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1. Abstrakt

1.1 DEUTSCHE VERSION

Einleitung: Die fluoreszenzoptische Bildgebung (Fluorescence optical imaging;
FOI) wurde bisher vor allem zur Detektion entzindeter Gelenke bei verschiedenen
Arthritisformen eingesetzt. Aufgrund der gesteigerten Perfusion im Rahmen von
Entzindung kann eine Mehranreicherung des Fluorophors Indocyaningrun (ICG) in
entzindetem Gewebe beobachtet werden. Bei Patienten mit systemischer Sklerose
(SSc) fuhren eine Kombination aus Gefallspasmen und fibrotischen
Wandveranderungen zu akraler Minderperfusion, welche jahrlich bei einem Drittel der
Patienten zu Gewebsischamien mit Entwicklung digitaler Ulzerationen und ,pitting
scars“ (DU/PS) fuhrt. Diese Studie untersucht erstmals die ICG-Signalverteilung in
den Handen von SSc Patienten mittels FOI mit Fokus auf minderperfundierte Areale
und vergleicht diese mit klinischen Befunden sowie Ergebnissen in der
Kapillarmikroskopie.

Methodik: Dreiundsechzig Patienten mit SSc sowie 27 gesunde Probanden wurden
in dieser Querschnittsstudie mittels FOI untersucht. Fir die SSc-Kohorte wurden
zusatzlich klinische Daten erhoben sowie eine Kapillarmikroskopie gemald aktueller
Leitlinien durchgefuhrt.

Ergebnisse: In 93,6% war bei den Gesunden das erste ICG-Signal in den
Fingerbeeren zu detektieren, wohingegen die SSc-Patienten zu deutlich geringeren
Anteilen (78,5% der Patienten mit limitierter SSc und 43,2% der Patienten mit diffuser
SSc) ICG-Signale in den Fingerbeeren zeigten (p<0.0001). Im Vergleich zu den
klinischen Daten und der Kapillarmikroskopie konnte fur die SSc Patienten ein
signifikanter Zusammenhang zum sog. ,late pattern® in der Kapillarmikroskopie, zum
diffusen Subtyp der SSc, zur Prasenz mehrerer SSc-typischer Symptome sowie
vorhandener DU/PS gefunden werden. Die FOI-Auswertung ergab eine hohe Inter- (k
= 0,834) als auch Intra-Reliabilitat (x = 0,786).

Schlussfolgerung: Mit Hilfe der fluoreszenzoptischen Bildgebung konnen
minderperfundierte Areale bei SSc-Patienten detektiert werden. Patienten mit
pathologischem FOI-Befund zeigen haufig auch pathologische
Kapillarmikroskopiemuster und klinische Veranderungen. Zukunftig sollte untersucht
werden, ob FOI eine Vorhersagekraft bezogen auf die Entwicklung neuer DU/PS
besitzt.
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1.2 ENGLISH VERSION

Introduction: Fluorescence optical imaging (FOI) has been used in the detection of
inflamed joints in different arthritides. Due to an increase in perfusion a higher signal
intensity of the fluorophore indocyanine green (ICG) in the tissue can be observed. In
patients with systemic sclerosis (SSc) a combination of vasospasms and vessel
alterations leads to acral hypoperfusion, which causes ischemic complications such
as digital ulcers and pitting scars (DU/PS) in a third of SSc patients per year. This
study investigates ICG staining in the hands of SSc patients using FOI focusing on
hypoperfused areas and comparing that data to clinical findings (i.e. present DU/PS,

SSc subtype etc.) and capillaroscopic patterns.

Methods: Sixty-three SSc patients and 27 healthy subjects were examined via FOI in
this cross-sectional study. For the SSc cohort additional clinical data was collected
and a capillaroscopy exam performed following current guidelines.

Results: Almost all healthy subjects (93.6%) showed initial ICG signals in the
fingertips but fewer SSc patients (78.5% of patients with limited SSc, 43.2% of
patients with diffuse SSc; p<0.0001). Comparing FOI staining to clinical and
capillaroscopic data we found strong associations with late pattern in capillaroscopy,
the diffuse subtype, presence of many SSc typical symptoms and DU/PS. For FOI
analysis there was a high inter-reader reliability (x = 0.834) as well as a high intra-
reader reliability (k = 0.786).

Conclusion: Hypoperfused areas in SSc patients can be detected using
fluorescence optical imaging. Patients with pathologic FOI staining frequently show
pathologic capillaroscopic patterns and clinical changes. In the future, FOI's ability to
predict DU/PS should be investigated.
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2. Eidesstattliche Versicherung

.ich, Stefanie Friedrich, versichere an Eides statt durch meine eigenhandige
Unterschrift, dass ich die vorgelegte Dissertation mit dem Thema: ,Detektion von
Minderperfusion in den Handen bei Patienten mit systemischer Sklerose mittels
fluoreszenzoptischer Bildgebung® selbststandig und ohne nicht offengelegte Hilfe
Dritter verfasst und keine anderen als die angegebenen Quellen und Hilfsmittel
genutzt habe.

Alle Stellen, die wortlich oder dem Sinne nach auf Publikationen oder Vortragen
anderer Autoren beruhen, sind als solche in korrekter Zitierung (siehe ,Uniform
Requirements for Manuscripts (URM)“ des ICMJE -www.icmje.org) kenntlich
gemacht. Die Abschnitte zu Methodik (insbesondere praktische Arbeiten,
Laborbestimmungen, statistische Aufarbeitung) und Resultaten (insbesondere
Abbildungen, Graphiken und Tabellen) entsprechen den URM (s. o) und werden von

mir verantwortet.

Mein Anteil an der ausgewahlten Publikation entspricht dem, der in der

untenstehenden gemeinsamen Erklarung mit der Betreuerin, angegeben ist.

Die Bedeutung dieser eidesstattlichen Versicherung und die strafrechtlichen Folgen
einer unwahren eidesstattlichen Versicherung (§156,161 des Strafgesetzbuches)

sind mir bekannt und bewusst.”

Datum Unterschrift
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3. Ausfuhrliche Anteilserklarung an der erfolgten
Publikation

Die hier vorliegende Dissertationsarbeit bezieht sich auf die anschlieBend genannte
Publikation mit geteilter Erstautorenschaft in einem TOP-Journal, welche gemal der

Promotionsordnung der Charité — Universitatsmedizin Berlin verfasst wurde:

Friedrich S*, Luders S*, Werner SG, Glimm AM, Burmester GR, Riemekasten
G, Backhaus M, Ohrndorf S. Disturbed microcirculation in the hands of
patients with systemic sclerosis detected by fluorescence optical imaging: a
pilot study. Arthritis research & therapy 2017. DOI 10.1186/s13075-017-1300-
6.

*equal contribution

Die oben genannte Publikation stellt einen Originalartikel dar, welcher Teilergebnisse
der klinischen Studie mit folgendem Titel prasentiert: ,Der Zusammenhang zwischen
klinischen Befunden, Kapillarmikroskopie, fluoreszenzoptischer Bildgebung sowie
Digitalarterien-sonographie und der Ausbildung digitaler Ulzerationen bei Patienten
mit systemischer Sklerose®.

