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Abstract

One of the central ethical precepts in medicine is to do no harm. Balancing safety, risks and benefits of
healthcare decisions is an everyday challenge in routine clinical practice. Depending on the medical
problem at hand, refraining from an intervention may be better or safer than risking harm. Further,

diagnostic inaccuracy may lead to a misdiagnosis, which may also lead to harm.

With this work, | am highlighting the knowledge gained through my research of diagnostic and
therapeutic challenges in neurological diseases such as multiple sclerosis, chronic inflammatory
demyelinating polyneuropathy, Moyamoya angiopathy and aseptic meningitis. Findings derived from our
real-world population-based studies filled major knowledge gaps as drugs used to treat multiple sclerosis
are usually only tested in highly regulated trials over 2-3 years before market approval. Multiple sclerosis
drug treatment exposure (versus no exposure) was associated with differences in infection-related
healthcare use. Infection-related hospitalizations and physician visits were lower whereas prescription
fills were higher. Further, with an observational study, we were able to scrutinize the relevance of
misdiagnoses and delay in the diagnoses of patients with Moyamoya angiopathy. In chronic
inflammatory demyelinating polyneuropathy patients (versus healthy controls), optical coherence
tomography examination revealed subtle evidence for retinal degeneration while multifocal visual
evoked potential measurements did not differ between the groups. In aseptic meningitis, findings of our
observational study suggest that enterovirus-positive cases usually present with a more benign disease

course and a shorter hospitalization period, compared to enterovirus-negative cases.

Taken together, state-of-the-art, non-invasive diagnostic tools (e.g. optical coherence tomography and
multifocal visual evoked potentials) and population-based as well as observational studies examining
the safety and benefits of diagnostic/therapeutic interventions may be considered (cost-)effective

approaches to reduce the risk of harm for patients with a neurological disorder.



Zusammenfassung

Eines der zentralen ethischen Gebote in der Medizin lautet, keinen Schaden anzurichten. Das Abwagen
von Sicherheit, Risiken und Nutzen von Entscheidungen ist eine alltdgliche Herausforderung in der
klinischen Routinepraxis. Je hach medizinischem Problem kann es besser oder sicherer sein, von einem

Eingriff abzusehen, als einen Schaden zu riskieren.

Mit dieser Arbeit méchte ich die durch meine Forschung gewonnenen Erkenntnisse Uber diagnostische
und therapeutische Herausforderungen bei neurologischen Erkrankungen wie Multipler Sklerose,
chronisch entziindlicher demyelinisierender Polyneuropathie, Moyamoya-Angiopathie und aseptischer
Meningitis hervorheben. Die Ergebnisse unserer bevdlkerungsbasierten Studien schlielRen relevante
Wissensliicken, da Medikamente zur Behandlung der Multiplen Sklerose in der Regel nur in streng
regulierten Studien Uber einen Zeitraum von 2-3 Jahren vor der Marktzulassung getestet werden. Die
Behandlung mit Multiple-Sklerose-Medikamenten (im Vergleich zu keiner Behandlung) war mit
Unterschieden in der infektionsbedingten Inanspruchnahme der Gesundheitsversorgung verbunden.
Infektionsbedingte Krankenhausaufenthalte und ambulante Arztbesuche waren seltener, wohingegen

die Zahl der Arzneimittelverordnungen hdher war.

AulBerdem konnten wir in einer Beobachtungsstudie die Bedeutung von Fehldiagnosen und
Verzégerungen bei der Diagnose von Patient:innen mit Moyamoya-Angiopathie untersuchen. Bei
Patient:innen mit chronisch entziindlicher demyelinisierender Polyneuropathie (im Vergleich zu
gesunden Kontrollpersonen) ergaben sich bei der optischen Koharenztomographie subtile Hinweise auf
eine Netzhautdegeneration, wahrend die Messungen des multifokalen visuell evozierten Potenzials
keine Unterschiede zwischen den beiden Gruppen zeigten. Bei der aseptischen Meningitis deuten die
Ergebnisse unserer Beobachtungsstudie darauf hin, dass Enterovirus-positive Falle im Vergleich zu
Enterovirus-negativen Fallen in der Regel einen harmloseren Krankheitsverlauf und eine kirzere

Krankenhausverweildauer aufweisen.

Zusammengefasst kdnnen moderne, nicht-invasive Diagnoseinstrumente (z. B. optische
Koharenztomographie und multifokale visuell evozierte Potenziale) und bevolkerungsbezogene sowie
Beobachtungsstudien, die die Sicherheit und den Nutzen diagnostischer/therapeutischer Malnahmen
untersuchen, als (kosten-)wirksame Ansatze zur Verringerung des Schadensrisikos fur Patienten mit

einer neurologischen Erkrankung angesehen werden.
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1. Introduction

Primum non nocere — sometimes referred to as nihil nocere — is a central precept in
medical ethics, which highlights the need for health care professionals to first, do no
harm’.! The origin of this Latin phrase remains uncertain?, however, this maxim
reminds healthcare staff to carefully consider potential harm of medical interventions.
In short, balancing safety, risks and benefits of healthcare decisions is an everyday
challenge in routine clinical practice, and — depending on the medical problem — to
refrain from an intervention may be better or safer than risking harm. Therefore,
recognizing risks and safety challenges is key in medical practice in order to prevent
the two major types of medical errors?: First, “errors of omission occur as a result of
actions not taken™ and second, “errors of the omission occur as a result of the wrong
action taken”s. These errors remain a major cause of death just prior to the pandemic
e.g. within the United States, underscoring their relevance in public health.® On the one
hand, treatment- and intervention-related errors, harms and/or adverse events may be
considered obvious and long-known healthcare challenges.3* On the other hand, the
consequences — and burden — of misdiagnoses and diagnostic-related harm/error,
especially in diseases with treatment options, on the other hand should not be
overlooked.>® This holds especially true during outbreaks of infectious diseases e.g.
COVID-19 or aseptic meningitis, when the healthcare system needs to function under

particular pressure.

James Lind’'s “Treatise of the Scurvy” from 1753 is considered the beginning of
evidence-based medicine. However, evidence-based medical interventions in
neurological diseases — and therefore also their related harms, errors and adverse

events — may also be considered a novelty. This is particularly the case in certain areas



of contemporary neurology, where therapeutic and also diagnostic advancements in
multiple sclerosis (MS), chronic inflammatory demyelinating polyneuropathy (CIDP)
and Moyamoya angiopathy (MMA) during the past decades may be considered

ground-breaking.

MS is an immune-mediated disease of the central nervous system’ which is often
diagnosed in early adulthood. After trauma, MS is the second most common cause of
sustained physical disability in young adults around the globe.® In MS, early treatment
is key.? Thanks to advancements in refining the MS diagnostic criteria'®, diagnosing

MS early has become increasingly realistic.

This is important as the economic impact of MS in Europe is remarkable: For example,
in The Netherlands, the annual total direct (non-)medical and indirect costs per patient
per year (2011) may be up to 100,000 EUR." Despite the advances in MS treatment,
there is no known cure so far. Today, persons with MS can have several disease-
modifying drug (DMD) treatments to choose from. Especially the development of
different monoclonal antibodies to treat MS (and other immune-mediated diseases)
e.g. by targeting B cells'® is worth mentioning because they are particularly
beneficial.’>'® In Germany, access to these drugs is facilitated by a rather generous
reimbursement scheme, as compared to most other countries.'® This provides patients
access to all licensed DMDs without having to worry about high out-of-pocket drug

expenses.



The DMDs used to treat MS typically gain regulatory approval after short-term (lasting
2-3 years), highly regulated clinical trials, conducted in select, carefully screened
patients. In contrast, in routine clinical practice, a much broader range of MS patients
may be expected to take these efficacious, but expensive, DMDs for many years. The
effects of the different DMDs, along with the patient’s age, sex, and comorbidities, on
the MS disease course, and on the risk of harm such as an adverse drug reaction
(ADR; ‘side effect’) remain poorly understood. This is despite the known healthcare
burden associated with ADRs, which are a prominent issue within the healthcare
system.’” For example, ADRs are a relevant challenge in German healthcare®: In
general, ADRs may be responsible for approximately 1 in 30 hospitalizations in
Germany every year (2006-07). The average direct medical treatment cost of a single
ADRis nearly 2,250 EUR. Twenty percent of ADR cases are thought to be preventable.
If ADRs could be prevented or better managed, this would result in potential savings

for the German healthcare system equal to 87 million EUR per year.'®

Prominent examples of MS DMDs associated with ADRs are natalizumab and
daclizumab®: Natalizumab treatment increases the risk progressive multifocal
leukoencephalopathy (PML), a severe and often fatal viral infection mediated by the
John Cunningham virus (JCV).'® Due to this PML risk, natalizumab was withdrawn
from the market from the US Food and Drug Administration (FDA) in 2005. However,
after carefully reviewing safety, risks and benefits, natalizumab was reintroduced in
2006 under a special prescription program. Daclizumab was granted marketing
authorization in 2016 by the FDA and European Medicines Agency (EMA) to treat MS,
but was later found to increase the risk for a rare but fatal liver toxicity. This prompted

the drug manufacturer to withdraw it from that market in 2018.2° Hence, it is worthwhile



mentioning that post-marketing safety mechanisms have proven to function

immediately after a series of relevant ADRs.

There are a plethora of safety mechanisms such as pharmacovigilance measures
using e.g. ‘spontaneous’ reporting systems.?'?2 The vast majority of observational
(MS) studies, however, focus on DMD effectiveness alone.?®>?* In addition to
observational studies, both large cohort studies?>?® and mobile health interventions?®
will become more and more relevant for healthcare planning, patient safety, identifying
risk factors and treatment decisions in the future in order to provide the optimal quality
of patient care3C. With this habilitation treatise, | highlight the scientific insights in
understanding patient safety we have gained within the past decade. Chapters 2 and

3 thoroughly summarize and discuss the results of my research.



2. Diagnostic Challenges in Neurological Diseases
2.1 Multipl lerosi
This chapter is based on the following Original Research articles:

Graf J, Akmatov MK, Meuth SG, Tremlett H, Holstiege J. Updated Multiple Sclerosis

Incidence, 2015-2022. JAMA Neurol. 2024;81(10):1100-1102.

doi:10.1001/jamaneurol.2024.2876

Graf J, Leussink VI, Dehmel T, Ringelstein M, Goebels N, Adams O, MacKenzie CR,
Warnke C, Feldt T, Lammerskitten A, Klotz L, Meuth S, Wiend| H, Hartung H-P, Aktas
O, Albrecht P. Infectious risk stratification in multiple sclerosis patients receiving

immunotherapy. Ann Clin Transl Neurol. 2017;4(12):909-914.

doi:10.1002/acn3.491

As already mentioned above, diagnosing MS early is key. The most recent, 2017 MS
diagnostic criteria®! aimed to both facilitate diagnosing MS and further shorten the
latency between symptom onset and diagnosis for patients. Another objective was also
to balance and mitigate the risk of a ‘false positive’ diagnosis. Briefly, a physician needs
to prove both a dissemination in time and space in order to establish a diagnosis of MS
in a patient. The 2017 criteria re-introduced oligoclonal bands in the cerebrospinal fluid
(CSF) as an additional marker of dissemination in time, while cortical lesions can
demonstrate dissemination in space. Further, the 2017 criteria permit both
symptomatic and asymptomatic lesions when it comes to dissemination in time and

space.



With a population-based study (2015-2022),32 we derived current MS incidence trends
by applying a validated algorithm to administrative data from ~60,000,000 persons in
Germany. MS incidence (and sex ratio) remained stable over the eight years of study.
However, the cumulative incidence per 100,000 persons declined slightly over the
study period, which may have been influenced by immigration and/or a growing
population as well as a shortened lag time of diagnosis driven by the higher sensitivity

of the updated diagnostic criteria released in 2017.

