiography. The arterialized
vein was then coagulated and disconnected from the dura, fol-
lowed by watertight dural closure. In cases of extradural hyper-
vascularization of the radicular and/or periradicular dura, the
respective fistular area was also coagulated extradurally.

AC Therapy

In the therapeutic treatment group (A), patients received thera-
peutic AC with parenteral unfractionated heparin (UFH) aimed
at a partial thrombin time (PTT) of 40—50 seconds or high-dose
weight-adjusted low-molecular-weight heparin (LMWH) (1 mg/kg
body weight twice a day) initiated within 3 hours after surgery. We
controlled PTT 12 hours after initiating the therapeutic AC and
then on a daily basis and adapted according to the goal PTT.

In the prophylactic group (B), all patients received routine
postoperative antithrombotic prophylaxis via low-dose LMWH
(40 mg/o.4 mL) only, initiated on the first postoperative day. In
cases of acute postoperative deterioration, patients received sec-
ondary therapeutic AC via UFH (goal PTT of 40—50 seconds).

Outcome and Follow-Up

After surgery, all patients received neurologic examinations on a
daily basis. All patients underwent postoperative MRI routinely
within 1 week after surgery. Early postoperative digital subtraction
angiography (DSA) was performed only if intraoperative findings
did not confirm complete fistula interruption. Additional follow-
up analysis was performed via telephone survey with an overall

Table 1. Demographic and Clinical Findings of Both Therapeutic and Prophylactic Treatment Groups

All Patients Therapeutic Group Statistical

Patients (n = 53) (A, n =11) Prophylactic Group (B, n = 42) Significance (P Value)
Age (years) 671+ M 67.45 £ 10 67 £ 1 0.637

Sex (female/male) 15:38 38 12:30 0.932

Duration of symptoms (months) 198 £ 23 15.45 & 19.58 20.97 4 2463 0.385

AL score at time of diagnosis 283+ 15 31+14 273+ 15 0.093

Acute postoperative deterioration 4 (7.5%) No patients 4 patients 0.57

AL score at time of discharge 234 +£12 228+15 236 £ 14 0.723

AL score at time of follow-up 242 + 18 (n = 40) 27+1h=7 236 +2(n =33 0.222

AL, Aminoff-Logue.

WORLD NEUROSURGERY 114: E698-e705, June 2018 WWW.WORLDNEUROSURGERY.ORG E699

82



FIDAA JABLAWI ET AL.

ORIGINAL ARTICLE

ANTICOAGULATION THERAPY AFTER SURGICAL TREATMENT OF SDAVF

Table 2. Clinical Findings of Patients with Acute Postoperative Deterioration After Surgical Treatment of Spinal Dural Arteriove

Fistula

Case Number

Clinical Presentations

At Time of Admission

Early Postoperative

Outcome at
Time of Discharge

Anticoagulation Therapy,
Duration (Days)

1

Mild ataxia

Paraparesis 4/5, dysesthesia,
mild ataxia, mild bladder dysfunction

Paraparesis 1/5, transverse sensory
disturbance T10, bladder dysfunction

2 Distal accentuated paraparesis 3/5,
ataxia, bladder dysfunction
3 Distal accentuated paraparesis Proximal accentuated
4/5, ataxia paraparesis 2/5
4 Paraparesis 3/5, hypesthesia Paraparesis 2/5, dysesthesia

UFH, 6 Unchanged to pretreatment

UFH, 8 Unchanged to pretreatment
1) UFH, 7 Unchanged to pretreatment
2) UFH, 8

UFH, 7 Unchanged to pretreatment

UFH, unfractionated heparin.

mean follow-up period of 52.7 + 36.8 months (median, 53.5;
range, 3—156 months).

The Aminoff-Logue (AL) disability score was used to evaluate
the functional condition at the time of admission (pretreat-
ment), at the time of discharge, and at the time of our tele-
phone survey. In cases of otherwise unrelated death, functional
status before death was determined by discussions with family
members.

Statistics

Pearson’s (* test and Fisher exact tests were used as applicable.
Student t test and Mann-Whitney U test were used depending on
modality of data distribution as tested for by Shapiro-Wilk test.
P values with an o level <o.05 were defined as significant. All
statistical analyses were performed with SPSS version23 software
(IBM Corp., Armonk, New York, USA).

RESULTS

Of 59 patients with sdAVF diagnosed and treated in our institution
within the specified time period, 6 were excluded from this
analysis because of incomplete medical records.

The occlusion rate based on postoperative MRI/magnetic reso-
nance angiography follow-up examinations after initial surgical
interruption of sdAVF was 98% in our cohort. Only 1 patient was
found to have a residual fistula on early postoperative DSA, which
was occluded surgically 2 days after the initial operation.
Procedure-related complications were observed in 3 patients (6%).
Two patients developed wound infection and 1 patient was treated
for postoperative cerebrospinal fluid leakage.

Acute postoperative deterioration of the pretreatment neuro-
logic status was observed in 4 patients (7.5%) in our series. No
complications associated with AC were observed.