Die nachstehenden Seiten weisen eine ausfuhrliche Darlegung des Arbeitsanteils im
Verlauf von Konzeptualisierung und Erstellung der Studie bis hin zur Publikation des

vorgelegten Artikels auf.
3.1 KONZEPTUALISIERUNG UND PLANUNG DER STUDIE

In einer Kooperation der AG Imaging (unter Leitung von Frau Prof. Dr. Marina
Backhaus) und weiterer Mitarbeiter der Medizinischen Klinik mit Schwerpunkt
Rheumatologie und klinische Immunologie der Charité — Universitatsmedizin Berlin
mit Prof Dr. Wolfgang Schmidt (Leiter der Fachabteilung Innere Medizin,
Rheumatologie und klinische Immunologie des Immanuel Krankenhauses Berlin-
Buch) entstand die Idee zu der oben genannten klinischen Studie mit Entwicklung
einer konkreten Fragestellung. Teile davon wurden als mein Promotionsthema
gewahlt. Mit Hilfe von Fachliteratur arbeitete ich mich selbstandig in den aktuellen
Forschungsstand des Themas ein. In Zusammenarbeit mit meinen Erst- und
Zweitbetreuerinnen Frau Prof. Backhaus und Dr. Sarah Ohrndorf, sowie meiner Co-

Doktorandin Susanne Luders (geborene Susanne Riemekasten), welche eine andere
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Teilfragestellung des Projektes als ihr Promotionsthema wahlte, entstand eine
detaillierte Projektplanung mit Definierung des Patientenkollektivs, Ein- sowie
Ausschlusskriterien, Festlegung der Erhebungswerkzeuge (Fragebdgen, klinische
Untersuchung, Blutwerte, Kapillarmikroskopie, fluoreszenzoptische Bildgebung und
Duplexsonographie) und Bestimmung der Erhebungszeitraume (Baseline- und
Follow-up-Untersuchungszeitpunkte). Vor Beginn der Erhebung wurde ich von Dr.
Sarah Ohrndorf und weiteren qualifizierten Mitarbeitern der Medizinischen Klinik mit
Schwerpunkt Rheumatologie und klinische Immunologie der Charité in die Methoden
der fluoreszenzoptischen Bildgebung Xiralite® und in die Kapillarmikroskopie sowie
die rheumatologisch relevanten klinischen Untersuchungsmethoden (z.B. die
Erhebung des modified Rodnan Skin Score [mMRSS]) eingearbeitet. Auf Grund der
vereinbarten Themenverteilung erlernte meine Co-Doktorandin Susanne Luders die
Durchfuhrung der Duplexsonographie der Fingerarterien, welche die Hauptmethode
ihrer Doktorarbeit darstellte.

Der Entwurf der Fragebogen (Baseline und Follow-up) sowie die Erstellung der
Untersuchungsprotokolle fur die klinische Untersuchung sowie der apparativen
Methoden (fluoreszenzoptische Bildgebung, Duplexsonographie der Fingerarterien
und Kapillarmikroskopie) entstanden in Zusammenarbeit mit Susanne Luders und
unseren Betreuerinnen. Die anschlielende Datenerhebung und -auswertung wurden
gleichermallen von Susanne Luders und mir durchgefuhrt. Dies machte es
notwendig, dass ich zusatzlich eine Schulung in der Duplexsonographie der
Fingerarterie bei Prof. Dr. Schmidt erhielt und meine Co-Doktorandin in der
fluoreszenzoptischen Bildgebung eingewiesen wurde, um bei eventueller
Abwesenheit der jeweils anderen die vollstandige Datenerhebung jedes Patienten zu

sichern.

Zudem fand in der Vorbereitungsphase ein Gesprach mit der Statistikerin Dr. rer.
medic. Dorte Huscher zum Studiendesign mit dem Ziel der genauen
Fallzahlkalkulation sowie der biometrischen Planung statt.

Im Anschluss an die Vorbereitungsphase erfolgte die Einreichung des Ethikantrags,
welcher in Zusammenarbeit mit Susanne Luders und unseren Betreuerinnen
entstand, bei der Ethikkommission der Charité Universitatsmedizin Berlin durch Frau
Prof. Backhaus. Im Oktober 2013 erhielten wir ein positives Votum der
Ethikkommission (Antragsnummer: EA1/269/13).
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3.2 DATENERHEBUNG

Es erfolgte der Einschluss von Patienten, welche teil- bzw. vollstationar in der
Medizinischen Klinik mit Schwerpunkt Rheumatologie und klinische Immunologie in
Behandlung waren. In Zusammenarbeit mit den Klinikmitarbeitern wurden Patienten
mit systemischer Sklerose (SSc), welche die Einschlusskriterien (sowie keines der
Ausschlusskriterien) erfullten, Uber die mogliche Teilnahme an unserer Studie
informiert. Diese Gesprache, gefuhrt von Susanne Luders oder mir unter Anleitung
und Aufsicht unserer Betreuerinnen (Prof. Backhaus bzw. Dr. Ohrndorf), enthielten
neben einer ausfuhrlichen Aufklarung zum Studienablauf, die Aufklarung zu den
moglichen Risiken der apparativen Untersuchungen, dem Verhalten bei
gewunschtem Studienaustritt sowie zum Datenschutz. Die schriftliche Einwilligung
der Patienten zur Teilnahme an der Studie wurde vorab gesammelt; im Anschluss
daran erfolgte die Vereinbarung von zeitnahen Terminen zur Befragung sowie fur die
klinischen und apparativen Untersuchungen (in der Regel noch wahrend des (teil-)
stationaren Aufenthaltes der Patienten). Die Untersuchungen fanden stets unter
Aufsicht der Studienarztin bzw. unserer Zweitbetreuerin Dr. Ohrndorf statt und
wurden von Susanne Luders und mir durchgefuhrt. Insgesamt ubernahm ich
vorwiegend die Untersuchung durch die fluoreszenzoptische Bildgebung, wahrend
meine Co-Doktorandin die Mehrzahl der Kapillarmikroskopien durchfihrte. Die
klinischen Untersuchungen und Befragungen teilten wir zu gleichen Teilen auf. Im
Mittel dauerte die komplette Erhebung aller Daten eines Patienten 3-4 Stunden. Wir
schlossen insgesamt 89 Patienten in die Studie ein (nur 63 davon mit
fluoreszenzoptischer Bildgebung und somit das Patientenkollektiv dieser Arbeit) und
untersuchten 26 gesunde Probanden per fluoreszenzoptischer Bildgebung, um einen
Vergleich zwischen Gesunden und SSc-Patienten anstellen zu kénnen. Im Mittel
neun bis zwolf Monate nach der Baseline-Untersuchung erfolgte die Uuberwiegend
telefonische Nachbefragung der Patienten zu ihrem aktuellen Befinden, der
Entwicklung neuer digitaler Ulzerationen und ggf. veranderter Therapien. Die
Auswertung dieser Follow-up-Daten ist Bestandteil eines noch zu publizierenden
Artikels (aktuell in Bearbeitung; ein Abstract dazu konnte bereits auf dem
diesjahrigen europaischen Rheumatologie-Kongress (EULAR) als Poster prasentiert

werden) und nicht Teil der vorliegenden Arbeit.
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3.3 DATENAUSWERTUNG

Die Datensammlung erfolgte in Excel und wurde zunachst durch Susanne Luders
und mich mittels Excel (Microsoft Office 2011 fur Mac) und GraphPad Prism
(Software-Version 5.00 fur Windows, GraphPad Software, La Jolla, California USA)
ausgewertet. Unterstutzt wurden wir dabei durch die monatlichen Doktorandentreffen
in der AG Imaging (Leitung Prof. Backhaus). Zudem vereinbarten wir zusatzliche
Treffen mit Dr. Ohrndorf, um eventuelle Fragen zu klaren. Teilergebnisse stellte ich
u.a. als Kurzvortrag auf dem Deutschen Kongress fur Rheumatologie der DGRh
(Deutsche Gesellschaft fur Rheumatologie) 2014 in Ddusseldorf vor (siehe
Publikationsliste). In Zusammenarbeit mit Herrn Bernd Schicke (statistischer Berater
fur das Tumorzentrum Berlin e.V.) vertieften und erweiterten wir die statistische
Auswertung insbesondere in Hinblick auf das Verfassen von Publikationen;
aullerdem wurde von ihm die bisherige Statistik Uberprift. Wir Doktorandinnen
bereiteten die Ubertragung der Daten von Excel in SPSS vor und erklarten ihm das
Studienkonzept sowie unsere Fragestellungen anhand derer wir die weitere
statistische Auswertung planten.