After receiving an MS diagnosis, patients are commonly recommended by a physician
to start a DMD treatment. As with all drugs, these DMDs carry risk of ADR, such as an
infection. Fortunately, there are measures to mitigate the risk of an infection, such as
the use of vaccinations before starting a DMD. However, these complex diagnostic
screening measures pose an everyday challenge in MS patient care. Today, screening
for infections in MS patients is considered essential. However, the clinical relevance
and frequency of each individual infection screened for remains uncertain in the real-
world setting. In order to address this knowledge gap, in collaboration with the
University Hospital Minster, we conducted a multicenter study between 2014 and
2016 focusing on these screening measures33: |nfectious risk stratification was
performed in patients with immune-mediated neurological diseases (i.e., MS and
neuromyelitis optica spectrum disorders [NMOSD]) before the initiation of a potent
DMD. Of note, 177 patients were tested with an IFN-Y release assay (IGRA) in Miinster
and Dusseldorf; 7 patients had a reactive result (3.95% [95% confidence interval: 2—
8%]) and were therefore diagnosed with a latent tuberculosis infection (LTBI).
Consequently, these patients with LTBI received the required 3 (multi-antibiotic) or 9

months (single antibiotic) treatment regime. This extensive course of antibiotics can be



highly burdensome on patients, and in our study two of the diagnosed patients
developed a significant ADR after LTBI treatment was administered. Fortunately, none
of the patients who underwent antibiotic treatment developed an active tuberculosis
infection (routine follow-up tuberculosis testing normal). Further, of the 102 patients
screened for Varicella zoster virus (VZV) in Dusseldorf, 3 (2.9% [95% confidence
interval: 0.6—8.4%]) patients presented findings indicating a lack of immunity (VZV IgG
<100.0 IU/mL) while all 78 patients from Munster showed immunity against VZV. Given
that a VZV infection is considered serious in e.g. fingolimod treated patients3, a
vaccination is warranted when a lack of immunity is present. Of the total of 159 patients
screened for hepatitis B, 3 patients were tested positive for anti-HBc-IgG which
indicates recovery and immunity after a previous hepatitis B infection (1.9% [95%
confidence interval: 0.4-5.4%]). This screening measure is crucial for patients
considering a B cell depleting therapy by anti-CD20 monoclonal antibodies given that
e.g. rituximab (a commonly used [off-label] DMD for MS with a comparable mode of
action as the on-label MS DMDs ocrelizumab, ofatumumab and ublituximab) increases

the risk of a fulminant hepatitis B reactivation in anti-HBc-IgG-positive patients.3°

To summarize, screening for infectious diseases, despite being onerous, should be

performed before embarking on DMD in order to mitigate treatment associated risks.

2.2 Chronic Inflammatory Demyelinating Polyneuropathy

This chapter is based on the following Original Research articles:

Ingwersen J*, Graf J* Kluge J, Weise M, Dietrich M, Lee J-I, Harmel J, Hartung H-P,

Ruck T, Meuth SG, Albrecht P, Aktas O, Ringelstein M. CNS Involvement in Chronic



Inflammatory Demyelinating Polyneuropathy: Subtle Retinal Changes in Optical

Coherence Tomography. Neurol Neuroimmunol Neuroinflamm. 2022;9(1).

doi:10.1212/NXI1.0000000000001099 - *equally-contributing authors

Graf J, Jansen L, Ingwersen J, Ringelstein M, Harmel J, Rybak J, Kolbe R, Rhése L,
Gemerzki L, Lee J-I, Klistorner A, Guthoff R, Hartung H-P, Aktas O, Albrecht P.
Multifocal visual evoked potentials in chronic inflammatory demyelinating

polyneuropathy. Ann Clin Transl Neurol. 2018,;5(8):952-961.

doi:10.1002/acn3.593

In clinical practice, diagnosing rare or orphan diseases remains a challenge. However,
while each rare disease is rare, patients with rare diseases as a collective are
numerous. A recent call for action challenges the medical community to coordinate
efforts in order to define rare and orphan diseases more precisely.3® Use of state-of-
the art, non-invasive diagnostic tools suitable for the diagnosis of patients with rare
diseases would be a major advancement and help address this call to action. CIDP is
a rare immune-mediated disease (e.g., prevalence rate of 2.84 per 100,000 in
England® and annual incidence of 0.3 per 100,000 in Iceland®®) characterized by
symmetrical neuropathic symptoms which progress and/or relapse over a course of at
least 2 months.3%40 Given that there are ‘typical’ and ‘atypical’ clinical subtypes,
diagnosing this rare disease in a timely manner is particularly challenging.*' We have
conducted two cross-sectional, prospective studies at the University Hospital of
Dusseldorf applying the state-of-the art, non-invasive tools optical coherence

tomography (OCT)*? and multifocal visual evoked potentials (mfVEP)*3 for use in CIDP



patients in order to define this disease more precisely. Applying these diagnostic tools
of the visual pathway is of particular interest given that previous studies suggest an
involvement of the central nervous system in CIDP patients.*%° In both Diisseldorf
studies, CIDP patients were compared with age- and sex-matched healthy controls
(OCT: 22 CIDP patients versus 22 healthy controls; mfVEP: 18 CIDP patients versus
18 healthy controls). Briefly, while the OCT examination revealed subtle evidence for
retinal degeneration in CIDP patients versus healthy controls, mfVEP measurements
did not differ between the groups. These findings warrant corroboration in larger,

independent CIDP patient cohorts in future studies.

2.3 Moyamoya Angiopathy

This chapter is based on the following Original Research article:

Graf J*, Schwitalla JC*, Albrecht P, Veltkamp R, Berlit P, Hartung H-P, Aktas O,
Kraemer M. Misdiagnoses and delay of diagnoses in Moyamoya angiopathy-a large

Caucasian case series. J Neurol. 2019;266(5):1153-11509.

doi:10.1007/s00415-019-09245-9 - *equally-contributing authors

The relevance of misdiagnoses and delay in the diagnoses in rare diseases have been
highlighted in a retrospective analysis we have conducted in collaboration with the
Alfried Krupp Hospital Essen using a large Caucasian case series of patients with
MMA.4¢ The rare arteriopathy MMA is characterized by non-inflammatory occlusion or
stenosis of intracranial arteries, leading to manifest or transient ischemic events of the
brain.#” This analysis was based on a monocentric chart review of the Alfried Krupp

Hospital Essen, a European Reference Network center known for its longstanding

9



expertise in diagnosing and treating patients with MMA.*¢-°° Delay of MMA diagnosis
has been assessed in 187 patients: The diagnosis was delayed 21 year in 106/187
patients (56.7%). Of note, the mean delay in diagnosis from symptom onset was 5.28
(standard deviation 5.11) years. Misdiagnosis has been assessed in 192 patients: Only
38% of patients instantly received a correct diagnosis at the first clinic visit. Our
systematic analysis of a large case series underscores both the high frequency of
misdiagnosis and the delay of diagnosis in patients affected by MMA. This

circumstance may impede a timely, adequate treatment.#9.50

2.4 Aseptic Meningitis Epidemic

This chapter is based on the following Original Research article:

Graf J*, Hartmann CJ*, Lehmann HC, Otto C, Adams O, Karenfort M, Schneider C,
Ruprecht K, Bosse HM, Diedrich S, Béttcher S, Schnitzler A, Hartung H-P, Aktas O,
Albrecht P. Meningitis gone viral: description of the echovirus wave 2013 in Germany.

BMC Infect Dis. 2019;19(1):1010.

doi:10.1186/s12879-019-4635-6 - *equally-contributing authors

The diagnostic workup of a patient suspicious for meningitis presenting with headache,
fever and neck stiffness at an emergency department poses an everyday challenge: a
timely, accurate diagnosis is warranted given that a misdiagnosis may lead to serious
consequences.5! However, when a causative agent for meningitis cannot be
determined by cerebrospinal fluid culture, the patient most likely suffers from an aseptic
meningitis.%> The most common cause of aseptic meningitis is a viral infection.%354

Evidence suggests that the causative agent remains unknown in ~20% of patients with

10



meningitis or encephalitis.>® This uncertainty complicates patient care, especially
during seasonal aseptic meningitis surges. We have conducted a retrospective,
multicenter study at the University Hospitals of Dusseldorf, Cologne and Berlin,
Germany, which described the enterovirus epidemic in Germany in 2013.% In this
study, 72 enterovirus-positive cases (median age of 15 [interquartile range 3.25; 32.75]
years, 31 females [43.1%]) and 45 enterovirus-negative (median age of 36
[interquartile range 28; 48.5] years, 16 females [35.6%]) cases were identified and
compared. In 2013, enterovirus-positive cases peaked in this study cohort in July
(n=20) and August (n=28). Of note, patients with enterovirus-positive meningitis spent
relatively few nights in hospital compared to enterovirus-negative patients (3
[interquartile range 1; 5] versus 6 [interquartile range 3; 13] nights, adjusted p < 0.01,
Mann-Whitney U test). There were no fatal cases in any group. Nevertheless, aseptic
meningitis epidemics regardless of the cause are associated with considerable costs
for society given the high case numbers, the loss of work due to sick leave and the
necessary resources for medical treatment. The study suggests that enterovirus-
positive cases usually present with a more benign disease course and a shorter

hospitalization period, compared to enterovirus-negative cases.
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3. Therapeutic Challenges in Neurological Diseases

.1 Multipl lerosi

This chapter is based on the following Original Research articles:

Graf J* Leussink VI*, Soncin G* Lepka K, Meinl I, Kimpfel T, Meuth SG, Hartung H-
P, Havla J, Aktas O, Albrecht P. Relapse-independent multiple sclerosis progression

under natalizumab. Brain Commun. 2021,;3(4):fcab229.

doi:10.1093/braincomms/fcab229 - *equally-contributing authors

The following three population-based studies performed during a 1.5-year postdoctoral
research fellowship at the University of British Columbia, Vancouver, Canada were
funded by the German Research Foundation (DFG). This research was made possible

by a personal DFG grant (applicant: Dr. med. Jonas Graf; project number: 438899010).

Ng HS* Graf J*, Zhu F, Kingwell E, Aktas O, Albrecht P, Hartung H-P, Meuth SG,
Evans C, Fisk JD, Marrie RA, Zhao Y, Tremlett H. Disease-Modifying Drug Uptake and

Health Service Use in the Ageing MS Population. Front Immunol. 2021;12:794075.

doi:10.3389/fimmu.2021.794075 - *equally-contributing authors

Graf J, Ng HS, Zhu F, Zhao Y, Wijnands JM, Evans C, Fisk JD, Marrie RA, Tremlett H.
Disease-modifying drugs, multiple sclerosis and infection-related healthcare use in
British Columbia, Canada: a population-based study. Lancet Reg Health Am.

2024,29:100667.

doi:10.1016/j.lana.2023.100667
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GrafJ, Ng HS, Zhu F, Zhao Y, Wijnands JM, Evans C, Fisk JD, Marrie RA, Tremlett H.
Emergency department use by persons with MS: A population-based descriptive study

with a focus on infection-related visits. Mult Scler. 2022;28(11):1825-1828.

doi:10.1177/135624585221078497

MS is a chronic, immune-mediated disease of the brain and spinal cord which may
present with a relapsing and/or progressive clinical phenotype. Some MS patients with
a relapsing disease course develop a secondary progressive course over time.%
However, more and more evidence suggests that the clinical course of MS is perhaps
best described as a continuum.%” Treating patients with secondary disease progression
remains challenging despite available treatment options.*® We have conducted a
retrospective chart review study in collaboration with the Institute of Clinical
Neuroimmunology, Ludwig-Maximilians University Hospital, Munich, Germany, which
assessed the relevance of the development of a secondary progressive disease
course in MS patients treated with the monoclonal antibody natalizumab.®
Natalizumab may very effectively reduce relapse rates, however, its effect on the
transition to a secondary progressive diseases course remains uncertain.®8' As a
proxy for the onset of secondary progressive disease the recently developed concept
of confirmed progression independent of relapse activity (cPIRA) in combination with
the Expanded Disability Status Scale (EDSS) reference score was applied. The EDSS
is a clinical assessment of quantifying disability in MS patients. For inclusion, a
natalizumab treatment duration of at least 24 months was required (detailed

inclusion/exclusion criteria may be found elsewhere®?).