The data of 40 patients were available for long-term outcome
analysis, with 13 patients lost to follow-up as a result of unregis-
tered changes of address or telephone number (Table 1).

Therapeutic Treatment Group (A)
Eleven patients had therapeutic AC (mean duration, 7.2 + 0.8
days; range, 6—8 days). No AC-related complications were re-
ported during the inpatient stay.

Early outcome analysis showed improvement of AL score for
gait in 4 (36%) and unchanged AL score in 7 patients (63.6%) at

Table 3. Initial Neuroradiologic Findings of Patients with Acute Postoperative Deterioration After Surgical Treatment of Spinal Dural

Arteriovenous Fistula

Preoperative Finding

Case Sex/Age Fistula Adamkiwiecz Medullar Enlargement of
Number (Years) Location Artery Contrast Enhancement Medullar Edema Perimedullar Veins
1 M, 66 L L1R T10-L1 T6-L1 m™-u

2 M, 67 TI1R Not identified* T8-L1 T3-L1 T3-L1

3 M, 69 2L L No contrast enhancement No edema T5-11

4 M, 81 m2L m2L T8-L1 T5-L1 T-T 12

M, male; L, left; R, right.
*Adamkiewicz artery was not identified in the thoracolumbar region from T7 to L1.
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Figure 1. Preoperative magnetic resonance imaging (A, B) shows
congestive myelopathy (T2) and medullar contrast enhancement (T1) at
the level of the thoracolumbar junction (narrow white arrows). (C, D)
Contrast-enhganced magnetic resonance angiography shows an arterilized
perimedullar vein at vertebral level T10 to T12 (source images; D, white
arrowheads). (E) Follow-up T2-weighted magnetic resonance imaging

N

shows significant reduction of myelopathy. (F—I) Pretreatment spinal
digital subtraction angiography identifies the fistula point (black arrows) at
the level of the left T12 nerve root with the respective drainage vein (black
arrowheads). The Adamkiewicz artery arises at the same level and side of
the identified fistula (white arrowheads).
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Figure 2. Intraoperative images show the draining radicular vein of a
spinal dural arteriovenous fistula (black arrowheads) localized
dorsolaterally to the left T11 nerve root before (A) and after (B)
microsurgical interruption. The arteriovenous shunt is supplied via
radiculomeningeal branches (black arrows, dura, asterisk) of the left T11
segmental artery. Note the decreased diameter of the proximal
segment of the draining vein after microsurgical disconnection. (B, black
arrowhead).

the time of discharge, compared with the pretreatment status.
None of the patients developed acute postoperative deterioration.

For long-term analysis, data of 7 patients (64%) were available
in this group. Mean long-term follow-up was 73.9 + 16 months
(median, 76; range, 53—97 months). At the time of last follow-up,
3 patients (43%) reported further gait improvement, 2 patients
(29%) were unchanged, and another 2 patients (29%) reported late
functional deterioration of gait.

Prophylactic Group (B)

A total of 42 patients were included in this group. Four of these 42
patients developed acute deterioration within the first 2 post-
operative days (mean, 0.75, range; o—2 days) (Table 2), but the
difference between group A and B did not reach statistical
significance (P = o.57) (Table 1). Secondary therapeutic AC
(UFH, PTT of 40—s50 seconds) was initiated in all 4 patients
with acute deterioration, immediately after exclusion of
hemorrhage via emergency MRI. Neurologic deterioration
resolved completely within a few days after therapeutic AC

(mean, 6.8 £ 1.2 days; range, 5—8 days). One patient (case 3)
developed secondary aggravation of his paraparesis 3 days after
termination of secondary therapeutic AC, which in turn resolved
completely after restarting AC. At the time of discharge, all 4
patients presented an unchanged neurologic status compared
with the pretreatment status.

At the time of discharge (n = 42), the gait had improved in
19 patients (45%) and was unchanged in 23 patients (55%). At long-
term follow-up (n = 33; mean, 48.2 & 39.4 months; median, 34
months; range, 3—156 months), 17 patients (51.5%) reported gait
improvement, 11 patients (33.3%) were unchanged, and 5 patients
(15%) reported late deterioration of their gait disturbances.

Neurologic status did not differ significantly between group
A and B at the time of admission (P = 0.093), discharge (P =
0.723), and last follow-up (P = 0.222) (Table 2).