3.4 VERFASSEN DER AUSGEWAHLTEN PUBLIKATION UND AUTORENSCHAFT

In  Rlcksprache mit unseren Betreuerinnen erfolgte die Planung der
Datenveroffentlichung wie folgt: Es sollten eine Publikation mit Fokus auf die
Digitalarteriensonographie sowie eine Publikation, bei der die fluoreszenzoptische
Bildgebung im Mittelpunkt stehen wurde, verfasst werden. Bei bisher sehr guter
Zusammenarbeit von Susanne Luders und mir, verfassten wir beide Artikel in enger
Kooperation und zu insgesamt gleichen Anteilen mit teilweise alleiniger, teilweise
gemeinsamer Bearbeitung der Artikelentwurfe. Die Co-Autoren brachten sich durch
Kdrzungsvorschlage, sprachliche Korrekturvorschlage und mit Hinweisen auf
Verstandnisschwierigkeiten in den Entwurf des wissenschaftlichen Artikels ein. Im
Verlauf nahmen wir teils einzeln, teils gemeinsam Veranderungen gemal den
Vorschlagen vor. Das Einreichen des vorliegenden Artikels erfolgte durch uns
Doktorandinnen in Zusammenarbeit mit Dr. Sarah Ohrndorf bei Arthritis research &
therapy Anfang 2017. In der Korrekturphase — nach Erhalt der Gutachterkommentare
— standen uns unsere Betreuerinnen sowie Prof. Gabriela Riemekasten bei Fragen
zur Seite. Wir Doktorandinnen sichteten alle Korrekturen und ubernahmen die

Einarbeitungen dieser bis hin zur letzten Version des Artikels zu gleichen Teilen. Im
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Anschluss reichten wir die finale Version bei Arthritis research & therapy ein und
nach erneuter Prifung durch die Gutachter, welche mit unseren Korrekturen

zufrieden waren, erhielten wir einige Wochen spater die Zusage zur Publikation.

Bei zweifach geteilter Erstautorenschaft von Susanne Luders und mir einerseits beim
vorliegenden Artikel (siehe Publikationsliste, Abschnitt 7.1) als auch bei einem Artikel
mit Fokus auf die Fingerarteriensonographie (siehe Publikationsliste, Abschnitt 7.2)
wurde vereinbart, dass jene Publikation fur das Dissertationsverfahren eingereicht
wurde, dessen Hauptmethode Bestandteil des Promotionsthemas st
(dementsprechend  Digitalarteriensonographie  fur  Susanne  Luders und
fluoreszenzoptische Bildgebung fur mich). An einem dritten Artikel wird momentan
noch gearbeitet.

3.5 SCHLUSSBEMERKUNG ZUR ANTEILSERKLARUNG

Mit unserer Unterschrift erklaren die Erstbetreuerin Prof. Dr. med. Marina Backhaus
und die Doktorandin Stefanie Friedrich die Richtigkeit und Vollstandigkeit der
Anteilserklarung.

Unterschrift, Datum und Stempel der betreuenden Hochschullehrerin

Unterschrift der Doktorandin




Detektion von Minderperfusion in den Handen bei Patienten mit systemischer Sklerose mittels fluoreszenzoptischer Bildgebung

4. Journal Summary List 2016 - Rheumatology

Tabelle 1: Journal Summary List 2016 der Fachjournale aus dem Bereich
Rheumatologie (Auszug, 23 von 30 Journals)

Journal Data Filtered By: Selected JCR Year: 2016 Selected Editions: SCIE,SSCI
Selected Categories: “RHEUMATOLOGY” Selected Category Scheme: WoS
Gesamtanzahl: 30 Journale

Rank | Full Journal Title Total Journal Eigenfactor
Cites Impact Factor | Score

1 ANNALS OF THE RHEUMATIC | 39,185 12.811 0.083920
DISEASES

2 Nature Reviews Rheumatology | 5,316 12.188 0.020550

3 Arthritis & Rheumatology 5,357 6.918 0.025720

4 RHEUMATOLOGY 17,249 4.818 0.033220

5 OSTEOARTHRITIS AND 13,462 4.742 0.025770
CARTILAGE

6 SEMINARS IN ARTHRITIS AND | 4,700 4.498 0.009620
RHEUMATISM

7 CURRENT OPINION IN 4,317 4.475 0.010090
RHEUMATOLOGY

8 ARTHRITIS RESEARCH & 13,730 4.121 0.033060
THERAPY

9 BEST PRACTICE & 3,066 3.581 0.005230
RESEARCH IN CLINICAL
RHEUMATOLOGY

10 RHEUMATIC DISEASE 1,824 3.341 0.002880
CLINICS OF NORTH AMERICA

11 JOINT BONE SPINE 3,234 3.329 0.006830

12 ARTHRITIS CARE & 13,414 3.319 0.030120
RESEARCH

13 JOURNAL OF 22,091 3.150 0.025990
RHEUMATOLOGY

14 Current Rheumatology Reports | 2,042 2.865 0.005710

15 SCANDINAVIAN JOURNAL OF | 2,903 2.667 0.004870
RHEUMATOLOGY

16 CLINICAL AND 7,111 2.634 0.011760
EXPERIMENTAL
RHEUMATOLOGY

17 International Journal of 1,416 2.624 0.004470
Rheumatic Diseases

18 LUPUS 6,259 2.454 0.010270

19 CLINICAL RHEUMATOLOGY 6,347 2.365 0.012420

20 Pediatric Rheumatology 703 2.283 0.002310

21 RHEUMATOLOGY 5,292 1.824 0.012320
INTERNATIONAL

22 Modern Rheumatology 2,235 1.818 0.006020

23 BMC MUSCULOSKELETAL 7,100 1.739 0.019470
DISORDERS

10
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5. Ausgewahlte Publikation
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CrossMark

Disturbed microcirculation in the hands of ®
patients with systemic sclerosis detected by
fluorescence optical imaging: a pilot study

Stefanie Friedrich'®, Susanne Liiders'", Stephanie Gabriele Werner'#, Anne-Marie Glimm', Gerd-Riidiger Burmester',
Gabriela Riemekasten?, Marina Backhaus' and Sarah Ohrndorf'”

Abstract

Background: Utilising fluorescence optical imaging (FOI), the distribution of an intravenously applied colouring
agent indocyanine green (ICG) can be analysed with the potential to identify malperfusion by little to no tissue
enhancement. Systemic sclerosis (SSc) is characterised by the presence of digital ulcers reflecting progressive
vasculopathy.