The study outcome of cPIRA was defined as a 212 week confirmed disability

progression independent of a clinical relapse. This outcome was evaluated in all

13



patients including those who discontinued natalizumab therapy in the follow-up.
Disability progression was defined as an EDSS worsening (increase) of 1 point in
patients with an EDSS <3 at baseline or a half point increase in patients with a baseline
EDSS 23.5 using a roving EDSS reference score, as described elsewhere.? Of all 184
natalizumab-exposed patients included, 140 patients (median age at natalizumab
onset 33.5 years; 92 [65.7%] female) presented as relapsing (76%), while 44 (median
age at natalizumab onset 38.5 years; 26 [59.1%)] female) developed cPIRA as an
indicator for secondary progressive multiple sclerosis (24%). cPIRA occurred after a
mean time of receiving natalizumab of 10 (standard deviation 1) years. MS patients
who developed cPIRA with and without superimposed relapses as well as relapsing
remitting multiple sclerosis patients with relapse-associated worsening presented with
a mean deterioration of 1.5 (standard deviation 0.9) EDSS points. This study, which
was limited by its retrospective design, highlights the challenge of managing MS
patients receiving long-term treatments: close monitoring of clinical disability is
warranted. A major strength of this study was the long observational period (median
natalizumab therapy duration ~5 years), which would be challenging in a phase 3 trial.
Our findings suggest that preventing relapses does not automatically prevent the onset

of a secondary diseases course.

Other therapeutic challenges in MS are the treatment of the ageing population as well
as balancing the risk of DMD-associated infection. The effectiveness of the DMDs in
the older (age =255 years) MS population and the relevance of infections in long-term
DMD treatment remains uncertain. A recent multicenter, randomized non-inferiority
clinical trial assessing DMD discontinuation in MS cases 255 years of age suggests
that discontinuation may be a reasonable option for patients with a stable disease.®
However, this clinical trial also suggests that DMD discontinuation may increase the

risk of new magnetic resonance imaging activity in brain and spinal cord.®® We have

14



assessed the effectiveness of DMDs in the ageing population in a population-based
study in British Columbia (BC), Canada.® In order to tackle this challenging question,
the linked health administrative data from BC, Canada, which has been prospectively

captured from 1996 to 2017, has been accessed.

A validated algorithm was used in order to identify persons with MS requiring at least
three International Classification of Diseases (ICD) codes for MS (ICD 9/10: 340/G35)
from the hospital or physician claims datasets, or at least one prescription filled for an
MS DMD.® The date of the first MS-specific or demyelinating disease-related ICD
code, or DMD prescription filled was the index date, and persons with MS were eligible
for inclusion if they were 18 years or older and resident in BC for at least 1 year before

the index date. Detailed methods and cohort characteristics can be found elsewhere. %

At the index date, 78.7% (15,235/19,360) of persons with MS were aged <55 years
and 21.3% (4,125/19,360) were 255 years. Of those aged <55 years at the index date,
29.7% (4,526/15,235) filled a DMD prescription during follow-up, whereas 5.0%
(206/4,125) of persons aged =55 years at the index date did so. Our analysis of
prospectively collected health administrative data revealed beneficial effects of the MS
DMDs on hospitalizations for those MS cases aged <55 at the time of exposure.
However, for DMD exposed persons with MS 255 years of age, the hospitalization
hazard was not significantly lowered. This population-based study enhances the
overall comprehension of the potential advantages and risks associated with DMD use

in the ageing MS population.

Further, infection-related healthcare use in DMD exposed versus unexposed persons
with MS has been assessed in another population-based study we have conducted

using the same cohort from BC, Canada, as already described above.5¢
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Briefly, 19,360 persons with MS living in BC, Canada (1996 to 2017) were identified,
of whom 13,940 (72.0%) were women. The mean follow-up time (MS index date until
study end) was similar between those who did and those who did not fill a DMD
prescription, with the mean being 11.7 (standard deviation 7.3) years for the entire
group. The mean age at index date was 44.5 (standard deviation 13.3) years. Overall,
4,732 (24.4%) persons filled at least one MS DMD prescription. Persons never (versus
ever) filling a DMD prescription were, on average, older at the index date (46.9
[standard deviation 13.7] versus 37.1 [standard deviation 9.8] years), and had a higher
comorbidity burden, while the distribution of socioeconomic status quintiles was similar

between the two groups.

Relative to no DMD, any DMD exposure was associated with a 12% lower adjusted
rate ratio (aRR) of infection-related physician claims (aRR=0.88; 95% confidence
interval: 0.85-0.92). a 36% lower adjusted hazard ratio (aHR) of infection-related
hospitalizations (aHR=0.64; 95% confidence interval: 0.56-0.73) and a 14% higher rate
ratio of infection-related prescription fills (aRR=1.14; 95% confidence interval: 1.08-

1.20).

Little is known about emergency department visits by persons with MS. Interestingly,
a descriptive, population-based study (BC, Canada) which we have conducted
focusing on infection-related emergency department visits did not reveal a difference
in proportion of persons with MS ever versus never using a DMD to treat MS.%" The
above-mentioned population-based studies were limited by the inability to examine the
more recently approved DMDs. Further, clinical data, such as the MS disease
course/severity/activity, or lifestyle-related information like alcohol consumption or

smoking could not be assessed.
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All in all, the above-mentioned real-world population-based studies filled major
knowledge gaps as DMDs are usually only tested in highly regulated trials over 2-3
years before market approval. MS DMD exposure was associated with differences in
infection-related healthcare use. Infection-related hospitalizations and physician visits
were lower. However, prescription fills were higher. These differences in infection-

related healthcare use warrants consideration.

3.2 Diseases treated with Intravenous Immunoglobulin

This chapter is based on the following Original Research article:

Graf J, Ingwersen J, Lepka K, Albrecht P, Hartung H-P, Ringelstein M, Aktas O.
Factors associated with headache in intravenous immunoglobulin treatment for

neurological diseases. Acta Neurol Scand. 2019;140(4):290-295.

doi:10.1111/ane.13144

Intravenous immunoglobulin treatment (IVIg) is an established, generally well-tolerated
treatment®® in e.g. CIDP patients. However, patients receiving 1VIg may develop
cephalgia, or even present with an aseptic meningitis.®® The factors associated with
cephalgia in IVIg treatment remain poorly understood. Therefore, we have conducted
a retrospective chart review study which analyzed the occurrence of cephalgia in 91
IVIg infusions in 67 patients (20 females [29.9%]; 19 patients received more than one
IVIg infusion).”® Cephalgia was documented after 24.2% (22/91) of infusions in 15 of
67 (7 female, 8 male) individual patients (22.4%). The mean age of all 67 patients was
64.6 [standard deviation 11.7] years; descriptively, the 15 patients developing

cephalgia were younger (mean age 59.0 [standard deviation 11.1] years), compared
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to 57 patients without cephalgia (mean age 65.4 [standard deviation 11.8] years). A
stepwise forward binary logistic regression analysis including baseline systolic as well
as diastolic blood pressure, baseline heart rate, baseline body temperature, infusion
duration, infusion rate, dosage, age, and sex was performed in order to assess factors
that may influence the occurrence of cephalgia post-IVlg infusion. Here, higher
baseline systolic blood pressure (p = 0.017) influenced headache the most, followed
by age (p = 0.029). This study was limited by its retrospective design. However, given
that body temperature was not associated with cephalgia, a systematic immune

response after IVIg infusion may not be a major influence in developing cephalgia.

3.3 Moyamoya Angiopathy

This chapter is based on the following Original Research articles:

Kraemer M, Karakaya R, Matsushige T, Graf J, Albrecht P, Hartung H-P, Berlit P,
Laumer R, Diesner F. Efficacy of STA-MCA bypass surgery in moyamoya angiopathy:
long-term follow-up of the Caucasian Krupp Hospital cohort with 81 procedures. J

Neurol. 2018;265(10):2425-2433.

doi:10.1007/s00415-018-9031-4

Kraemer M, Sassen J, Karakaya R, Schwitalla JC, Graf J, Albrecht P, Hartung H-P,
Diehl RR, Berlit P, Laumer R, Diesner F. Moyamoya angiopathy: early postoperative
course within 3 months after STA-MCA-bypass surgery in Europe-a retrospective

analysis of 64 procedures. J Neurol. 2018;265(10):2370-2378.

doi:10.1007/s00415-018-8997-2
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Performing randomized-controlled trials in rare disease patients constitutes a
significant challenge. Retrospective, real-world analyses may be considered an
adequate tool to inform treatment planning for patients with a rare disease, such as
MMA. Two retrospective chart review studies performed in collaboration between the
University Hospital Dusseldorf and the European Reference Network center Alfried
Krupp Hospital Essen, Germany, assessed the clinical outcome of bypass surgery
between the superficial temporal artery and the middle cerebral artery (STA-MCA) in
Caucasian patients with MMA over the short-term (64 direct bypass procedures in 45
patients; 34 [75.6%] females; mean age at time of first surgery 41.8 [standard deviation
13.68] years)*®® and long-term (81 STA-MCA bypass procedures in 54 patients; 39
[72.2%] females; mean age at the time of first surgery 39.1 [standard deviation 12.8]
years)*. Regarding hemodynamic compromised stages of MMA in patients with Asian
ethnicity, there is a consensus that STA-MCA may be beneficial.”"-"2 However,

evidence in Caucasian patients is scarce.

Over the short-term>°, after 15% (10/64) of STA-MCA procedures MMA patients
complained of clinical symptoms excluding postoperative pain and headaches.

Radiological imaging revealed subdural hematoma in 70% (7/10) of MMA patients.

After 3 months, no persisting clinical symptoms were reported in 98.4 % (62/63) of
procedures (due to living abroad, one patient was lost to follow-up). After one
procedure (1.6%), a persisting worsening of aphasia most likely influenced by a
generalized seizure was reported. No new magnetic resonance imaging lesion has
been detected in this case in comparison with the preoperative magnetic resonance

imaging.

Over the long-term*®, none of the MMA patients receiving STA-MCA experienced new

symptoms related to stroke or haemorrhage nor any new pathologic features were
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evident on magnetic resonance imaging for 38.2 months. Further, after 37.2 months,
magnetic resonance angiography revealed a reduction of MMA collaterals in 83.3%

(65/79) hemispheres. These chart reviews are limited by their retrospective design.

All'in all, evidence from these retrospective chart reviews suggests that STA-MCA is

both a safe and an effective procedure in Caucasian MMA patients.

20



4. Conclusion

The diagnostic and treatment landscape in neurology is becoming progressively
complex. Today in clinical neurology, for example, screening for a potential risk factor
before starting a treatment (e.g. LTBI screening in MS patients) may lead to long-term
antibiotic treatment, which is again associated with a therapeutic risk. Our work
focusing on infectious risk stratification underscores the relevance of this complexity in
everyday routine practice. Further, in the future, state-of-the-art, non-invasive
diagnostic tools (e.g. optical coherence tomography and multifocal visual evoked
potentials) may be able to help to further differentiate diseases of the peripheral
nervous system. The findings derived from the above-mentioned real-world and
population-based studies filled major knowledge gaps as drugs used to treat multiple
sclerosis are usually only tested in highly regulated trials over 2-3 years before market
approval. Further, these studies narrowed down the relevance of misdiagnoses (MMA)
and disease severity (aseptic meningitis) in rare diseases which cannot be feasibly

investigated with randomized-controlled trials.