DISCUSSION

The aim of treatment of sdAVF is the reduction of medullar venous
congestion via disconnection of the AV shunt, by surgical inter-
ruption and/or endovascular embolization."™*7

The occlusion rate in our recent series was 98% after initial
surgery. Our results were comparable to those provided in the
literature:  Saladino et al.”® reported complete surgical
obliteration in 146 of 154 patients with sdAVF (94.8%). In a
large meta-analysis of 16 studies, Steinmetz et al.”” reported a
success rate of 97.9% for surgical treatment. Thus, in our
center, surgical interruption is the fist-line treatment for
sdAVF, with reported endovascular occlusion rates in the liter-
ature ranging from 46% to 89.5% and a higher rate of re-
currences.’®**** Regardless of the treatment strategy, the
posttreatment clinical course is usually variable."®>°3 Supple-
mentary therapy with beneficial influence on the clinical course
in these patients has not yet been identified. The administration
of steroids postoperatively has been discussed previously in
several studies, but various investigators have observed a higher
incidence of acute posttreatment deterioration with adminis-
tration of steroid therapy in these patients.**>°

Postoperative low-dose heparinization via UFH as well as
weight-adjusted LWMH administration have been regarded to be
effective and safe for prophylaxis and/or treatment of venous
thromboembolism after neurosurgical procedures without an
excessive bleeding risk.””** However, the use of AC therapy after
fistula occlusion in particular is a well-known practice and a
plausible treatment approach given the risk of rapid thrombosis of
all affected vasculature.”>*® However, this particular treatment
issue is still insufficiently studied.

Therapeutic AC was performed in our center empirically and
based on the individual surgeon’s preference after surgical treat-
ment of patients with sdAVF.

In our series, we observed no acute postoperative deterioration
or AC-related complications in patients receiving therapeutic AC
(group A). In group B, 4 of 42 patients developed an acute post-
operative deterioration within the first 2 postoperative days, but
the difference was not statistically significant. Therapeutic AC was
initiated in all patients with acute postoperative deterioration,
resulting in a resolution of neurologic symptoms within a few days
after AC.
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Figure 3. Graphic representation of a spinal dural
arteriovenous fistula in the thoracolumbar region, (A)
before interruption of the arterialized draining vein with
a blood flow in cranial and caudal direction in the
perimedullar veins (black curved arrows), (B) after

coagulation of the proximal segment of the draining
vein (black arrow) with possible thrombosis and/or
stasis in this segment and additional hemodynamic
changes of the venous blood flow in the perimedullar
veins.

The pathomechanisms of acute deterioration after fistula
interruption have been discussed in a few reports.'®**293°
Criscuolo et al.”” hypothesized that in the prone position, a
transmission of the increased intra-abdominal and intrathoracic
pressure to the spinal venous system could increase the medullar
venous congestion and subsequently the risk of additional cord
injury during surgery. Even more complex anatomic pre-
dispositions and local hemodynamic changes could also
contribute to the acute postoperative deterioration. In 1 patient
with acute postoperative deterioration in our series (Table 3, case 4),
the origin of the Adamkievicz artery was located on the same side
of the fistula-supplying radicular artery (Figure 1). In case 3, the
Adamkiewicz artery was identified 1 vertebral level below the
fistula zone. Thus, it is conceivable in these cases that
vasospasm of the Adamkiewicz artery might have been induced
through surgical manipulation and/or coagulation, resulting in
additional acute disturbance of the arterial blood supply of the
spinal cord.

In case 1, the Adamkiewicz artery was localized on the contra-
lateral side and 2 vertebral segments above the verified sdAVF. In
case 2, selective angiography of the segmental arteries from T7 to
L1 showed no evidence for the Adamkiewicz artery in the

respective levels (Table 3), making local vessel constriction a
potential but not the sole contributor to neurologic worsening.

In 3 of these 4 patients, an extensive medullar congestion and
edema (75%) with a mean extension of 9.3 £ 1.5 vertebral levels
(range, 8—11 vertebral levels) (Table 3, cases 1, 2, and 4) was
observed in the pretreatment MRI.

Because the spinal cord drains mainly through small-caliber
radiculospinal veins, venous drainage may become sensitive to
acute hemodynamic alterations in the coronal venous plexus.*

Hassler et al."** observed in an intraoperative study that even
although no blood flow was detectable in the large draining veins
after fistula occlusion, these veins did not collapse completely and a
residual intravenous pressure remained measurable (Figure 2).
Thus, it is conceivable that this hemodynamic situation could, in
turn, predispose the dilated valveless perimedullar veins to stasis
and/or microthrombosis provoking a secondary increase of the
medullar venous pressure (Figure 3). Supporting this theory, case
3 in our series redeteriorated 3 days after terminating the
postoperative AC and recovered completely after AC was initiated
again. Furthermore, few case reports have shown the occurrence
of acute deterioration after endovascular embolization of
sdAVE.?*?%3° All these cases were treated successfully with AC,
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based on the assumption of a postinterventional thrombosis in the
venous system of the spinal cord.*”

Based on these observations, we assume that in surgically
treated patients 1) the prone position during surgery, associated
with an elevated systemic venous pressure, could increase the
preexisting medullar venous hypertension; and 2) the subsequent
disconnection of the AV shunt could, in addition, lead to acute
changes of the microcirculation and/or to development of micro-
thrombosis in the dilated and engorged perimedullar veins.
Moreover, patients with preexisting extensive venous congestion
might be more sensitive to such acute hemodynamic changes.

Thus, AC therapy in these patients might sustain venous
outflow of the spinal cord and reduce thereby the risk of additional
acute medullary compromise. In addition, shortening of operating
time may reduce the risk of probable additional medullar injury as
a result of increased systemic venous pressure in prone position.
This factor should be considered particularly in patients with
extensive medullar venous congestion.