The objective was to investigate the potential of FOI in the detection of disturbed microcirculation in the hands
and fingers of patients with SSc and to link FOI findings to clinical signs of ischemia such as digital ulcers and
pitting scars.

Methods: In this cross-sectional study, 63 patients with SSc and 26 healthy subjects were examined. FOI was performed
in all 89 individuals and compared to clinical data and capillaroscopic findings assembled for the SSc cohort.

Results: Healthy subjects showed initial ICG signals in their fingertips in 93.6%, SSc patients in 78.5% (limited SSc) and
43.2% (diffuse SSc). Moreover, in SSc patients, FOI findings were significantly associated with a late capillaroscopic
pattern, disseminated SSc features, a diffuse SSc subtype, and the presence of digital ulcers or pitting scars. Intra- and
inter-reader reliability for FOl amounted to k = 0.786 and k = 0.834, respectively.

Conclusions: FOI is able to detect areas of reduced microcirculation in patients with SSc with high association to
capillaroscopic findings. The results pave the way for future FOI investigations into its role in the prediction of
complications due to an impaired acral perfusion.

Keywords: Fluorescence optical imaging, Systemic sclerosis, Raynaud’s phenomenon, Disturbed microcirculation,
Digital ulcers, Nailfold capillaroscopy

Significance and innovations — The prevention of digital ulcers in SSc using FOI
should be investigated
— FOI shows areas of diminished acral perfusion in
patients with systemic sclerosis

— FOI presents a significant association between Background
diminished perfusion and clinical signs of ischemia Indocyanine green (ICG)-enhanced fluorescence optical
in SSc imaging (FOI) is a novel, fast and quantitative imaging
— Diminished perfusion in FOI is significantly linked method that is already used in the diagnostics of inflam-
to capillaroscopic patterns in SSc matory arthritis with good agreement to other imaging

modalities (magnetic resonance imaging [MRI], ultra-
sound [US]) and good reliability [1-3]. Light of the
ig;‘ijgfi%‘:t‘:s:gssarah‘)hmdorf@cm”tede (near)-infrared spectrum enters the tissue of the hands,
'Department of Rheumatology and Clinical Immunology, Charité University where it stimulates the ﬂuorophore ICG. Its fluorescence

Hospital, Berlin, Germany
Full list of author information is available at the end of the article

- © The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
( B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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is then detected by a charge-coupled detector (CCD). A
locally increased microcirculation, e.g. in inflamed joints,
leads to strong signal enhancement, due to higher ICG
concentration.

ICG fluorescence video angiography has also been
shown to help in the detection of compromised tissue
perfusion as a perioperative tool in microsurgery [4].

ICG is well tolerated and side effects (i.e. anaphylactic
symptoms) occur rarely (1:42,000) [5]. Shortly after its
administration, ICG is hepatically metabolised and hepa-
tobiliarily excreted. Already since the 1970s, ICG has
safely been used in ophthalmologic angiography and
even proved its value in the evaluation of skin perfusion
in plastic surgery [6].

Pfeil et al. introduced FOI in SSc patients. Compared
to healthy subjects, areas with strong signal enhance-
ment could be observed and were interpreted as tissue
inflammation. A normalisation occurred after prostacyc-
lin treatment [7]. However, these investigations focused
on areas of increased perfusion.

Patients with systemic sclerosis (SSc) typically suffer
from Raynaud’s phenomenon (RP) and progressive oblit-
erative vasculopathy. Both lead to a decreasing or even
completely ceasing circulation in distal body parts, i.e.
fingertips or the nose. Almost one third of SSc patients
consequently develop at least one digital ulcer per year,
[8] which usually causes pain, loss of function, local and
systemic infection and reduced quality of life.

So far, several predictive factors for the development
of digital ulcers (DU) have been described, i.e. diffuse
subtype of SSc, late pattern of capillaroscopy, history of
DU or markers for endothelial dysfunction [9-12]. Vari-
ous imaging methods have been suggested to measure
vasculopathy in patients with systemic sclerosis and to
link its extent to the existence of current or future
digital ulcers. Endothelial function assessed by multisite
photoplethysmography (PPG), cardiovascular assess-
ments and the peripheral blood perfusion assessed by
laser speckle contrast analysis (LASCA) were lower in
SSc patients with digital ulcers than in patients without
[13, 14]. Laser Doppler perfusion imaging is able to de-
tect the therapeutic effects of Bosentan, but could not
differentiate between patients with and without digital
ulcers [15]. The best prospective data exist for nailfold
capillaroscopy (NC): the capillaroscopic skin ulcer risk
index (CSURI) has a high specificity (81.4%) and sensi-
tivity (92.98%) for new or persistent digital ulcers after
3 months (less so in clinical settings without limitations
as to vasoactive treatment), but can only be applied in
patients with megacapillaries [16, 17]. A pilot study of
Smith et al. introduced the assessment of capillaries in
eight specific regions in regard to present and future
digital ulcers [18]. The videoCAPillaroscopy (CAP) mul-
ticentre study found the number of capillaries in the
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middle finger of the dominant hand among other capil-
laroscopic covariables to be a predictive factor for the
development of digital ulcers [19]. Other studies focused
on capillaroscopic patterns (i.e. early, active and late)
and found associations to the presence as well as the de-
velopment of digital ulcers [11, 12, 20-24]. While these
studies have not provided concrete values of specifi-
city and sensitivity, we calculated levels of around
36% and 89% respectively using their provided data
[11, 12, 20, 23, 24].

To our knowledge, there has not yet been any investi-
gation into FOI’s potential to detect areas with disturbed
or decreased microcirculation in SSc patients. We there-
fore investigated whether diminished acral perfusion —
as found in patients with systemic sclerosis — was
assessable in FOI, i.e. via areas of reduced enhancement.
This is contradictory to former research using fluores-
cence optical imaging as the main focus so far has been
placed on increased signal intensity typical for inflamma-
tion. FOI findings in SSc patients were compared to
those in healthy individuals and associated with their
SSc subtype, capillaroscopic patterns, 2013 ACR/EULAR
criteria, clinical findings as well as pitting scars (PS) and
DU at baseline as defined by Medsger et al. [25].

Methods

Subjects’ characteristics

Between 2013 and 2015, 89 individuals participated in
this study forming two cohorts: the SSc group and the
healthy cohort. We consecutively included in- and out-
patients fulfilling the 2013 ACR/EULAR criteria for sys-
temic sclerosis. Healthy subjects were defined as persons
without any known diseases, e.g. vascular diseases. For
subjects’ characteristics see Table 1. Subjects with
current DU/PS were summarised in group 1, subjects
without DU/PS in group 2. Exclusion criteria were pro-
gressive renal dysfunction (glomerular filtration rate
[GFR] <15 ml/min), latent and manifest hyperthyroidism,
allergies to iodine or contrast agents, pregnancy and being
underage. 2013 ACR/EULAR classification guidelines
were applied with seven different criteria each scoring 2,
3,4 or 9 points (such as present DU/PS, RP or skin indur-
ation) [26]. A maximum of 30 points could be obtained;
>9 points confirmed the classification as SSc. We defined
the range of scores between 9 and 30 points as a marker
for dissemination of SSc features: a higher individual
ACR/EULAR score meant the presence of more SSc
characteristics. Limited, limited cutaneous and diffuse
cutaneous SSc (ISSc, 1cSSc and dcSSc) were distinguished
according to LeRoy et al. [27].