All in all, major health care challenges of the 215t century need to be addressed with
observational, cohort and/or population-based studies, which can neither ethically nor
feasibly be solved with short-term or costly randomized-controlled clinical trials. For
example, diagnostic procedures and/or population-based analyses may one day
foresee the development of certain diseases in persons at risk. Earlier diagnosis and
treatment may set the path for a prevention of progression in chronic diseases. This
way, doing no harm in medicine may become less of a challenge when balancing
safety, risk and benefits of clinical decisions will be enabled and informed by

population-based research and state-of-the-art diagnostic tools.
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Introduction

Abstract

The increasing number of potent treatments for multiple sclerosis warrants
screening for infections. To investigate the prevalence of infections in two inde-
pendent German patient cohorts with multiple sclerosis/neuromyelitis optica
spectrum disorders (NMOSD), we performed a retrospective chart review study
of multiple sclerosissNMOSD patients who underwent testing for infections
between 2014 and 2016. We show that 6 out of 80 tested patients (Diisseldorf
cohort) and 2 out of 97 tested patients (Minster cohort) had a latent tubercu-
losis infection; total 3.95%, 95% CIL: 2-8%. Our findings suggest that latent
tuberculosis infection is frequent (>1%). Screening should be performed before
embarking on immunomodulatory therapies to allow treatment and mitigation
of the risk of a reactivation.

Dusseldorf and the University Hospital of Miinster. In
Disseldorf, we searched for all MS/NMOSD patients to

Balancing benefit and risk in modern multiple sclerosis
(MS) drug management is crucial. In this context, the
reactivation or de novo acquisition of infectious diseases
is gaining relevance."

This study focuses on the significance of screening for
latent tuberculosis infection (LTBI) in MS patients. The
possible implications of LTBI have already been
reviewed"” but there is a paucity of real-world data
including tuberculosis (TB) risk stratification.

Patients and Methods

We conducted a bicentral retrospective chart review study
at the MS Centers of the Heinrich-Heine-University

be started on highly potent immunotherapy between May
2014 and December 2016, while in Miinster all patients to
be started on dimethyl fumarate or alemtuzumab were
investigated between May 2014 and December 2016. In
Miinster, comprehensive screening for infectious risks was
only performed for the cohorts of patients on alem-
tuzumab and dimethyl fumarate, and only patients with
comprehensive screening were included to avoid a selec-
tion bias. Thus, from Miinster only patients from these
cohorts were enrolled. Screening was performed as fol-
lows: Tuberculosis (T-Spot.TB Test, Oxford Immunotec
(Dtsseldorf/Miinster)), human immunodeficiency virus
(HIV; HIV Ag/Ab Combo, 4J27-30, Abbott (Diisseldorf);
ADVIA Centaur HIV Ag/Ab Combo, CHIV, Siemens

© 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 909
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Healthcare (Miinster)), hepatitis B (HBsAg qualitative II,
2G22-30 and Anti-HBc II, 81.44-30, Abbott (Diisseldorf);
ADV TA Centaur HBsAgIT HBsII-Test and ADVIA Cen-
taur-HBc-gesamt-Test, Siemens Healthcare (Minster)),
hepatitis C (Anti-HCV, 6C37-30, Abbott (Diisseldorf);
ADVIA Centaur HCV-Test, aHCV, Siemens Healthcare
(Miinster)), Varicella zoster virus (VZV; Liaison VZV IgG,
Fa. DiaSorin (Disseldorf/Miinster)), Treponema pallidum
(Treponema CLIA, Liaison Treponema Screen, Fa. Dia-
Sorin (Disseldorf); TPPA/FTA/RPR IFT, Mast Diagnos-
tica (Minster)), and John Cunningham polyomavirus
Jcv, Stratify® assay (Diisseldorf/Miinster)). The study was
approved by the ethics committee in Diisseldorf (registry
number 5598).

Results

Results of virological, Treponema pallidum
and IFN-y release assay (IGRA) testing

Of the 80 IGRA-tested patients in Disseldorf, 58
(72.5%) were female and 22 (27.5%) were male. Mean
age was 41.9 years. The patients were diagnosed with
RRMS (52; 65%), SPMS (19; 23.7%), PPMS (6; 7.5%),
and NMOSD (3; 3.8%). Mean EDSS was 4. IGRA test-
ing (Table S1) revealed a reactive result in 6 of 80
(7.5%, 95% CI: 3—16%) patients (patients D2, D20, D21,
D33, D40, D80). Active TB was ruled out by routine
blood work-up, chest X-ray, microbiological testing of
sputum, and urine. LTBI treatment was performed
according to the recommendations of the Centers for

J. Graf et al.

Disease Control and Prevention (CDC)* or Blumberg
et al.” IGRA testing revealed a borderline result in 3 of
80 (3.8%, 95% CI: 0.8-11%) patients. All retests after
3—4 weeks were negative.

All patients in Diisseldorf who underwent screening for
hepatitis B/C, HIV, and Treponema pallidum were tested
negative for an acute infection or a prior exposure to the
pathogen. The presence of anti-HBc-IgG indicating recov-
ery and immunity after a previous hepatitis B infection
was detected in one patient. Of the 102 patients screened
for VZV, 3 (2.9%) patients presented findings indicating
a lack of immunity against the virus (VZV IgG
<100.0 TU/mL). Of all patients tested for JCV serostatus
(n = 430), 139 were negative, 72 were positive with an
index value <0.9, 51 were positive with an index value
0.9-1.5, and 168 were positive with an index value of
>1.5. No case of progressive multifocal leukoencephalopa-
thy (PML) occurred during the observation period at the
MS center in Diisseldorf. An overview of the Diisseldorf
cohort results is provided in Table 1.

To investigate whether the rather high LTBI rate in the
Diisseldorf cohort might have been specific to Disseldorf,
the capital of the federal state of North Rhine Westphalia
which is located in the largest urban industrial area of
Germany, we chose to also investigate the LTBI rates in
Miinster, a smaller city located in the more rural area of
Westphalia. Of the 97 IGRA-tested MS patients (96
RRMS, 1 SPMS) in Miinster, 57 (58.8%) were female and
40 (41.2%) were male. Mean age was 35.8 years. Mean
EDSS was 2.45. In this cohort, we identified one reactive
case (M97; 1%, 95% CI: 0.01-6%) and obtained one

Table 1. Results of virological, Treponema pallidum and IGRA testing, Dusseldorf cohort.

Pathogen Test used Number of tests Results
TB IGRA 80 71 not reactive (88.7%)
(T-Spot) 3 borderline (3.8%)
6 reactive (7.5%)
Hepatitis B HBsAg, 71 HBsAg 71 HBsAg negative (100%)
Anti-HBc-1gG 63 Anti-HBc-IgG 62 Anti-HBc-IgG negative (98.4%)
CMIA 1 Anti-HBc IgG positive (1.6%)
Hepatitis C CLIA 72 All negative
HIV CLIA 43 All negative
Vzv VzZV IgG 102 99 positive (97.1%)
CLIA 3 VZV IgG <100.0 IU/mL (2.9%)
T. pallidum CLIA 41 All negative
Jcv Stratify® assay 430 139 negative (32%)

72 positive with index value <0.9 (17%)

51 positive with index value 0.9-1.5 (12%)
168 positive with index value >1.5 (39%)
0 PML cases during observational period

TB, tuberculosis; IGRA, IFN-y release assay; CMIA, carbonylmetalloimmunoassay; CLIA, chemoluminescence immunoassay; HIV, Human Immunode-
ficiency virus; VZV, Varicella zoster virus; T. pallidum, Treponema pallidum; JCV, John Cunningham polyomavirus; PML, progressive multifocal

leukoencephalopathy.
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borderline result (M59) and one reactive result (M49)
which were both later refuted by negative results in the
confirmation test (Table S2). Active TB was ruled out
and treatment was performed as described above. In
Miinster, all patients who underwent screening for hepati-
tis B/C, HIV, and Treponema pallidum were tested nega-
tive for an acute infection or a prior exposure to the
pathogen. The presence of anti-HBc-IgG indicating recov-
ery and immunity after a previous hepatitis B infection
was detected in two patients and all patients screened for
VZV presented findings indicating immunity. Of all
patients tested for JCV serostatus (n = 68), 22 were nega-
tive, 6 were positive with an index value <0.9, 4 were pos-
itive with an index value 0.9-1.5, 22 were positive with
an index value of >1.5, and 14 were positive with an
unknown index value. Two cases of progressive multifocal
leukoencephalopathy (PML) occurred during the observa-
tion period at the MS center in Miinster.

An overview of the Miinster cohort results is provided
in Table 2.

In total, of 177 patients tested with an IGRA in Dissel-
dorf and Miinster, 7 had a reactive result (3.95%, 95%
CI: 2-8%).

LTBI treatment

After testing positive, patients D20, D21, D33, and D80
received rifampicin (RMP) 600 mg/d plus isoniazid
(INH) 300 mg/pyridoxine 10-25 mg/day for 3 months
and patients D2 and D40 received INH 300 mg/pyridox-
ine 20 mg/day for 9 months. Patient M97 declined
treatment.

Risk Stratification in Multiple Sclerosis Patients

Patients D21, D33, and D80 in the RMP/INH/pyridox-
ine group received the medication continuously for
3 months, patient D20 due to poor tolerability (dizziness,
nausea) was switched to a 9-month INH 150 mg/pyridox-
ine 20 mg per day regimen. In parallel, patient D20
started alemtuzumab therapy after 1 month of TB
therapy.

Patient D2 switched from INH 300 mg/pyridoxine
20 mg/day to a 6-month RMP 600 mg/pyrazinamide
(PZA) 750 mg/day regimen due to paresthesia of both
legs. Since the paresthesia remitted a few days after stop-
ping INH, nerve conduction studies for isoniazid-induced
polyneuropathy were not performed. In parallel, this
patient was started on off-label rituximab and after com-
pleting the 6-month TB therapy, switched to alem-
tuzumab. Patient D40 was also started on a rituximab
therapy parallel to LTBI therapy. After completion of TB
treatment, diagnostic work-up (routine blood work-up,
chest X-ray, microbiological testing of sputum and urine)
revealed no evidence of TB reactivation in any of the six
patients. A follow-up IGRA after treatment remained — as
expected — reactive.

An overview of the diagnostic work-up and treatment
is provided in Figure 1.

Discussion

LTBI is the most prominent infectious risk factor besides
JCV in our cohorts. We observed an expected6 number of
patients with LTBI. Due to the high awareness of the risk
for developing a progressive multifocal leukoencephalopa-
thy (PML) in the context of highly active MS therapy,

Table 2. Results of virological, Treponema pallidum and IGRA testing, Minster cohort.