Our study provides a comparison of long-term outcome of
patients with and without therapeutic AC after microsurgical
interruption of sdAVF. Routine therapeutic AC did not result in a
significant improvement of functional outcome during hospitali-
zation or during long-term follow-up, and neurologic results
overall were in accordance with other reports.’*

The rate of gait improvement reported in various microsurgical
studies with follow-up times <100 months ranged between 38%
and 67%.4'®3334 It was also presumed that long-term outcome of
patients with sdAVF is predicted by the age of the patients at time
of diagnosis, the duration of symptoms before diagnosis, and the
severity of pretreatment neurologic disabilities.”*3*3> Moreover,
the long-term deterioration after treatment of sdAVF is a described
phenomenon in the literature and has been observed in 7 of 40
patients (18%) who were eligible for long-term follow-up in our
recent series.””* In their long-term analysis with >100 months of
follow-up, Tacconi et al. reported a late deterioration in 65% of

patients, whereas only 10% improved and 25% were unchanged.
These investigators suggested generalized hemodynamic abnor-
malities of the spinal cord vessels together with the effects of age
on a previously compromised cord.**

Microsurgical treatment of sdAVF is an effective and safe
treatment modality.”® Although the sample size is too small to
draw a definite conclusion, our findings imply that the use of
AC therapy might be safe and effective in treating patients with
acute postoperative deterioration after fistula occlusion.
However, routine postoperative AC does not influence functional
improvement at time of discharge or at time of long-term
follow-up.

Limitations

A major limitation of our study is the small sample size and the
retrospective approach with an inherent interpretational bias.
Because sdAVF is a rare but clinically relevant entity, our results
may nevertheless serve as an orientation for future supplementary
treatment options and algorithms.

CONCLUSIONS

Acute postoperative deterioration of patients with sdAVF is a
clinically relevant complication after surgical treatment and was
present in 7.5% of patients in our series. Routine therapeutic AC
might not reduce the risk of acute postoperative deterioration
significantly or influence the long-term outcome. However, our
findings imply that AC might be a safe and effective treatment
option in reversing acute postoperative deterioration, possibly by
sustaining venous microcirculation and outflow of the spinal cord.
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Long-Term Outcome of Patients with Spinal Dural
Arteriovenous Fistula: The Dilemma of Delayed Diagnosis

F. Jablawi, ““G.A. Schubert, ““’M. Dafotakis, “*'J. Pons-Kuhnemann, “F.-J. Hans, and ““'M. Mull

ABSTRACT

BACKGROUND AND PURPOSE: The impact of various radiologic and clinical features on the long-term outcome in spinal dural ar-
teriovenous fistulas is still unclear; thus, they are the purpose of this study.

MATERIALS AND METHODS: We retrospectively analyzed our medical data base for all patients treated for spinal dural arteriove-
nous fistula in our institution between 2006 and 2016. Patient age, neurologic status at the time of diagnosis, the duration of symp-
toms from onset to diagnosis, and follow-up information were evaluated. The extent of medullary T2WI hyperintensity,
intramedullary contrast enhancement, and elongation of perimedullary veins on MR imaging at the time of diagnosis were addition-
ally analyzed.

RESULTS: Data for long-term outcome analysis were available in 40 patients with a mean follow-up of 52months (median,
50.5 months; range, 3-159 months). The mean age at the time of diagnosis was 69.27 * 9years (median, 71 years; range, 53-84 years)
with a male predominance (n = 32; 80%). The mean duration of symptoms was 20.2 months (median, 10 months; range, 1-120 months).

Shorter duration of symptoms at the time of diagnosis was significantly correlated with better outcome of symptoms (P <.05).

CONCLUSIONS: Spinal dural arteriovenous fistulas are characterized by interindividually variable clinical presentations, which make
a determination of specific predictors for long-term outcome more difficult. Fast and sufficient diagnosis might result in a better
outcome after treatment. The diagnosis of spinal dural arteriovenous fistula remains markedly delayed, reflecting an ongoing lack

of knowledge and awareness among treating physicians of this rare-but-serious disease.

ABBREVIATIONS: AL-score = Aminoff-Logue disability score; CE-MRA = contrast-enhanced MRA; sdAVF = spinal dural arteriovenous fistula

Spinal dural arteriovenous fistulas (sdAVFs) usually become
symptomatic in elderly men, who are affected 5 times more
often than women.! Symptoms caused by sdAVF comprise gait
disturbances with or without paresis, sensory disturbances in the
lower extremities, pain, and sphincter and erectile dysfunctions.”
An estimation based on a series assessed previously in RWTH
Aachen University Hospital revealed an incidence rate for sdAVF
of up to 5-10 million per year in the general population.’

The predictive value of several radiologic and clinical factors
in patients with sdAVF has been controversially discussed in the
past.” The existence of a plethora of case series implies a lack of
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universal consensus on possible predictors for long-term
outcome.”