Organ involvement was evaluated as follows: manifes-
tations of the lung were either pulmonary hypertension
or interstitial lung disease, determined by right heart
catheterisation or echocardiogram and high-resolution
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Table 1 Characteristics of subjects
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Subjects’ characteristics

Systemic sclerosis (S5¢)

Limited (cutaneous) SSc  Diffuse cutaneous SSc  Healthy cohort

n=063 n=40 n=23 n=26

Female: n (%) 52 (82.5%) 35 (87.5%) 17 (73.9%) 19 (73.1%)
Mean age in years (+SD) 564 (+14.4) 564 (+£14.9) 56.6 (+13.4) 28.8 (+9.6)
Mean disease duration (in years + SD) since

First Raynaud's 13.3 (£12.8) 14.6 (£12.3) 11.1 (£13.6) Not present

First non-Raynaud’s symptoms 9.8 (+£94) 9.7 (£9.6) 9.8 (£9.3) Not present
Patients with Raynaud's in the past week

Number of patients (%) 57 (90.4%) 36 (90.0%) 21 (91.3%) Not present

Mean number of episodes (+SD) 15.5 (£22.4) 17.5 (£27.3) 11.9 (£8.8)

Mean impact on day-to-day life using VAS 0-100 (+SD) 36.3 (+29.6) 37.0 (+29.7) 35.1 (+30.1)
Digital ulcers/pitting scars, n (%) 37 (58.7%) 18 (45.0%) 19 (82.6%) Not present
Skin involvement

Mean mRSS + SD 9.0 (+8.2) 46 (+3.5) 16.5 (+8.6) Not present
Organ involvement, n (%)

Lung 23 (36.5%) 9 (22.5%) 14 (60.9%) Not present

Gastrointestinal 42 (66.7%) 25 (62.5%) 17 (73.9%)

Heart 10 (15.9%) 3 (7.5%) 7 (30.4%)
Capillaroscopy pattern, n (%) [21]

Early 11 (17.5%) 9 (22.5%) 2 (8.7%)

Active 25 (39.7%) 18 (45.0%) 7 (30.4%)

Late 24 (38.1%) 11 (27.5%) 13 (56.5%)

Non-SSc 1(1.6%) 1 (2.5%) 0

Not done 2 (3.2%) 1 (2.5%) 1 (4.3%) 26 (100%)
Current medication, n (%)

lloprost 38 (60.3%) 27 (67.5%) 11 (47.8%) 0

Oral vasodilating drugs® 42 (66.7%) 25 (62.5%) 17 (73.9%) 0

One patient with limited systemic sclerosis (SSc sine scleroderma) was included in the limited cutaneous SSc subgroup

VAS visual analogue scale, mRSS modified Rodnan skin score

Calcium channel blockers, AT1 receptor antagonists, ACE inhibitors, endothelin receptor antagonists, PDE-5 inhibitors; alpha receptor antagonists

computed tomography or lung function test, respectively.
Gastrointestinal involvement was defined as dysphagia
and/or radiographic dysmotility and chronic diarrhoea.
Cardiac involvement comprised arrhythmias, congestive
cardiac failure, pericardial effusion, and conduction de-
fects not attributable to other cardiac conditions.

Fluorescence optical imaging

The FOI method Xiralite X4 (mivenion GmbH, Berlin,
Germany) measures the fluorescence of the fluorophore
indocyanine green (ICG, 5% iodine) using light-emitting
diodes and a charge-coupled detector (CCD, a high-
resolution camera). Light with defined wavelengths
(ca. A=740 nm) in the (near)-infrared spectrum is
emitted and sent through the observed tissue stimulating

the fluorophore (if present). The fluorophore then emits
fluorescence of different wavelengths (max. A =832 nm)
whose photons are detected by CCD. Refracted and
reflected light is filtered out, so that the resulting image
represents a true depiction of ICG distribution in the
tissue [1, 3].

Thus, the method permits a visualisation of different
ICG quantities in the tissue of both hands, e.g. higher
quantities of the agent can be found in inflamed tissue
due to capillary leakage as well as an increase in blood
flow and vessel density on a microvascular level [28].
Low ICG quantity — and therefore low fluorescence
signal — results from poor tissue perfusion.

All participants in this study received FOI examination
following the Xiralite system guidelines (ICG 0.1 mg/kg
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BW intravenously, 6 minutes’ duration). Subjects had to
wait in an environment of 20-23 °C for 20 minutes in
order to diminish the risk of an acute Raynaud’s episode.

A peripheral venous catheter, the colouring agent
(0.1 mg/kg BW) as well as a syringe with 10 ml NaCl
0.9% solution were prepared. The subject’s hands were
then placed on a mould underneath the camera with a
curtain lying on the lower arms in order to diminish dis-
turbance by exterior light. The examiner (e.g. a medical
assistant) checked for possible disturbances (e.g. exterior
light, spilled ICG) watching the XiraView® preview,
before starting the examination. FOI began with ten
(reference) images being taken before ICG administra-
tion. Immediately afterwards, 10 ml NaCl 0.9% solution
was applied to introduce the complete amount of ICG
into the blood stream, where ICG binds to 98% onto
plasma proteins. Indocyanine green has a half-life of
3.4 minutes (+0.7) and is hepatically eliminated with a
mean decay of 18.5% per minute (+2.1); 20 minutes after
applications, studies have shown a mere trace (3.8% * 1.0
of the original dose) to still be found in the body [28].
The infrared camera continued taking one picture per
second for the next 350 seconds, resulting in a total
examination time of 6 minutes. With ICG’s half-life span
and rate of decay one can expect the fluorophore to have
passed through the bloodstream and accumulated in the
observed tissue in this timespan.

FOI analysis

XiraView® was used to conduct the analysis, especially its
360-second-long clip mode, which depicts ICG distribu-
tion in the hands after administration. The PrimaVista-
Mode, a summation image of the examination, was used
for visualisation in this work’s figures.

The number of photons emitted from the fluorophore
is recorded in every pixel. After the examination, these
are proportioned to the reference images (no ICG) and
the pixel with the highest photon emission in the entire
examination. The percentage of the actual emission in
the pixel compared to the maximum emission is used by
the software to create a colour scale for optimal visuali-
sation which we used for our analysis: white and red sig-
nals indicate a strong enhancement (= strong ICG
accumulation in the tissue defined as >65% of the indi-
vidual maximum quantity), yellow and green signals in-
dicate a medium enhancement, light blue signals show
lower ICG accumulation in the tissue, dark blue signals
show very little ICG accumulation and no ICG accumu-
lation at all is coded in black. A dark blue or black signal
was considered as an insufficient enhancement due to
low ICG accumulation (<27% of the individual maxi-
mum quantity) in the region (to see the defined regions
please compare Fig. 4) observed. The cutoffs of >65%
and <27% for strong and insufficient signal respectively
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were provided by the software as 65% defines the mark
between the red and yellow signal and 27% the mark
between the light and dark blue signal.