Pathogen Test used Number of Tests Results
B IGRA 97 95 not reactive (98%)
(T-Spot) 1 borderline (1%)
1 reactive (1%)
Hepatitis B HBsAg, 96 HBsAg 96 HBsAg negative (100%)
Anti-HBc-lgG 96 Anti-HBc-IgG 94 Anti-HBc-lgG negative (98%)
CLIA 2 Anti-HBc IgG positive (2%)
Hepatitis C CLIA 97 All negative
HIV CLIA 97 All negative
Vzv VzZV IgG 78 All positive
CLIA
T. pallidum IFT 73 All negative
jcv Stratify® assay 68 22 negative (32.5%)

6 positive with index value <0.9 (9%)

4 positive with index value 0.9-1.5 (6%)

22 positive with index value >1.5 (32.5%)
14 positive with unknown index value (20%)
2 PML cases during observational period

TB, tuberculosis; IGRA, IFN-y release assay; CLIA, chemoluminescence immunoassay; HIV, Human Immunodeficiency virus; VZV, Varicella zoster
virus; T. pallidum, Treponema pallidum; JCV, John Cunningham polyomavirus; PML, progressive multifocal leukoencephalopathy.
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Figure 1. IGRA screening und LTBI treatment of the Dusseldorf (bold red female, bold blue male) and Minster (light red female, light blue male)
cohort (lower case indicates patient ID). One hundred and seventy-seven patients were screened with an IGRA (A), eight patients had a reactive
result (B). Of these eight patients with reactive IGRA, seven patients had normal routine TB diagnostic (C) and therefore LTBI and one reactive
result was later confirmed as negative (M). Of these seven LTBI patients, four received RMP/INH/pyridoxine (D), two patients INH/pyridoxine (E),
and one patient declined therapy (N). Of the four patients in (D), three patients continued the regime for 3 months and one patient switched to
a 9-month INH/pyridoxine regime due to side effects (G). Two of the six LTBI patients started with INH/pyridoxine treatment (E), but one patient
switched to a 6-month RMP/PZA regime (I) due to side effects. Routine TB diagnostic after LTBI treatment was normal (F, H, J); Four patients had
a borderline (brdl.) IGRA result (K), retesting after 3-4 weeks was normal (L).

namely natalizumab, more patients have been screened
for JCV antibodies. However, our data suggest that possi-
bly also LTBI-reactivation may be a relevant risk espe-
cially in the context of highly active immunotherapies.
Clinically relevant TB infections have been associated
with a number of MS treatments: While an increased risk
of LTBI-reactivation has been published regarding
patients treated with alemtuzumab,”® daclizumab’, natal-
izumab'®, and glucocorticoids,"’ fingolimod treatment
was thus far not associated with an increased rate of man-
ifest TB infections. With CD20-depleting therapies (ritux-
imab, ocrelizumab), a more complex picture evolves: The
TB infection rate does not seem to be increased in
relapse-remitting'>'> and primary-progressive'*'> MS dis-
ease nor has this been noted in oncological patient popu-
lations undergoing extended rituximab therapy for

lymphoma.'® However, TB cases have been reported in
rheumatoid arthritis patients treated with ocrelizumab in
combination with methotrexate.'”

There is a tendency toward a higher LTBI rate in
Disseldorf (7.5%) than in the independent Miinster
cohort (1.03%). This could be a reflection of the higher
incidence of tuberculosis in Diisseldorf: In 2015, 385
cases of tuberculosis were reported in Disseldorf and
144 in Miinster (SurvStat@RKI). Thus, in our study,
LTBI seems to be more relevant in the urban cohort
than in the rural cohort. However, the confidence inter-
vals of the two cohorts overlap, so a significant differ-
ence of the LTBI rate cannot be postulated. Several of
our patients were already on active immunomodulatory
treatments at the time of testing and some of these ther-
apies may cause false-negative IGRA results. It is

912 © 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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therefore possible that the LTBI rate might even be
higher. As IGRA was the primary TB test used in all
patients, booster effects due to prior skin testing as com-
mon reasons of false-positive results were not an issue
in our cohorts.

Three of the six IGRA-reactive patients from Diissel-
dorf were immigrants from countries with a higher preva-
lence of TB than Germany (the Balkans, Turkey, and
Russia). Similarly, the patient from Miinster was from
Russia. The LTBI prevalence in our cohort is similar to
that expected for Western Europe’. With regard to the
current migration development in Europe, manifest
tuberculosis is expected to become more relevant in
patients with immunotherapy and thus LTBI screening
will become more important in the future.

Real-world data from MS clinics at two German ter-
tiary referral centers indicate that LTBI affects a relevant
proportion of MS patients and is an important concern.
In line with existing recommendations, screening should
be performed before initiation of daclizumab and alem-
tuzumab treatment. According to the Rituximab Con-
sensus Expert Committee,'® there is no evidence to
support screening patients before initiation of CD20-
depleting monotherapy (rituximab, ocrelizumab). How-
ever, given the high LTBI prevalence in our cohort and
the previous complications in patients with ocrelizumab
combination therapy, IGRA testing may be considered
when a long-term B-cell depleting therapy is planned.
In  patients with  pertinent symptoms  under
immunotherapy, TB reactivation should be taken into
account. Larger observational studies are needed to
assess the reactivation risk in various treatment regi-
mens and geographies.
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Abstract

Background and Objectives

Chronic inflammatory demyelinating polyneuropathy (CIDP) is an autoimmune disease pri-
marily affecting the peripheral nervous system. However, several noncontrolled studies have
suggested concomitant inflammatory CNS demyelination similar to multiple sclerosis. The aim
of this study was to investigate an involvement of the visual pathway in patients with CIDP.

Methods

In this prospective cross-sectional study, we used high-resolution spectral-domain optical co-
herence tomography to compare the thickness of the peripapillary retinal nerve fiber layer and
the deeper macular retinal layers as well as the total macular volume (TMYV) in 22 patients with
CIDP and 22 age-matched and sex-matched healthy control (HC) individuals. Retinal layers
were semiautomatically segmented by the provided software and were correlated with clinical
measures and nerve conduction studies.

Results

In patients with CIDP compared with healthy age-matched and sex-matched controls, we found
slight but significant volume reductions of the ganglion cell/inner plexiform layer complex (CIDP
1.86 vs HC 1.95 mm?, p = 0.015), the retinal pigment epithelium (CIDP 0.38 vs HC 0.40 mm?,
p=0.02), and the TMV (CIDP 8.48 vs HC 8.75 mm?>, p =0.018). The ganglion cell layer volume
and motor nerve conduction velocity were positively associated (B = 0.002, p = 0.02).

Discussion

Our data reveal subtle retinal neurodegeneration in patients with CIDP, providing evidence
for visual pathway involvement, detectable by OCT. The results need corroboration in in-
dependent, larger cohorts.
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Glossary

CIDP = chronic inflammatory demyelinating polyneuropathy; ETDRS = early treatment of diabetic retinopathy study;
GCIPL = ganglion cell IPL; GCL = ganglion cell layer; GEE = generalized estimation equation; HC = healthy control; INL =
inner nuclear layer; IPL = inner plexiform layer; mfVEP = multifocal visual evoked potential; MNCV = motor nerve conduction
velocity; MS = multiple sclerosis; OPL = outer plexiform layer; PNS = peripheral nervous system; pRNFL = peripapillary retinal
nerve fiber layer; SD-OCT = spectral-domain optical coherence tomography.

Chronic inflammatory demyelinating polyneuropathy (CIDP) is
an autoimmune disease of the peripheral nervous system (PNS)
characterized by primary myelin sheath destruction and sec-
ondary axonal damage, leading to sensory and autonomic deficits,
flaccid paresis, and muscle atrophy." The disease usually follows a
chronic progressive course with or without superimposed re-
lapses or is relapsing, thus resembling multiple sclerosis (MS), the
most common primary demyelinating autoimmune disease of the
CNS. Forrester and Lascelles” were the first to describe 2 cases of
coincident MS and inflammatory polyneuropathy in 1979. In
1987, 6 additional cases of CIDP with CNS demyelination evi-
denced by MRI were reported.” Several subsequent studies
suggested CNS involvement in CIDP.*® Further investigations
associated CIDP specifically with visual pathway disturbance.”®
Holtkamp et al."® showed histologically optic nerve inflammation
in a patient with CIDP. Japanese and Chinese groups have re-
cently suggested the existence of a condition termed combined
central and peripheral demyelination that resembles both MS and
CIDP in the same patient.""™*

All these investigations, however, were noncontrolled studies,
mainly case reports and case series. In a previous effort, in-
vestigating conductivity changes of the visual pathway in pa-
tients with CIDP using multifocal visual evoked potentials
(mfVEP), we were not able to detect relevant changes com-
pared with age-matched and sex-matched healthy individ-
uals."* This finding was recently corroborated by another
controlled study using full-field VEPs."

Here, we investigated structural retinal changes as a marker of
CNS degeneration in patients with CIDP compared with age-
matched and sex-matched healthy individuals using spectral-
domain optical coherence tomography (SD-OCT). OCT uses
near-infrared light to generate cross-sectional and 3-dimensional
images of the retina as part of the CNS. In recent years, OCT
has emerged as a reliable and accurate, easy-to-access, and
noninvasive technique to assess microscopic retinal pathologies,
for example, in MS'®'® and other inflammatory and de-
generative CN'S diseases.'”** In MS, spectral-domain OCT has
been documented to predict long-term worsening.*®

Methods

Patients

We performed a prospective study at the Department of
Neurology, Heinrich-Heine-University Diisseldorf. Subjects
were included as previously described.'* Inclusion criteria

Neurology: Neuroimmunology & Neuroinflammation

| Volume 9, Number 1

were of age >18 years, probable or definite CIDP according to
the European Federation of Neurological Societies/Peripheral
Nerve Society CIDP guidelines and response to immuno-
modulatory treatment. The flowchart in Figure 1 gives an
overview of the subject recruitment. Of 66 subjects (44 patients
with probable or definite CIDP and 22 healthy subjects), 22
patients had to be excluded because of diabetes mellitus (n =
13) or concomitant ophthalmologic diseases (n = 9), such as
bilateral drusen (4), cataract (2), glaucoma (1), papilledema
(1), and choroidal neovascularization (1), which could con-
found the OCT measurements. Furthermore, 7 single eyes
were excluded because of drusen (6) and macular edema (1).
Healthy controls (HCs) did not report symptoms or show any
clinical signs suspicious of polyneuropathy. Four subjects with
CIDP revealed relevant serologic findings (3 had monoclonal
gammopathy and 1 was positive for anti-myelin-associated
glycoprotein immunoglobulin M antibodies). The In-
flammatory Neuropathy Cause and Treatment Overall Dis-
ability Sum Score was evaluated in all subjects with CIDP as a
measure of disability. Demographic parameters of the study
partcipants are listed in the Table. All subjects received neu-
roophthalmological examinations, including tonometry, slit-
lamp examination, and fundoscopy. In addition, 16 of 22 pa-
tients with CIDP (73%) were tested for corrected low contrast
letter recognition using 2.5% low contrast early treatment of
diabetic retinopathy study (ETDRS) charts. Because nerve
conduction studies of the lower limbs showed a high rate of
signal loss, the right ulnar nerve was used to investigate asso-
ciations with OCT parameters. Figures 2A-C exemplify the
measurement of the macular volumes by consecutive vertical
scans (Figure 2A) and the peripapillary retinal nerve fiber layer
(pRNFL) thickness (Figure 2B), and illustrate a cross-section
through the deeper retinal layers (Figure 2C). The Strength-
ening the Reporting of Observational Studies in Epidemiology
cross-sectional reporting guidelines were used.*®

Spectral-Domain Optical

Coherence Tomography

APOSTEL reporting recommendations were applied for the
SD-OCT methodology and results.”” The methods are well
established and have also been wused and described
elsewhere.”*>*® For the RNFL assessment, using high-
resolution scanning mode, we obtained 12° peripapillary, disk-
centered ring scans. For macular volume evaluation, we cap-
tured 61 fovea-centered vertical scans (30° x 25°, high-speed
scanning mode). The total retinal volume and the volumes of
the different retinal layers were measured by applying the

| January 2022 Neurology.org/NN
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standard 1-, 3-, and 6-mm ETDRS grid in macular volume
scans and using the mean volume of all sectors. For SD-OCT
imaging of both eyes, the SPECTRALIS OCT device (Hei-
delberg Engineering, Germany) with the image alignment
eye-tracking software system (TruTrack and Nite analytics,
Heidelberg Engineering) was used. Averaging of macular
volume scans was performed from 14 images and of peri-
papillary ring scans from 100 scans (automatic real time). The
threshold for the image quality was beyond 20 dB. Semi-
automatic segmentation of all retinal layers using the Hei-
delberg Eye Explorer software (version HEYEX 1.8.6.0,
Viewing Module 5.8.3.0) was manually corrected by a blinded
rater. For analysis, we used only scans meeting the OSCAR-IB
quality control criteria.”’