Because sdAVF is a particularly rare disease and is frequently
misdiagnosed for several months to years, gathering a sufficient
number of patients for a meaningful analysis is an inherent chal-
lenge. At the same time, gathering long-term outcome data of a
predominantly elderly and comorbid patient population is associ-
ated with several logistic difficulties. Moreover, a comparative
analysis of various studies to dramatically increase sample size is
hampered by relevant variations in diagnostic and therapeutic
strategies in different referral centers.> Thus, our current study
aims to fill this gap by providing clinical and radiologic features
as well as follow-up information of a considerable cohort of
microsurgically treated sdAVFs.

MATERIALS AND METHODS

We retrospectively analyzed our medical data base for all patients
treated for sdAVF at RWTH Aachen University Hospital between
2006 and 2016.
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Aminoff-Logue disability score for gait
Grade of Gait
Disturbances

Characteristics

0 Normal

1 Leg weakness, abnormal walk or stance,
but no restriction of activity

Restricted activity

Requiring 1 cane for walking

Requiring 2 canes, crutches, or walker

Confined to wheelchair

[ WEN]

The diagnosis of sdAVF was performed on the basis of the
following criteria: 1) myelopathic symptoms, including gait dis-
turbances with or without vegetative urinary dysfunctions; 2)
findings of congestive myelopathy with or without engorged
perimedullary veins on MR images; and 3) angiographic confir-
mation of an sdAVF.

Clinical data including patient age, neurologic status at diag-
nosis, and duration of symptoms from onset to diagnosis were
assessed by the treating physicians and re-evaluated for this study.
Radiologic data were electronically available and reviewed
accordingly. Clinical data were obtained by chart review and/or
telephone survey.

We routinely aim to perform an early postoperative MR imag-
ing during the inpatient stay, 3-6 months after discharge, and
annually in the first three years after treatment for all patients
with sSDAVFs. In case of persistence or deterioration of clinical
symptoms and/or radiologic findings indicative of congestive my-
elopathy, we additionally perform spinal MRA and DSA to rule
out residual or recurrent fistulas.

Neurologic status at time of diagnosis and at last follow-up
was assessed using the Aminoff-Logue disability score for gait
(AL-score) (Table).° The long-term outcome was assessed on the
basis of changes of the AL-score across time and was rated as
improved, stable, or aggravated. To analyze the signiﬁca.nce of
the duration of symptoms on long-term outcome, we categorized
the time from onset to diagnosis as follows: 1) =<6 months, 2) 7-
18 months, and 3) > 18 months. The extent of medullary edema,
intramedullary contrast enhancement, and engorgement of peri-
medullary veins on MR imaging at diagnosis was recorded and
rated according to the number of affected vertebral levels. The
location of the sdAVF verified by spinal DSA was categorized as
follows: 1) thoracic: T3-T9; 2) thoracolumbar: T10-14; and 3)
deep lumbosacral: below L4.”

Statistics

Data were expressed as means * SD and median and range.
Correlation analysis and group comparisons were performed
with nonparametric statistics. Data analysis was performed with
SPSS Statistics for Windows, Version 25.0 (IBM, Released 2017,
Armonk, New York.)

RESULTS

A total of 59 patients with sdAVFs were identified. Data for
long-term outcome analysis were available in 40 patients, with
the remaining 19 patients being lost to follow-up due to
unknown changes of address (n=11) or incomplete clinical
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and radiologic data (n=8). Twenty-eight (70%) of these 40
patients were referred to our center from elsewhere due to
clinically and radiologically suspected spinal arteriovenous pa-
thology with nonconclusive MR imaging and/or DSA exami-
nations. All 28 patients underwent at least 1 spinal MR
imaging, and 17 of them underwent at least 1 spinal DSA
before admission to our institution.

After angiographic visualization of the sdAVF in our center,
all 40 patients were treated via microsurgical disconnection of the
intradural drainage vein. Only 1 patient was found to have a re-
sidual fistula on early postoperative DSA, which was occluded
surgically 2 days after the initial operation. Procedure-related
complications were observed in 2 (5%) patients. One patient
developed a wound infection, and 1 patient was treated for post-
operative CSF leakage.

Clinical Features

The mean age at diagnosis (n = 40) was 69.27 * 9 years (median,
71years; range, 53-84years) with a male predominance
(n=32, 80%). The mean duration of symptoms from onset to
diagnosis was 20.2 months (median, 10 months; range, 1-
120 months). Gait disturbances were present in all 40 patients.
Paraparesis was observed in various manifestations in 29/40
(73%) patients. Another 11/40 (27%) patients had ataxia or
neurogenic claudication without overt paresis in the lower
extremities. The mean AL-score for gait at diagnosis was 3 =
1.6 (median, 3; range, 0-5).