Each finger of every subject was separately inspected
(see Figs. 1, 2 and 3)

We evaluated three things in particular:

1. The region of initial enhancement (IE), which was
defined as a finger’s first region presenting a strong
ICG accumulation (=65% of the individual
maximum quantity; coded as a white or red signal).
Ideally, this region would be the fingertip (region 0,
compare Fig. 4), designating an unperturbed arterial
blood flow. A strong signal below the fingertip
would depict the last area with (supposedly)
unperturbed circulation.

2. The region of maximum distal distribution (MDD),
which was defined as the most distal region that
shows sufficient ICG enhancement (>27% of the
individual maximum quantity; coded as a white,
red, yellow, green or light blue signal) during the
course of the examination. Ideally, this region would
also be the fingertip (region 0). Signals below would
mean an insufficient provision of blood to more
distal regions due to angiopathy, occlusion etc.

3. Complete disruption: a complete disruption of
acral microcirculation was defined as an insufficient
ICG accumulation (i.e. <27% of maximum signal
intensity) in the fingertip of at least one of the
subject’s finger during the entire examination.

That implies that the region of MDD is more
proximal than the fingertip (i.e. regions 1 to 8,
compare Fig. 4).

We assigned eight regions (region 0 to region 7) to each
finger (thumbs: five regions) starting with the fingertip
(region 0) and ending in the metacarpal region. The wrist
was considered a common region 8 (see Fig. 4).

Furthermore, ICG accumulation patterns for typical
changes during IE as described by Granzow et al. [29]
were scanned. The examination and analysis as de-
scribed were performed in a maximum of 15 minutes
per subject.

Nailfold capillaroscopy

This method was conducted with a USB device (Di-Li
970-O USB hand microscope Di-Li’-Lite; Bresser, Rhede,
Germany) and the MicroCapture V2.0 software (to
determine the capillary density) following current
guidelines. Three distinct capillaroscopic SSc patterns
(early, active, late pattern, compare Fig. 5) as well as
non-SSc-specific findings were identified as defined by
Cutolo et al. [21]. An exact examination via nailfold
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Fig. 1 Fluorescence optical imaging (FOI) staining in a healthy subject. Upper image: initial enhancement (IE), defined as the first strong signal of
indocyanine green (/CG), in digit Il of the right hand; IE in the left hand has already taken place. Middle image: area of maximum distal distribution
(MDD) is the fingertip (region 0) in every finger as this is the most distal region with a sufficient ICG signal. Lower image: last image (no. 360) of
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capillaroscopy (NC) usually took our examiners 40
minutes per subject.

Statistical analysis

Statistical analysis was conducted by the statistical soft-
ware SPSS (Version 21.0.0.2; IBM Corp, Armonk, NY,
USA). Mann-Whitney U, Fisher’s exact and X tests

were performed. A p value of <0.05 was considered
statistically significant.

Intra- and inter-reader reliability

A trained FOI examiner (SF), who assessed the initial
FOI findings directly after the conducted examination,
re-evaluated 20 consecutive patients’ findings in January
2016. A second examiner (SL), who was trained by the
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Fig. 2 Fluorescence optical imaging (FOI) staining in a patient with diffuse cutaneous systemic sclerosis. Upper left image: strong initial enhancement (IE)
in digit Il of the right hand just below the fingertip (region 1). Lower left image: IE in the digit IIl of the left hand near the metacarpophalangeal (MCP)
joint (region 6). Upper right image: maximum distal distribution (MDD) in the fingertip (region 0) of digit Il of the right hand. Lower right image: MDD in
digit VV of both hands with the most distal sufficient signal in region 5 of the left digit VV and region 1 of the right hand’s digit V. /CG indocyanine green

first reader, separately evaluated the FOI findings of
these 20 patients. Both examiners were blinded to the
initial results as well as the results of one another. Intra-
and inter-reader reliabilities were calculated using
Cohen’s kappa test.

Results

Healthy subjects present sufficient ICG enhancement in
all digital regions

In the healthy cohort, 242 of 260 fingers (93.1%; Fig. 1)
showed a strong initial enhancement (IE, 265% of
maximum signal intensity) in the fingertips (region 0)
with a subsequent expansion of ICG to more proximal
areas (region 1 to region 8; Fig. 4). The other 18 (6.9%)
fingers of the healthy cohort presented a sufficient
ICG accumulation (>27% of maximum signal intensity)
in the fingertips later on, designing a sufficient maxi-
mum distal distribution (MDD) in the entire healthy
cohort.

Pathologic ICG accumulation is related to general
presence of digital ulcers and/or pitting scars in SSc
patients

We observed a strong (>265% of maximum signal intensity)
initial enhancement (IE) behaviour in both patients with
(n=37, group 1) and patients without (n =26, group 2)
current digital ulcers and/or pitting scars (DU/PS) at the
time of the examination. However 67.6% of group 1
(compare lower left image of Fig. 2, e.g. digit III left) and
61.5% of group 2 showed a missing strong signal in region

0 or region 1 (see Fig. 4 for regions) during IE in at least
one finger.

A total of 57.7% of group 1’s fingers showed a strong
initial ICG accumulation in the fingertip (region 0) and
1.9% slightly below the fingertip (region 1, see Fig. 2
upper left image), in contrast to 80.9% and 3.0% of group
2’s fingers respectively (p < 0.0001). Fingers with a strong
IE more proximal than that, were more likely to belong
to patients with current digital ulcers and/or pitting
scars (group 1): between 63.5% and 100% of fingers with
a strong IE in the areas between region 2 (near distal in-
terphalangeal joint, DIP; 74.5%) and region 8 (wrist;
100%) belonged to patients of group 1 (for regions,
compare Fig. 4).

Defining a strong IE in region 2 as a cutoff for patho-
logic enhancement behaviour (strong initial ICG accu-
mulation in proximal areas of the finger/hand instead of
the fingertips as seen in most healthy subjects), we
calculated 40% sensitivity and 84% specificity for the de-
tection of patients with present DU/PS. The positive
predictive value was 73.5%.

Individual finger analysis in SSc patients shows link
between pathologic FOI findings and presence of digital
ulcers and/or pitting scars in the same finger

Individual finger analysis showed a strong IE in the fin-
gertips in 78.5% (n =314 of 400 fingers) of patients with
1cSSc (compare FOI staining Fig. 3) and in 43.3% (n=97
of 224 fingers; six not assessable; p < 0.0001) of the pa-
tients with dcSSc (see Fig. 2 for FOI staining; compare
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Fig. 3 Fluorescence optical imaging (FOI) staining in a patient with IcSSc, without clinically apparent Raynaud's episode. Upper image: strong
initial enhancement (IE) in digits |, Ill, IV and V of the right hand; the index finger has not yet accumulated indocyanine green (ICG). Lower image:
maximum distal distribution (MDD) in the fingertip of the right hand's index finger

overview of IE regions in Fig. 4b and c). In SSc patients,
a missing initial ICG accumulation in the fingertip sig-
nificantly more often coincided with the presence of at
least one digital ulcer and/or pitting scar in the corre-
sponding finger (see Table 2, exemplary depiction in
Fig. 6): 60.9% of fingers with current DU/PS, 26.1% of
fingers without these complications showed a strong initial
ICG accumulation in more proximal areas (p < 0.0001).

In six fingers of one SSc patient, the initial enhancement
could not be determined due to severe sclerodactyly.

After initial enhancement, the maximum distal distri-
bution (MDD) of ICG was observed. A total of 594 fin-
gers showed a sufficient ICG distribution (i.e. >27% of
maximum signal intensity) in the fingertip in the course
of the examination. A complete disruption of ICG accu-
mulation (i.e. <27% of maximum signal intensity in the
fingertip at all times) was found in 26 fingers.