Statistical Evaluation

SPSS Statistics 24 (IBM) was used for statistical analyses.
Generalized estimation equation (GEE) models correcting
for sex and age and accounting for within-subject, in-
tersegment, or intereye correlations using an exchangeable
working correlation matrix were applied to analyze associa-
tions between clinical data and SD-OCT parameters and to
test for differences of SD-OCT parameters between controls
and patients with CIDP.

Patient Consent and Standard

Protocol Approvals

This study was approved by the local ethics committee of
Heinrich-Heine-University Diisseldorf (registry number
4389). In accordance with the Declaration of Helsinki, written
informed consent was obtained from all study participants.

On reasonable request from any qualified investigator, ano-
nymized data not published within this article will be made
available.

Results

The mean total macular volume (TMV) was significantly re-
duced in patients with CIDP (8.48 mm?, + 0.38) compared
with HCs (8.7, + 0.37 mm® p = 0.018, GEE, Figure 2D).
Further analyses of the different macular layers revealed a sig-
nificant thinning of the ganglion cell layer (GCL) in patients
with CIDP (1.03 + 0.10 mm®) compared with HCs (1.07 +
0.11 mm®, p = 0.037) and of the inner plexiform layer (IPL) in
patients with CIDP (0.83 + 0.08 mm?>) vs healthy individuals
(0.88 £ 0.06 mm®, p = 0.015). Consequently, the often-used
combined ganglion cell IPL (GCIPL) volume also showed a
significant difference (CIDP 1.86 + 0.17 vs HCs 1.95 +
0.13 mm’, p = 0.018). Furthermore, the pigment epithelium
was significantly reduced in patients with CIDP compared with
HCs (0.38 £ 0.04 vs 0.40  0.03 mm®, p = 0.02). No changes
were observed for the macular retinal nerve fiber layer (0.93 +
0.15 vs 0.96 + 0.11 mm?; p = 0.415), the inner nuclear layer
(0.99 + 0.08 vs 0.98 £ 0.06 mm’; p = 0.715), the outer plexi-
form layer (0.77 £ 0.08 vs 0.80 £ 0.07 mm?; p = 0.067), and the
outer nuclear layer (1.72 £ 0.16 vs 1.78 £+ 0.23 mm?; p=0.758).
Moreover, the peripapillary retinal nerve fiber layer (pRNFL)
thickness did not differ between patients with CIDP (96.58 +
9.55 pm) and HCs (97.37 £ 8.39 pm; p = 0.635) (Table).

In an exploratory approach, we correlated the significantly
altered retinal layers (TMV, GCIPL, and pigment epithelium)
with neurographical and clinical parameters in the CIDP
group. We found a positive association of the motor nerve
conduction velocity of the right ulnar nerve with the GCL (p
=0.02, B = 0.002, Figure 3A) and negative associations of the
compound muscle action potential with the retinal pigment
epithelium (RPE, p = 0.009, B = —0.003, Figure 3B) and of the
sensory nerve conduction velocity with the TMV (p = 0.009,
B =-0.01, Figure 3C). Regarding clinical parameters, positive

Figure 1 Flowchart of Subject Recruitment

Individuals recruited at the Department of
Neurology, Heinrich Heine University Dusseldorf
(N =66, eyes = 132)

Excluded individuals (n = 22):
« Individuals with diabetes (13)

Excluded eyes (n = 7):
* Drusen (6)
« Macular edema (1)

+ Individuals with opthalmic pathologies (9)

A

Individuals included
(n =44, eyes = 81)

I !

Patients with CIDP
(n =22, eyes =37)

Healthy individuals
(n =22, eyes = 44)

Patients with CIDP and healthy controls were recruited at the
Department of Neurology, Heinrich-Heine-University in
Dusseldorf, Germany. Of the 66 individuals, 44 were patients
with CIDP and 22 healthy control subjects. Of the 44 patients
with CIDP who were screened, 22 individuals were excluded
because of concomitant diabetes mellitus and ophthalmic
pathologies. Additional 7 single eyes were excluded because
of drusen and macular edema. Of the remaining individuals,
22 were patients with CIDP and 22 age- and sex-matched
controls. CIDP = chronic inflammatory demyelinating
polyneuropathy.
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Figure 2 OCT Measurements
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(A) The macular thickness and volume were calculated from consecutive vertical scans centered on the macula. (B) The peripapillary RNFL was evaluated in a
circular scan centered on the optic disk. (C) The deeper retinal layers were semiautomatically segmented in a single horizontal foveal scan. The volumes of the
retinal layers were assessed by averaging 14 images from vertical scans. (D) Scatter plots display the macular layer volumes or thickness. All values are
described as mean + SD. Each point represents 1 eye. The mean of all eyes is represented by the horizontal line. Statistical differences in patients with CIDP vs
healthy controls were assessed by GEE accounting for several measurements in the same individual (2 eyes). GEE = generalized estimation equation; mGCIPL
= macular ganglion cell/inner plexiform layer; mGCL = macular ganglion cell layer; mINL = macular inner nuclear layer; mIPL = macular inner plexiform layer;
mONL =macular outer nuclear layer; mOPL = macular outer plexiform layer; mRNFL = macular retinal nerve fiber layer; OCT = optical coherence tomography;
PRNFL = peripapillary retinal nerve fiber layer; RPE = retinal pigment epithelium; TMV = total macular volume.

associations were detected regarding the time since clinical
disease manifestation and the TMV (p = 0.00S, B = 0.003,
Figure 3D) and the IPL (p = 0.015, B = 0.001, Figure 3E). No
associations were observed between retinal layers that were
found to be changed in CIDP and low-contrast visual acuity,
clinical severity of the disease as assessed by ODSS, time since
diagnosis, therapy duration, and CSF protein levels.

Discussion

We herein present data demonstrating subtle retinal de-
generation in patients with CIDP detected by optical coherence
tomography. Our observations provide further evidence for a
CNS involvement in CIDP. A number of case reports or small
series have implicated some connection between autoimmune
peripheral demyelination and specific CNS pathologies. Two
case-control studies have recently been published. We looked at
mfVEPs in CIDP and found no clear-cut evidence of CIDP-
dependent alterations.'* Dziadkowski et al."> compared multi-
modal evoked potentials in patients with CIDP and HCs and
detected prolonged latencies in VEP, brainstem acoustic evoked
potentials, and somatosensory-evoked potentials.

Because CIDP is an autoimmune and primary demyelinating
PNS disease, its most obvious CNS counterpart is MS. Classic

Neurology: Neuroimmunology & Neuroinflammation
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OCT alteration in MS occurs in the pRNFL, which is de-
creased in thickness especially after optic neuritis,** but also
independent of optic neuritis.”* Here, we did not observe any
alterations in pRNFL thickness in CIDP. GCIPL, which
contains the neurons forming nonmyelinated axons of the
RNFL and their dendritic arbors, has been shown to be also
affected in patients with MS and displayed robust differences
between patient and control eyes.*>** It has been suggested to
be equivalent to the pRNFL, concerning its utility in di-
agnosis, monitoring, and research in MS.'® In the GCIPL, as
well as the GCL and the IPL separately, we observed a sig-
nificant volume reduction in CIDP compared with HC eyes.
The GCL is believed to be a sensitive biomarker of neuro-
degeneration®* and may even have advantages compared with
the RNFL because it is not inflicted by edema in optic neuritis
in MS, and therefore, atrophy becomes detectable earlier.*>*
In addition, GCL seems to reflect MRI changes in MS better
than pRNFL, and it seems to have a lower variability in cross-
sectional data.’”>” Whether these findings are applicable in
the context of CIDP, however, is unclear because we have
previously found that mfVEP was not markedly altered in
patients with CIDP.'* Because mfVEP is quite sensitive in
detecting optic nerve damage, the significant changes in the
GCL may therefore point toward a retinal, rather than optic
nerve pathology. Another explanation may be a degenerative
process in the posterior visual pathway, which could lead to
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Table Demographical, Clinical, and OCT Parameters of Patients With CIDP and HCs

Patients with CIDP HCs
Characteristics n=22 n=22 p Value
Age (y, mean + SD) 58.27 £ 12.91 57.68 £ 12.21 —_
Male 14 of 22 (63.6%) 13 of 22 (59.1%) —
White ethnicity 22 of 22 (100%) 21 of 22 (95.5%) —
Disease duration at OCT (mo, mean + SD) 102.5+81.9 n.a. —
Duration of IVIG treatment at OCT (mo, mean + SD) 41.40 + 36.48 n.a. —
ODSS at OCT (mean = SD) 3.11+£1.69 n.a. —
OCT parameters
TMV (mm?, mean + SD) 8.48 + 0.38 (-3.1%) 8.75+0.37 0.018
mRNFL volume (mm?3, mean + SD) 0.93+0.15 0.96 £ 0.11 0.415
GCIPL volume (mm?3, mean + SD) 1.86 £ 0.17 (-4.6%) 1.95+£0.13 0.018
GCL volume (mm3, mean + SD) 1.03 £ 0.10 (-3.7%) 1.07 £ 0.1 0.037
IPL volume (mm?3, mean + SD) 0.83 £ 0.08 (-5.6%) 0.88 £ 0.06 0.015
INL volume (mm3, mean + SD) 0.99 +£0.08 0.98 £ 0.06 0.715
OPL volume (mm?, mean = SD) 0.77 £ 0.08 0.80 £ 0.07 0.067
ONL volume (mm?, mean + SD) 1.72£0.16 1.78 £0.23 0.758
Pigment epithelium volume (mm?, mean = SD) 0.38 £ 0.04 (-5.0%) 0.40 £ 0.03 0.020
PRNFL thickness (um, mean + SD) 96.58 + 9.55 97.37 +8.39 0.635

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; IVIG = IV immunoglobulins; mGCIPL = macular ganglion cell/inner plexiform
layer; mGCL = macular ganglion cell layer; mINL = macular inner nuclear layer; mIPL = macular inner plexiform layer; mRNFL = macular retinal nerve fiber
layer; mONL = macular outer nuclear layer; mOPL = macular outer plexiform layer; n.a. = not available; OCT = optical coherence tomography; ODSS = overall

disability sum score; pRNFL = peripapillary retinal nerve fiber layer.

Indicated are the demographical, clinical, and optical coherence tomography parameters as means and SD.

retrograde transsynaptic degeneration in the retina. However,
the lack of MRI brain imaging limits this study in assessing for
that possibility.

We also noted a decrease in RPE layer volumes in patients
with CIDP. Concerning embryology, the RPE stems from
neuroectodermal cells, and thus, these epithelial cells can be
considered as CNS cells.*® The biological context of this
finding seems unclear. The TMV was significantly decreased
in patients with CIDP, which rather reflects a thinning of
single retinal layers.

At this point, it can only be speculated how retinal de-
generation and immune mediated peripheral nerve damage
are linked biologically. Retinal atrophy can result from ret-
rograde degeneration after an insult to the optic nerve, acti-

41-44
Because

vation of apoptotic pathways, and glial activation.
CIDP is an autoimmune disease, one possibility would be the
presence of a common antigen in peripheral nerves and the

optic nerve or the retina, but to date, none has been identified.

A direct immune attack on the retina remains a theoretical
possibility, but likewise, nothing is known about antigens

Neurology.org/NN

shared with peripheral nerves. To learn more about possible
clinical implications, we investigated relations between the
retinal layer volumes and nerve conduction and clinical pa-
rameters. In an exploratory approach, we found a number of
associations. The most remarkable was a positive association
between the macular GCL volume and the motor nerve
conduction velocity of the right ulnar nerve.

The study has obvious limitations. The cohort size of 22
individuals per group does allow for statistical evaluation, but
it does not withstand corrections for multiple testing. Because
the study is explicitly of exploratory nature, we deem this to be
acceptable. Furthermore, our findings suggest that an in-
depth investigation of the visual pathway is warranted in
CIDP by, for example, applying OCT side-by-side with MRI
covering the optic radiation. Although this was not part of the
current investigation, it would be important and of interest to
correlate subclinical MRI involvement with OCT alterations
in CIDP.