Radiologic Findings

Preoperative MR imaging (n = 40) and additional spinal contrast-
enhanced MRA (CE-MRA) (n =34) examinations were available
for this analysis. Medullary edema was detected in 35/40 (88%),
extending, on average, over 5.5 * 3 vertebral levels (median, 6
vertebral levels; range, 1-12 vertebral levels). Intramedullary con-
trast enhancement was observed in 30/40 (75%), on average
extending over 4 = 2.4 vertebral levels (median, 4 vertebral levels;
range, 1-8 vertebral levels). Engorged perimedullary veins in the
thoracic and/or thoracolumbar region were observed in all 40
patients, with a mean extension of 7.5 * 4.6 vertebral levels (me-
dian, 7 vertebral levels; range, 1-18 vertebral levels). On DSA, 17
sdAVFs were located in the thoracic, and 19, in the thoracolum-
bar region. Four fistulas were located in the deep lumbosacral
region.

Long-Term Outcome
After a mean follow-up of 52 * 37months

50.5 months; range, 3-159 months), the mean AL-score was

(median,

2.5 * 1.8 (median, 3; range, 0-5). Clinical follow-up outcome
was improved in 21/40 (53%), stable in 11/40 (28%), and
aggravated in 8/40 (20%) patients. Chances for good long-term
outcome were not influenced by patient age (P=.152) or by
the neurologic status at diagnosis (P=.324) (Fig 1). A longer
duration of symptoms from onset to diagnosis was signifi-
cantly associated with worse long-term outcome (P=.008).
Patients with a shorter clinical course (=6 months) had an
improvement of their gait disturbances up to 1 grade on the
AL-score (Fig 1). No significant correlation was observed
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FIG 1. A, Boxplot demonstrates the correlation between long-term outcome and neurologic status at diagnosis evaluated by the AL-score and
dichotomized into mild: AL-score 0-1; moderate: AL-score 2-3; and severe: AL-score: 4-5. B, Scatterplot demonstrates the relationship between
long-term outcome and patient age at diagnosis. C, Boxplot demonstrates the correlation between long-term outcome and the duration of
symptoms at diagnosis. The x-axis indicates the initial and follow-up AL-scores.
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FIG 3. A-C, T2- and Tl-weighted MR images demonstrate elongated perimedullary veins (white
arrows) associated with medullary edema and centro-medullary contrast enhancement in the
lower thoracic region. D, CE-MRA image shows the arterialized perimedullary veins in the thoracic
region (white arrow) and depicts the shunt zone at the TIl vertebral level (white arrowhead). E
and F, Spinal DSA examination (posterior-anterior projection) of the left Tl segmental artery
shows the hypervascularized fistula zone (white arrowhead) with a dilated and elongated intra-
dural drainage vein. Note the origin of the Adamkiewicz artery from the same fistula side (small
black arrows).

B

FIG 4. A, Intraoperative images show the fistula zone (black arrowhead), a narrow arterial feeder
(small black arrow), and the elongated radicular drainage vein (white arrow), B, Indocyanine green
images confirm the pathologic arterialization of the elongated radicular vein. C and D, The radicu-
lar drainage vein is disconnected via clip ligation, and indocyanine green videoangiography con-
firms the interruption of the pathologic arterialization.

DISCUSSION

between long-term outcome and the extent of medullary edema

The clinical and/or radiologic follow-
up examinations were performed by
their local physicians in the remaining
19 patients. No clinical/radiologic find-
ings suggesting a recurrent sdAVF
were re-ported in any of these patients.

Hlustrative Case

A 56-year-old woman presented with
progressive gait disturbances during
the past 4 months. Neurologic exami-
nations at the time of admission
showed spinal ataxia, proximal accen-
tuated paraparesis, and hypoesthesia
below T10. In the initial CE-MRA in
our center, T2WI and T1WI showed
centro-medullary edema and con-
trast enhancement extending from
the T10 vertebral level to the conus
medullaris (Fig 1). Arterialized peri-
medullary veins were de-tected in
the thoracic region dorsally as well
as ventral to the myelon. Further
MRA sequences suggested an arteri-
ovenous shunt at the level of the T11
segmental artery. The subsequent
DSA was primarily focused on this
region. A sdAVF could be identified
at the level of the left T11 nerve root
receiving arterial supply via radicu-
lomeningeal branches of the left T11
segmental artery. The venous drain-
age into the perimedullary venous
plexus occurred via the elongated
left T11 radicular vein (Fig 3). After
left-sided hemilaminectomy at the T11
vertebral level, the hypervascularized
fistula zone and the elongated radicu-
lar drainage vein were identified. The
drainage vein was disconnected via
clip ligation (Fig 4). In the annual
follow-up examinations after treat-
ment, gait disturbances and parapa-
resis had improved markedly. MR
images showed a complete regression
of medullary congestion (Fig 5).

(P=.638), intramedullary contrast enhancement (P = .425),
and engorgement of the perimedullary veins (P = .672) (Fig 2).
There was also no relationship between the fistula location and
the long-term outcome in our cohort.

Long-term follow-up MR imaging examinations were avail-
able for 21 patients with a mean follow-up of 14.5 = 11.6 months
(median, 12 months; range, 1-44 months). All 21 patients dem-
onstrated a regression of the medullary venous congestion,
reflecting a sufficient interruption of the arteriovenous shunt.