In all fingers with current DU/PS, 11.9% showed a
pathologic MDD (<27% of maximum signal intensity in
the fingertip) compared to only 1.9% in fingers without
DU/PS in the corresponding finger (see Table 2). The
proportion of 1.9% belonged to four patients especially
at risk for the development of future digital ulcers, as
they all shared a history of digital ulcers and at least one
of the following characteristics: DU in other fingers, late
pattern capillaroscopy and diffuse SSc subtype.

Pathologic FOI findings were associated with other
clinical findings

The distribution of ICG differed in patients with SSc
from the healthy cohort. Irregular ICG accumulation
patterns (“islands”) were present in 50.8% (n =32 of 63)
of SSc patients compared to 21.4% (n=6 of 28) of the
healthy cohort (p =0.0112). Furthermore, 66.7% of SSc
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Fig. 4 Regions of initial enhancement in healthy subjects and systemic sclerosis patients. PrimaVistaMode (summation image) of (a) a healthy
subject and exemplary depiction of the nine regions in digit Il, left hand with finger-wise percentage of initial enhancement of indocyanine green
(ICG) of the healthy cohort: proper distribution of the colouring agent with 84-100% (mean: 93.1%) of first ICG signals in region 0 (fingertip).
PrimaVistaMode of a patient with (b) limited (cutaneous) systemic sclerosis (IcSSc) and (c) diffuse cutaneous systemic sclerosis (dcSSc) and
depiction of the finger-wise percentage of strong initial ICG enhancement per region (0-8). LcSSc cohort with 69-90% (mean: 78.5%) and
dcSSc cohort with 30-70% (mean: 43.2%) of initial ICG signals in region 0. DIP distal interphalangeal joint, MCP metacarpophalangeal joint,

PIP proximal interphalangeal joint
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Fig. 5 Typical nailfold capillaroscopy patterns in systemic sclerosis
patients. Exemplary images of the three patterns of nailfold
capillaroscopy as defined by Cutolo et al. [29]: the early pattern
(upper image) is characterised by a normal capillary density and
distribution with few ectasias and haemorrhages. The active pattern
(middle image) is defined by giant capillaries, many haemorrhages and
mild capillary loss and disorganisation. Irregular capillary width, avascular
areas due to decreased capillary density as well as ramified or bushy
capillaries, but less giant capillaries and haemorrhages constitute the
late pattern (lower image)
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(n=42 of 63 patients) and 25.0% of the healthy cohort
(n=7 of 28) revealed a missing strong signal in at least
one fingertip during initial enhancement (p =0.0009).
These 42 SSc patients significantly more often reported
episodes of Raynaud’s phenomenon in the past week
(97.6% vs. 76.2%; p =0.0134). A complete disruption of
microcirculation of at least one finger (insufficient
MDD) was found in 11 (17.5%) SSc patients, but in none
of the healthy subjects.

As seen in Table 3, the modified Rodnan skin score is
significantly higher in patients with pathologic IE than
in patients with normal IE (p = 0.0234). The same is true
for the MDD (p = 0.0003). Similar results were obtained
when focusing on the hands’ skin scores: at least one
pathologic finger in IE or MDD was significantly associ-
ated with a higher skin score in both hands (IE p=
0.0037; MDD p < 0.0001). Lastly, similar relations could
also be found when analyzing each hand individually: if
one finger had a pathologic IE or MDD, the mean skin
score of the hand (range 0—6) was higher as well.

We also found considerable differences regarding the
total score of ACR/EULAR criteria between SSc patients
presenting a complete disruption and those with suffi-
cient perfusion. Patients with a pathologic MDD pre-
sented a higher mean score (mean: 21.4 points, SD: 3.6,
95%CI: 18.9-23.8) than those with sufficient ICG accu-
mulation in region 0 (compare Fig. 4) during the course
of the examination (mean: 15.7 points, SD: 3.9, 95%ClL:
14.6-16.8; p = 0.0005).

Capillaroscopy and digital ulcers/pitting scars - increasing
specificity using FOI

Sixty-one of the 63 SSc patients received a nailfold capil-
laroscopy examination. Only one patient showed non-
SSc-specific alterations in their nailfold. An early pattern
was found in 17.5%, an active pattern in 39.7% and a late
pattern in 38.1% of SSc patients (compare Fig. 5). In
total, 77.1% of all assessable fingers showed a decreased
capillary density (<7 capillaries/mm), and 34.1% had one
or more megacapillaries (diameter >50 pm). Thirty-eight
patients presented megacapillaries in at least one finger,
while no megacapillaries could be found in the capillaro-
scopy of 18 patients. Nevertheless, almost half of these

Table 2 Comparison of fingers with pathologic FOI findings with the presence of current digital ulcers and/or pitting scars (DU/PS)

in the same finger (SSc patients)

Initial enhancement (IE)

Maximum distal distribution (MDD)

n Strong signal proximal of fingertip, n Missing or insufficient signal in fingertip
(total)® n (%) (total)? during entire examination, n (%)
Fingers with current DU/PS 138 84 (60.9%) 143 17 (11.9%)
Fingers without current DU/PS 476 124 (26.1%) 477 9 (1.9%)
p value (Fisher's exact t test) p < 0.0001 p <0.0001

“Note different n (total) for IE and MDD due to six not assessable values for IE



Friedrich et al. Arthritis Research & Therapy (2017) 19:87

Page 10 of 13

\

digital ulcers/ pitting scars

Fig. 6 Location of digital ulcers and pitting scars in patients with pathologic FOI. Exemplary depiction of the location of current digital ulcer and/
or pitting scars (DU/PS) projected onto a fluorescence optical imaging frame 62 seconds after application of indocyanine green (ICG). The initial
enhancement (IE) has already taken place in all fingers with the first strong signal proximal to region 0 in digit Il of the right hand
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18 patients (44.4%) had current DU/PS. A total of 63.2%
of patients with megacapillaries showed DU/PS.

A higher percentage of SSc patients with pathologic
MDD presented a late pattern in the nailfold capillaro-
scopy (81.8% vs. 30.0%, p = 0.0043).

The calculated sensitivity and specificity for nailfold
capillaroscopy were 86.1% and 28.0%, respectively, op-
posing non-SSc and early pattern to active and late pat-
tern in regard to present DU/PS. The positive predictive
value amounted to 63.3%.

Combining the capillaroscopy with an additional FOI
examination revealed the following: while sensitivity
dropped to FOI levels of 40.4%, specificity increased dra-
matically to 88.4%. The positive predictive value im-
proved and rose to 83.1%.

Intra- and inter-reader reliability

The intra-reader reliability amounted to 0.786; only 7.6%
of the initial assessment differed from the second rating
of examiner 1. The inter-reader reliability was 0.834 with
95.7% accordance between the assessments of examiner
1 (second assessment) and examiner 2.

Safety
In the included cohorts, no side effects to ICG applica-
tion were observed.