Taken together, the data suggest degenerative processes in the
retina and thus the CNS in CIDP. Particularly, the changes in
the GCIPL could point to underlying processes that may be
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Figure 3 Analysis of Associations With Neurographic and Clinical Features
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Scatter plots of associations of retinal layers with nerve conduction and compound action potential amplitudes of the right ulnar nerve, as well as time since
disease manifestation in patients with CIDP vs. healthy controls. Each dot represents 1 eye, p values (GEE method), and regression lines are provided. (A)
Positive association of MNCV with mGCL (p = 0.021). (B) Negative association of CMAP with mRPE (p = 0.009). (C) Negative association of SNCV with TMV (p =
0.009). (D and E) Positive association of the time of OCT measurement since disease manifestation with TMV (D, p = 0.005) and mIPL (E, p = 0.015). CIDP =
chronic inflammatory demyelinating polyneuropathy; CMAP = compound motor action potential; GEE = generalized estimation equation; mGCL, macular
ganglion cell layer; mIPL, macular inner plexiform layer; MNCV, motor nerve conduction velocity; mRPE, macular retinal pigment epithelium; SNCV, sensory

nerve conduction velocity; TMV, total macular volume.

functionally and biologically relevant. To consolidate these
intriguing findings, an independent longitudinal study of a
larger patient cohort should be conducted.
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Introduction

Chronic

inflammatory demyelinating polyneuropathy

Abstract

Objective: Studies using conventional full-field visual evoked potentials (ffVEP)
have reported subtle abnormalities in patients with chronic inflammatory
demyelinating polyneuropathy (CIDP). We hypothesize that these abnormalities
can be detected in the majority of CIDP patients using enhanced methods.
Methods: We performed a cross-sectional noninterventional study comparing
18 CIDP patients and 18 matched healthy controls using multifocal VEP
(mfVEP) as a technique with enhanced sensitivity to detect conduction abnor-
malities across the spectrum of optic nerve fibers. Patients with confounding
diseases (ophthalmologic, diabetes mellitus) were excluded. Results: The mean
amplitude and latency, as well as the low-contrast visual acuity, did not differ
between CIDP patients and controls. Subanalyses revealed latency differences
concerning the superior sector of the visual field. Severity markers of CIDP
(ODSS, motor nerve conduction velocity) were associated with mfVEP latency
delay. Interpretation: We could not adduce evidence for clinically or diagnosti-
cally relevant visual pathway involvement in CIDP. The latency differences
identified were very subtle and restricted to the superior visual field which can-
not be readily explained biologically, anatomically, or pathologically. In sum-
mary, we conclude that our study revealed no relevant differences in mfVEP
parameters between CIDP patients and controls.

neuropathy was associated with a relapsing multifocal
demyelinating CNS disorder: five of six cases showed pro-
longed full-field visual evoked potentials (ffVEP) latencies

(CIDP) is a subacute or chronic autoimmune neuropathy
pathologically characterized by demyelination and sec-
ondary axonal degeneration of peripheral nerves." Inter-
estingly, previous studies suggested that central nervous
system (CNS) involvement, including the visual pathway,
may also occur in this disease.”> Of note, subclinical
CNS involvement in CIDP patients, that is, pathological
ffVEP measurements have been described before.” Hawke
et al.’® reported abnormal magnetic resonance imaging
(MRI) characterized by high white matter signals in six
out of 26 cases. Furthermore, 14 out of 28 cases were
reported by Ormerod et al.” Thomas et al.® described a
series of six cases in which a chronic demyelinating

in one or both eyes along with T2 signals on cranial MRL
These authors reviewing pathological reports and studies
on experimental models raised the issue of shared patho-
genic mechanisms explaining involvement of both the
peripheral and central nervous system. In a recent nation-
wide study of combined central and peripheral demyeli-
nation (CCPD) in Japan, 15 out of 21 cases showed
ffVEP abnormalities,” whereas a CCPD study in China
revealed pathological ffVEPs in 11 out of 22 patients.'
The pathophysiological mechanism underlying CNS
involvement is not understood. It has been suggested that
the CNS and PNS may share antigens to which aberrant
humoral or T-cell immune responses are directed. This

952 © 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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has been hypothesized for circulating M-proteins’ in
monoclonal gammopathy-associated peripheral neu-
ropathies with CNS involvement and in combined central
and peripheral demyelination in Japan where Neuro-
fascin-155 was reported to represent a shared antigen rec-
ognized by antibodies circulating in the blood of CIDP
patients.” In the largest conducted clinicopathological
study on 100 French patients with CIDP, five patients
presented with symptomatic CNS involvement.''

Of note, in the previous studies using conventional
full-field visual evoked potentials (ffVEP), CIDP patients
were not compared with age- and sex-matched controls
and confounding ophthalmic and systemic disorders that
may be relevant in these cohorts of predominantly elderly
patients have not been accounted for. Therefore, we per-
formed a cross-sectional, noninterventional study of CIDP
patients and age- and sex-matched healthy controls with-
out confounding concomitant diseases such as ophthalmic
pathologies and diabetes mellitus by measuring multifocal
visual evoked potentials (mfVEPs). This technique is able
to detect visual pathway abnormalities with substantially
enhanced sensitivity by recording simultaneously from
multiple regions of the visual field."?

The primary aim of our study was to investigate the
hypothesis that mfVEP, due to its sensitivity, may be suit-
able to detect visual system pathology even in CIDP
patients without clinically overt visual dysfunction or
other signs of CNS involvement.

Methods

Patients

Patients were prospectively recruited at the Department
of Neurology, Heinrich-Heine-University in Diisseldorf,
Germany. Inclusion criteria were age >18 years, probable
or definite CIDP according to the EFNS/PNS CIDP
Guidelines’> and response to immunomodulatory treat-
ment. Out of 61 subjects (43 CIDP patients, 18 healthy
controls), a total of 25 CIDP patients and seven eyes were
excluded: nine patients and seven eyes due to ophthalmic
pathologies (one glaucoma, two cataract, four bilateral
drusen, one papilledema, one choroidal neovasculariza-
tion, one eye with macular edema, six eyes with drusen),
13 patients because of diabetes mellitus,"* two patients
due to head tremor interfering with the mfVEP assess-
ment and one patient who was positive for anti-MAG-
IgM. The remaining 36 subjects were 18 patients with
CIDP and 18 age- and sex-matched healthy controls
(Fig. 1). Three CIDP patients had a monoclonal gam-
mopathy. INCAT ODSS" (Inflammatory Neuropathy
Cause and Treatment, Overall Disability Sum Score) was
assessed in all CIDP patients. All patients and controls

mfVEP in CIDP

included in the final analysis showed no abnormalities on
neuroophthalmological examination including assessment
of corrected visual acuity (Sloan charts), tonometry, slit
lamp examination, fundoscopy, and optical coherence
tomography. In addition, all patients and controls
were tested for corrected low-contrast letter recognition
using 2.5% low-contrast early treatment of diabetic
retinopathy (ETDRS) charts. As nerve conduction studies
of the lower limbs and sensory nerve conduction studies
of the upper limbs showed a high rate of signal loss,
motor nerve conduction velocity (MNCV) of the right
ulnar nerve was used to investigate the association with
mfVEP parameters.

Matched controls did not have any symptoms suspi-
cious of polyneuropathy. An overview of the patient and
healthy control cohorts is provided in Tables S1 and S2.

Multifocal visual evoked potentials

Multifocal visual evoked potentials (mfVEPs) were mea-
sured as described previously'®: The Visionsearch®
mfVEP device applies simultaneous multifocal stimulation
of 56 segments of the visual field (24° of eccentricity) via
a 68 sec pseudorandom sequence and recording a 2-chan-
nel visual response using a custom designed occipital
cross electrode holder which predetermines the four
occipital electrode positions.'”” Cross-correlation of the
event-related response with the sequence itself allows for
recording of evoked potentials in the nanovolt range,
which originate from monocular stimulation of distinct
areas of the visual field.

The 56 segments of the visual field can be assigned
either to four sectors (Fig. S1A) or to five eccentricities
(Fig. S1B). Regarding the sectoral division, 18 segments
each belong to the superior (segments: 6-7, 16-19, 28-31,
4043, 52-55) and inferior sector (segments: 2—3, 1013,
22-25, 34-37, 46-49), whereas the temporal (segments: 1,
8-9, 20-21, 32-33, 4445, 56) and nasal sector (segments:
4-5, 14-15, 26-27, 38-39, 50-51) consist of 10 segments
each. Concerning the eccentricities, segments can be
arranged in circles. The central circle comprises eight seg-
ments (segments: 1-8), while the peripheral circles consist
of 12 segments each.

Statistical evaluation

Statistical analyses were performed using SPSS Statistics
24 (IBM). Generalized estimation equation models (GEE)
accounting for within-subject intereye or intersegment
correlations using an exchangeable working correlation
matrix and correcting for age and sex were applied to
analyze associations between mfVEP parameters and clini-
cal data and to test for differences in the mfVEP
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Figure 1. Recruitment. Flowchart of the subject recruitment at the Department of Neurology, Heinrich-Heine-University Dusseldorf. Twenty-five
of the 61 subjects were excluded: nine due to ophthalmic pathologies, 13 due to diabetes mellitus, two due to head tremor, and one due to
positive anti-MAG-IgM. Seven of the 122 eyes were excluded due to ophthalmic pathologies. The remaining 36 subjects were composed of 18
healthy volunteers (36 eyes) and 18 CIDP patients (29 eyes). Red symbols represent female CIDP patients, blue symbols, male CIDP patients.

Female healthy volunteers are shown in light red and male healthy volunteers in light blue.
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Table 1. mfVEP parameter overview of CIDP patients and healthy controls regarding the different sectors and eccentricities (STD = standard devi-
ation, CIDP = chronic inflammatory demyelinating polyneuropathy, HC = healthy controls, Eccentr. = eccentricity, 1st per. = first peripheral, 2nd
per. = second peripheral, 3rd per. = third peripheral, 4th per. = outer peripheral).

Latency (msec)

Amplitude (nV)

Group Mean STD Range Mean STD Range
CIDP Sector Superior 156.16 18.29 111.70-253.30 146.14 57.96 43.90-343.40
Inferior 144.45 15.93 116.70-236.70 214.21 77.49 57.60-500.00
Temporal 148.13 21.36 106.70-243.30 173.41 68.66 45.40-459.90
Nasal 148.83 15.57 120.00-231.70 197.50 74.70 63.50-459.40
Eccentr. Central 151.36 20.10 111.70-230.00 175.97 85.27 45.40-459.90
st per. 151.01 17.13 106.70-243.30 186.84 79.51 58.50-500.00
2nd per. 148.43 15.73 120.00-235.00 192.48 67.81 61.3-396.40
3rd per. 149.13 17.91 118.30-253.30 179.70 71.16 47.10-411.10
4th per. 148.90 20.86 116.70-243.30 173.28 72.98 43.90-418.80
HC Sector Superior 151.29 19.72 115.00-266.70 147.73 46.72 54.20-334.70
Inferior 142.96 16.88 113.30-243.30 220.33 85.31 76.80-608.20
Temporal 148.12 19.58 106.70-266.70 171.50 59.93 47.10-394.10
Nasal 150.10 17.99 120.00-266.70 193.77 69.41 52.20-432.30
Eccentr. Central 147.67 18.74 106.7-248.3 184.11 71.86 52.20-470.20
1st per. 147.57 16.62 116.70-266.70 192.45 73.41 50.80-493.10
2nd per. 147.78 17.87 118.30-266.70 195.77 76.61 47.10-550.80
3rd. per. 147.28 18.87 113.30-263.30 176.90 70.66 53.20-594.10
4th per. 148.83 21.71 116.70-266.70 168.61 72.04 54.20-608.20

parameters between CIDP patients and controls. Adjusted
P-values (adj. P) were calculated using Bonferroni correc-
tion in the case of multiple group analyses. Statistical
power analyses were operated using G*Power 3.1.9.2. An
online calculator by Psychometrica was utilized to calcu-
late effect size, Cohen’s d (dcgpen) and the associated con-
fidence intervals.