93

Clinical Features
Among all analyzed clinical factors in our current cohort, only a
shorter duration of symptoms before treatment (=6 months) was
associated with a better long-term outcome. Patient age and the
neurologic status at diagnosis had no influence on the long-term
outcome.

Most surprising, the most stunning finding among patients in
our current cohort was the long duration of symptoms of almost
2 years from onset to definite diagnosis. This was unchanged

AINR Am J Neuroradiol ®:@ @ 2020 www.ajnr.org 5



FIG 5. Follow-up T2-weighted MR image and CE-MRA 3 years after
treatment show a complete regression of medullary edema and alter-
ation of perimedullary veins.

compared with an older cohort from our group (91 patients diag-
nosed between 1988 and 2002, mean duration of symptoms of
20 + 19 months; P=.533).® Moreover, to the best of our knowl-
edge, a mean duration of symptoms of <1 year has never been
reported in any of the large representative series in the
literature.™>”

Because high-quality MR imaging/MRA and DSA are more
readily available currently than in the past, we assume that our
actual observation is reflecting an ongoing lack of awareness and
experience in dealing with this rare disease of nonspecific clinical
and radiologic presentations. This may also explain the relatively
high rate of patients who were referred to our center with noncon-
clusive clinical and radiologic findings (28/40), despite repetitive
MR imaging and/or DSA examinations performed in their local
hospitals.

In the early phase of the disease, the diffuse symptoms of
sdAVF are commonly confused with more frequent disease entities
such as spinal degenerative diseases or polyneuropathy. In cases
with the above-mentioned, nonspecific symptoms but a lack of

6  Jablawi 2020 www.ajnr.org

typical findings of degeneration or polyneuropathy, we recom-
mend imaging the whole spine with T2ZWI. Whenever a medullary
congestion with or without elongated perimedullary vessels is pres-
ent, further spinal MRA and/or DSA examinations should be
considered.

Radiologic Findings

There is a universal consensus in the literature that medullary
venous hypertension is the basic pathomechanism behind the
symptomatology of sdAVF. If the fistula is left untreated, in-
duced congestive myelopathy usually progresses to medullary is-
chemia, leading to disturbances of the spinal cord-blood
barrier.'"” These pathophysiologic changes induce typical-but-
nonspecific medullary edema and contrast enhancement with or
without engorgement of perimedullary veins on MR images."""

Regardless of the treatment technique, the prognostic impact
of initial neuroradiologic findings on long-term outcome in
patients with sdAVFs is still a matter of dispute.'”'® Hetts et al'*
demonstrated in a series of 31 patients, a positive correlation
between early functional recovery after treatment and the extent
of elongated perimedullary veins at diagnosis. In a cohort of 65
patients treated either microsurgically or endovascularly with a
mean follow-up of 6 months reported by Cenzato et al,'> sdAVFs
in the lower thoracic segments (T9-T12) were associated with
more severe symptoms but tended to improve more after treat-
ment. Midthoracic (above T9) and lumbar (below T12) fistulas in
their series were associated with a lower incidence of improve-
ment.'” In contrast, Dhandapani et al'® reported a higher
improvement rate in patients with sdAVFs below the T9 level in
22 microsurgically treated patients within a mean follow-up of
7 months.

Compared with the rather short follow-up periods in these
studies, our current analysis had a mean follow-up of 52 *
37 months and showed no correlation between the extensions of
medullary edema, centro-medullary contrast enhancement, or
elongation of perimedullary veins, and the long-term outcome.
Also, the fistula location showed no influence on the long-term
outcome in our analysis.

We assume that the chronic pathologic arterialization of the
spinal venous system could induce irreversible changes of medul-
lary venous outflow that may significantly affect the functional re-
covery, even after sufficient interruption of the arteriovenous
shunt.>"”

In a previous analysis by our group, we found that the elonga-
tion of perimedullary veins on MR images is more dominant
in the earlier phase of this disease.” These dilated veins may
maintain the medullary venous outflow, reflecting a better com-
pensation of the medullary venous hypertension and result in a
better outcome if the sdAVF was sufficiently diagnosed and
treated in this phase of the disease. A sufficient visualization of
the spinal venous system is, however, still associated with major
diagnostic difficulties. It could clarify several unclear aspects of
this disease and should be the subject of further studies.

Limitations
Our study has several limitations. First, because our institution is
a tertiary referral center for spinal vascular diseases, there is a
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high risk of referral bias in our current analysis, resulting in a lon-
ger duration from symptom onset to diagnosis. Another risk of
bias is the retrospective approach of this study, which may pro-
voke speculative interpretation of our data to some extent.
Another limitation is that we retrospectively determined the
Aminoft-Logue disability scale through chart review. The AL-
score itself has a limited value in the interpretation of neurologic
status.

CONCLUSIONS

Spinal dural arteriovenous fistulas are characterized by interindi-
vidually variable clinical presentations that make a determination
of specific predictive factors for the long-term outcome more dif-
ficult. Our current analysis implies the importance of early diag-
nosis for a better neurologic outcome. However, despite major
developments in neuroradiologic noninvasive diagnostic tools in
the past decades, the diagnosis of sdAVF remains markedly
delayed. Our current study may raise the awareness of neurolo-
gists of this rare disease and emphasize the importance of early
diagnosis in these patients.