Discussion

In the present study, fluorescence optical imaging (FOI)
was used to investigate microvasculopathy in SSc. As
presented above, the SSc group was easily distinguish-
able from young healthy subjects by their FOI staining
(compare Figs. 1, 2, 3 and 4). While the healthy cohort
mainly presented a strong initial ICG enhancement in
the fingertips, the SSc group often showed strong initial
ICG signals in more proximal areas. Furthermore, a
complete disruption (i.e. insufficient signal in the finger-
tips in the course of the examination) of digital perfu-
sion was specifically observed in SSc patients. Pathologic
FOI staining was associated with diffuse SSc subtype,
late pattern in NC, a higher modified Rodnan skin score
and a higher total score of ACR/EULAR classification
criteria. Additionally, individual finger analysis revealed
associations with present digital ulcers or pitting scars
(DU/PS) in the corresponding finger. FOI presented a
relatively high specificity regarding its ability to distinguish

Table 3 Skin score of SSc patients depending on the results of fluorescence optical imaging

Mean skin score [+SD] Initial enhancement

Maximum distal distribution

Pathologic? Normal p value Pathologic® Normal p value
Total (range 0-51) 10.2 [+8.2] 6.4 [+7.6] p=00234 17.3 [£89] 72 [+6.8] p =0.0003
Hands (range 0-12) 54 [£29] 32 [£27] p=0.0037 824 [+2.3] 39 [£2.6] p < 0.0001
Left hand (range 0-6) 28 [£1.5] 1.6 [+1.3] p=0.0013 39 [£1.1] 20 [£14] p=00018
Right hand (range 0-6) 28 [+16] 18 [+14] p=00163 43 [£1.2] 20 [+14] p=00002

At least one finger with pathologic findings in the respective patient (first two rows) or hand (last two rows)
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patients with and without these complications. No signifi-
cant associations of FOI results and smoking habits,
disease duration or BMI were found (data not shown).

While a strong screening method due to its high sensi-
tivity, one of capillaroscopy’s drawbacks is the low speci-
ficity regarding capillaroscopy patterns. A combination
of capillaroscopy and FOI showed an important specifi-
city increase when comparing patients with and without
current DU/PS. Therefore, FOI can be considered as a
new, relatively fast and promising tool that could be
helpful in the assessment and the exact localization of
malperfused areas in patients with systemic sclerosis. So
far, FOI has mainly been used in the diagnosis of arth-
ritis such as rheumatoid arthritis and psoriatic arthritis.
They focused on areas of increased signal intensity by
analysing ICG distribution in order to identify joint in-
flammation [1-3]. Pfeil et al. made first attempts to
examine patients with SSc by FOI to visualise inflamed
tissue [7]. This greatly differs from the novel approach
taken in the present work as it represents an effort to
examine and quantify tissue nutrition and malperfusion
instead of inflammation. We focused on the analysis of
(low) ICG enhancement to measure the arterial distribu-
tion of the colouring agent, which revealed areas with
insufficient FOI staining in SSc patients. Associations
between FOI enhancement patterns and present signs of
ischemia such as digital ulcers and pitting scars support
our approach.

There have been a few other emerging imaging
methods trying to investigate peripheral blood perfusion
in SSc patients [30]: different techniques have shown
promising results in recent years, among them laser
speckle contrast analysis (LASCA) [14, 31], laser Dop-
pler imaging (LDI), laser speckle contrast imaging
(LSCI) and laser Doppler flowmetry (LDF); all of them
non-invasive. [30] LASCA, LDI and LDF proved to
discriminate SSc patients from those with primary
Raynaud’s phenomenon and/or healthy subjects. [32—34]
Low blood flow detected by LASCA and LDF was asso-
ciated with the late pattern in NC [33, 35] and improved
under vasoactive therapies [14, 33]. There have also been
first results showing that colour Doppler ultrasonog-
raphy of the arteries of the fingers and hands is linked to
the presence of digital ulcers/pitting scars [36]. Other
new techniques that are being investigated momentarily
are thermography and optical Doppler tomography and
spectroscopy [30].

Similar to LASCA and LDF, we showed that FOI was
able to discriminate between SSc patients and healthy
controls and that its findings were associated with a late
pattern capillaroscopy. Pfeil et al. [7] also demonstrated
a change in FOI pattern under vasoactive treatment,
which should be investigated for this study’s protocol in
the future. One of FOIs limitations might be the
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intravenous application of ICG, especially in compari-
son to those non-invasive methods to measure blood
perfusion and capillaroscopy. While not reaching sensi-
tivity and specificity levels of the CSURI (capillaro-
scopic skin ulcer risk index), analysis of FOI findings
are not limited to the presence of megacapillaries and
therefore applicable to almost all SSc patients (i.e. pa-
tients with early pattern capillaroscopy) [16, 17, 25].
Another aspect, which needs to be considered when
interpreting FOI results, is the proportional character
of the results. As the total ICG signal varies depending
on factors like the current cardiovascular state of the
subject, the speed of the injection, or the effective con-
centration of ICG in the blood, the signal is depicted as
a proportion of the strongest signal in the examined
area. As a consequence, FOI depicts microvascular dis-
turbances in the hand, not the absolute blood volume
reaching the hand.

FOI was conducted in a mean time of 15 minutes —
including preparation and analysis. Also, the examin-
ation itself can be run by a trained medical assistant and
does not require the presence of a medical physician
until the point of analysis. This time-saving side of FOI
could prove a valuable asset in clinical daily practice
where most patients already present with intravenous
catheters. Furthermore, our study revealed a consider-
able level of reliability for this new method.

While the comparison of SSc patients and healthy
subjects in this report is of cross-sectional design, SSc
patients will be further investigated as part of a longitu-
dinal study with the objective to identify the predictive
value of FOI and other diagnostic methods regarding the
development of future digital ulcers.

Study limitations include the relatively low number of
participants as well as the age differences between the
healthy cohort and the SSc group. Due to the centre’s
speciality, patients with severe systemic sclerosis were
more frequent in our cohort than in the SSc population
(i.e. higher incidence of DU/PS). We also observed diffi-
culties in the analysis of FOI staining in patients with se-
vere sclerodactyly. Even though our primary objective
was the assessment of microcirculation, we observed an
overlap of seemingly inflamed joints (as seen in Prima-
VistaMode, the composite image of the examination)
and the region of initial ICG enhancement in small share
of patients (data not shown). Here, an interference of in-
flammation and initial enhancement cannot completely
be ruled out. Additionally, Pfeil et al. [7] described areas
of ICG enhancement, which were interpreted as soft
tissue inflammation. While we focused on areas of di-
minished perfusion, the potential interactions of joint
as well as soft tissue inflammation and circulation
disturbances should be investigated in more detail in
future studies.
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While we examined three patients with primary
Raynaud’s (unpublished data) who mostly showed en-
hancement patterns similar to the healthy cohort, a
more extensive investigation into FOI in primary
Raynaud’s patients as well as a comparison to patients
with secondary Raynaud’s is needed.

Conclusions

Further investigations into FOI's ability to detect abnor-
mal microcirculation are suggested to prove FOI valid-
ation data in SSc patients. A software for automatically
generated disease activity values (DACT) has been devel-
oped for patients with inflamed joints, but not yet for
areas of malperfusion in the hands.

The present work and subsequent results represent
first attempts at a broader detection of vasculopathy in
SSc using the FOI method. FOI could be a novel tool for
the assessment of symptomatic vasculopathy and could
provide additional assistance in the risk stratification of
digital ulcers.
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6. Lebenslauf

Mein Lebenslauf wird aus datenschutzrechtlichen Grinden in der elektronischen
Version meiner Arbeit nicht veroffentlicht.
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