Disclosures: Gerrit Alexander Schubert—UNRELATED: Consultancy: Carl Zeiss
Meditec AG, Jena, Germany. Manuel Dafotakis—UNRELATED: Board Membership:
Merz Pharma, Comments: dystonia and spasticity; Payment for Lectures Including
Service on Speakers Bureaus: Merz Pharma, Ipsen, Allergan, Comments: botulinum
toxin therapy.

REFERENCES

. Thron AK. Applications in spinal dural AV fistulas. In: Thron AK.
Vascular Anatomy of the Spinal Cord: Radioanatomy as the Key
to Diagnosis and Treatment. 2nd ed. Cham: Springer-Verlag
International Publishing; 2016

. Jablawi F, Mull M. The clinical value of venous drainage in patients
with spinal dural arteriovenous fistula. ] Neurol Sci 2019;397:50-54
CrossRef Medline

. Behrens S, Thron A. Long-term follow-up and outcome in
patients treated for spinal dural arteriovenous fistula. ] Neurol
1999;246:181-85 CrossRef Medline

. Saladino A, Atkinson JL, Rabinstein AA, et al. Surgical treatment of
spinal dural arteriovenous fistulae: a consecutive series of 154
patients. Neurosurgery 2010;67:1350-57; discussion 1357-58

. Steinmetz MP, Chow MM, Krishnaney AA, et al. Outcome after the
treatment of spinal dural arteri fistulae: a y

P

—_

N

w

'

v

95

=N

~

©

single-institution series and meta-analysis. Neurosurgery 2004;55:77—-
87; discussion 87-88 Medline

. Aminoff MJ, Barnard RO, Logue V. The pathophysiology of spinal

vascular malformations. | Neurol Sci 1974;23:255-63 CrossRef
Medline

. Jablawi F, Nikoubashman O, Schubert GA, et al. Clinical and radio-

fistu-

logic characteristics of deep 1 ral dural arteri
las. AJNR Am ] Neuroradiol 2018;39:392-98 CrossRef Medline

. Mull M. Durchblutungsstérungen des Riickenmarks: Neurologi-

sche Untersuch zur Pathog und Str: der
Diagnosesicherung. Department of Diagnostic and Interventional
Neuroradiology, University Hospital Aachen; 2004. https://www.
researchgate.net/publication/33987973_Durchblutungsstorungen_
des_Ruckenmarks_neuroradiologische_Untersuchungen_zur_
Pathogenese_und_Strategien_der_Diagnosesicherung. Accessed
June 30, 2003

. Sherif C, Gruber A, Bavinzski G, et al. Long-term outcome of a mul-

tidisciplinary concept of spinal dural arteriovenous fistulae treat-
ment. Neuroradiology 2008;50:67-74 CrossRef Medline

. Hurst RW, Kenyon LC, Lavi E, et al. Spinal dural arteriovenous fis-

tula: the pathology of venous hypertensive myelopathy. Neurology
1995;45:1309-13 CrossRef Medline

. Mull M, Nijenhuis RJ, Backes WH, et al. Value and limitations

of contrast-enhanced MR angiography in spinal arteriovenous
malformations and dural arteriovenous fistulas. AJNR Am |
Neuroradiol 2007;28:1249-58 CrossRef Medline

. Yen PP, Ritchie KC, Shankar JJ. Spinal dural arteriovenous fistula:

correlation between radiological and clinical findi

Spine 2014;21:837-42 CrossRef Medline

J Neurosurg

. Koenig E, Thron A, Schrader V, et al. Spinal arteriovenous malfor-

mations and fistulae: clinical, neuroradiological and neurophysio-
logical findings. ] Neurol 1989;236:260-66 CrossRef Medline

. Hetts SW, Moftakhar P, English JD, et al. Spinal dural arteriovenous

fistulas and intrathecal venous drainage: correlation between digi-
tal subtraction angiog gnetic r e imaging, and
clinical findings. | Neurosurg Spine 2012;16:433-40 CrossRef
Medline

aphy,

. Cenzato M, Versari P, Righi C, et al. Spinal dural arteriovenous fis-

tulae: analysis of outcome in relation to pretreatment indicators.
Neurosurgery 2004;55:815-22; discussion 822-23 Medline

. Dhandapani S, Gupta A, Singh J, et al. Spinal dural arterio-venous

fistula: clinico-radiological profile and outcome following sur-
gical occlusion in an Indian neurosurgical center. Neurol India
2013;61:406-10 CrossRef Medline

. Jablawi F, Nikoubashman O, Mull M. Arterial hypertension is asso-

ciated with symptomatic spinal dural arteriovenous fistulas. World
Neurosurg 2017;103:360-63 CrossRef Medline

AJNR Am J Neuroradiol ®:@ @ 2020 www.ajnr.org 7