Ethics

The local ethics committee of Heinrich-Heine-University
Diisseldorf approved this study (registry number 4849).
Written informed consent was obtained from all partic-
ipants in accordance with the Declaration of Helsinki.

Results

Primary hypothesis - difference in mean
amplitude and mean latency

In patients with CIDP, mfVEP revealed a mean amplitude of
182.06 £ 48.37 nV (range = 94.55-268.98 nV) and a mean
latency (first peak) of 149.65 + 6.51 msec (range = 137.88—
161.78 msec). In healthy controls, the examination revealed
a mean amplitude of 183.53 £ 43.85 nV (range = 101.94—
276.79 nV) and a mean latency (first peak) of 147.84 +
5.68 msec (range = 137.65-164.11 msec). There was no sin-
gle patient with pathological mean, sector or eccentricity
latencies or amplitudes compared to our age- and sex-

matched controls. An overview is provided in Table 1. There
was no statistical difference in mean amplitude (P = 0.855,
mean difference = 1.47 & 11.46 nV (95%-CI = [—24.36—
21.42]), Fig. 2A) or first peak latency (P = 0.213, mean
difference = 1.81 £ 1.51 msec (95%-CI = [—1.21-4.84]),
Fig. 2B) between both groups.

Due to the rather small sample size we cannot exclude
subtle differences between CIDP patients and controls.
Therefore, we performed a power analysis to determine the
sample size needed to detect possible significant differences
based on our data. Our results for the amplitude difference
reached an effect size of 0.022 (power = 0.05, dcopen = 0.032
(95%-CI = [—0.46-0.52]) and for the latency difference an
effect size of 0.36 (power = 0.30, dcohen = 0.30 (95%-CI:
[—0.19-0.79]), This suggests that 121 and 32,598 patients
would be needed to reach a power (1—f}) of 0.8 for latencies
and amplitudes, respectively.

Secondary outcomes - subanalyses

First, we created heatmap-graphics for amplitude
(Fig. 3A) and latency (Fig. 3B) showing the differences in
each segment of the visual field between CIDP patients
and healthy controls. These were calculated using the fol-
lowing formula:

difference = value CIDP —value healthy control

Second, we performed systematical analyses regarding
the different sectors and eccentricities. The statistical

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 955
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Figure 2. mfVEP parameters of CIDP patients and healthy controls (HC). Box-and-whisker plots of the mean amplitude in nV (A) and the mean
latency of the first peak in msec (B). The black line within the box indicates the mean, the box marks the interquartile range and the whiskers
represent the minimum and maximum. Scatter plots of the association between the ODSS (overall disability sum score) and the mean latency (C),
and the MNCV (motor nerve conduction velocity) of the right ulnar nerve in m/sec and the mean latency (D). Each eye is shown as a dot.
Regression lines, numbers of eyes, and P -values (GEE analysis) are provided for the different mfVEP parameters.

analysis of the sectors showed significant difference in
first peak latency concerning the superior sector
(P =0.005, adj. P =0.015 Fig. S2A) between both
groups. There was no statistical difference regarding the
remaining parameters. An overview of the results is pro-
vided in Table 2.

To examine if the severity of CIDP relates to mfVEP
parameters, we performed analyses concerning ODSS and
the motor nerve conduction velocity (MNCV, Table 2).

The ODSS in CIDP patients ranged from 0 to 6 (me-
dian = 4, mean = 3.11 £ 1.69). There was no significant
association of amplitude with ODSS (P = 0.296, B = 6.129),

956 © 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Figure 3. Differences in each segment of the visual field between CIDP patients and healthy controls (HC). Heat maps show the amplitude in nV
(A) and the latency in msec (B). Different colors represent the positive or negative value of the differences (CIDP — HC).
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Table 2. Overview of secondary outcome subanalyses. Table showing association analyses of the mean mfVEP parameters with the ODSS and
MNCV, as well as analyses regarding the sectors and eccentricities (GEE analysis).

Latency Amplitude
Primary measure Secondary measure Tertiary measure P adj. P B P adj. P B
Mean ODSS ass. 0.296 6.129
MNCV ass. 0.738 —-0.170
Sector Superior 0.684 n.s. —4.266
Inferior 0.226 n.s. 1.712 0.782 n.s. —5.271
Temporal 0.896 n.s. 0.313 0.940 n.s. 1.112
Nasal 0.531 n.s. —1.483 0.781 n.s. 4.630
Superior MNCV ass. 0.418 n.s. —0.039 0.188 n.s. —0.567
Inferior MNCV ass. 0.092 n.s. —0.073 0.995 n.s. 0.004
Temporal MNCY ass. (0006 EEGG  o0.830 ns. 0.123
Nasal MNCV ass. 0.084 n.s. —0.096 0.849 n.s. -0.129
Eccentricity Central 0.173 n.s. 3.622 0.723 n.s. —6.896
First peripheral 0.104 n.s. 3.626 0.787 n.s. —4.960
Second peripheral 0.679 n.s. 0.811 0.791 n.s. —4.212
Third peripheral 0.224 n.s. 2.081 0.916 n.s. 1.369
Outer peripheral 0.917 n.s. 0.168 0.754 n.s. 3.867
Central MNCV ass. 0.659 n.s. —0.027 0.589 n.s. —0.419
First peripheral MNCV ass. _ 0.807 n.s. —0.166
Second peripheral MNCV ass. 0.085 n.s. —-0.079 0.951 n.s. —0.031
Third peripheral MNCV ass. _ 0.796 n.s. —0.136
Outer peripheral MNCV ass. 0.293 n.s. —0.049 0.608 n.s. —0.272

Bonferroni Correction was used for adjusted P-values. Significant results are highlighted in bold and light gray. (P = P-value, adj. P = adjusted P -
value, n.s. = not significant, ass. = association, MNCV = motor nerve conduction velocity, ODSS = overall disability sum score).

but a significant positive association between first peak
latency and ODSS (P < 0.001, B = 1.318, Fig. 2C).

MNCV of the right ulnar nerve was used for analysis.
CIDP patients showed a mean MNCV of 39.08 £+ 19.96
m/sec (range: 7.80—-64.00 m/sec). There was no significant
association between MNCV and amplitude (P = 0.738,
B = —-0.170), but a significant negative association
between MNCV and mfVEP latency (P < 0.001, B =
—0.081, Fig. 2D). Therefore, we performed subanalyses
regarding sectors and eccentricities. Temporal sector
(P =0.006, adj. P=0.018, B= —0.160, Fig. S2B), first
peripheral  eccentricity (P = 0.003, adj. P =0.012,
B = —0.119, Fig. S2C), and third peripheral eccentricity
(P =0.011, adj. P = 0.044, B = —0.100, Fig. S2D) showed
significant negative associations, but none of the other
parameters (Table 2).

Furthermore, we performed an analysis of the 2.5%
low-contrast visual acuity (LCV) between both groups
and an association analysis of the LCV versus the mfVEP
parameters.

In CIDP patients, there was a mean LCV of
0.33 £ 0.15 (range: 0.05-0.60) and in healthy controls
0.36 £ 0.11 (range: 0.12-0.63), the analysis revealed no
significant difference between both groups (P = 0.500).
CIDP patients showed a significant association of LCV
with amplitude (P = 0.040, B = 108.549, Fig. S2E), but

not between LCV and latency (P = 0.111, B = —8.219).
In healthy controls, neither amplitude (P = 0.607, B =
—20.136, Fig. S2E), nor latency (P = 0.102, B = —10.132)
revealed significant associations with LCV.

Discussion

Certain inflammatory neuropathies like Miller Fisher syn-
drome and Bickerstaff brainstem encephalitis are associ-
ated with involvement of cranial nerves and the central
nervous system, respectively.'®'® In classic CIDP, clinical
symptoms are usually restricted to the peripheral nervous
system. Identifying CNS involvement in CIDP, which
might be detectable by sensitive methods, would be of
interest, for example, to evaluate progression in severe
cases where peripheral nerve conduction studies are
sometimes challenging due to a lack of action potentials.
In contrast to previous studies’” that used traditional
ftVEP, we found no difference of mean mfVEP ampli-
tudes or latencies in our cohort of patients without clini-
cal signs of CNS involvement compared to matched
controls. Therefore, our primary hypothesis of altered
mean mfVEP latencies or amplitudes has to be refuted.

In an exploratory subanalysis, we found a significant
delay in latencies in the superior sector of the visual field
and associations of mfVEP measures with the clinical
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ODSS and the mean MNCV of our CIDP patients. How-
ever, since there is no simple biological, anatomical, or
pathological explanation for these results; these explora-
tory findings need to be interpreted with great caution
and we cannot rule out a false-positive result despite the
Bonferroni correction for multiple testing. Of note, if the
Bonferroni correction is performed for the total number
of tests performed, instead of only correcting for the
number of subanalyses, the difference in latency of the
superior sector loses significance. The fact that we
observed a significant association of mean mfVEP latency
with ODSS and MNCV is surprising considering that
mean latency did not differ between patients and controls.
Possible explanations are CIDP-independent effects, for
example, metabolic factors influencing both mfVEP
latency and MNCV/CIDP severity, and/or a subtle
involvement of the visual system only in severe cases of
CIDP with ODSS above 4. Larger studies on severely
affected CIDP patients including MNCV assessments also
in healthy controls would be needed to address these
points. However, we have to acknowledge, that the associ-
ation remains weak and therefore a clinical relevance can-
not be postulated.

Therefore, considering all these caveats, the significant
differences observed are unlikely to be meaningful in a
clinical setting.

We conclude that despite carefully selecting the patient
cohort and using both enhanced mfVEP techniques, ade-
quate inclusion and exclusion criteria and suitable statisti-
cal methods for visual outcome measures to account for
intereye within-patient dependencies™ a clinically relevant
visual pathway involvement in CIDP cannot be elicited.
Reasons for the positive results of the previous studies
using full-field VEPs> remain subject to discussion. Pos-
sible explanations include the lack of age- and sex-
matched controls and differences in the composition the
cohorts studied, for example, including also patients with
signs of CNS involvement, or patients with other periph-
eral neuropathies, for example, hereditary neuropathy
with pressure palsies (HNPP) and Charcot-Marie-Tooth
disease type 1A (CMT1A)." Further well-controlled longi-
tudinal studies involving larger cohorts of different dis-
ease entities and higher numbers of severely affected
patients are warranted to refute or corroborate these
results and investigate their relevance. All in all, consider-
ing the data presented here, mfVEPs do not seem promis-
ing as a monitoring parameter for CNS involvement in
CIDP in the clinical routine.
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Supporting Information

Additional Supporting Information may be found online
in the supporting information section at the end of the
article.

Figure S1. Visual fields, segments, sectors, and eccentrici-
ties of each eye. Graphics represent the classification into
sectors (A) and eccentricities (B). Each segment is labeled
by a number (1-56). The different colors of the segments
mark the related sector in (A) (superior = green,
nasal = pink, inferior = dark blue, temporal = purple)
and the eccentricity in (B) (central = yellow, first periph-
eral = orange, second peripheral = red, third periph-
eral = light blue, fourth peripheral = gray).

Figure S2. mfVEP parameters of CIDP patients and
healthy controls (HC). Box-and-whisker plot of the
latency of the superior sector in msec (A). The black line
within the box marks the mean, the box shows the
interquartile range and the whiskers indicate the mini-
mum and maximum. Scatter plots of the association
between the MNCV (motor nerve conduction velocity) of
the right ulnar nerve in m/sec and the latency of the tem-
poral sector (B), the first (C) and third peripheral

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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eccentricity (D), as well as the LCV (low-contrast visual
acuity 2,5% provided in decimals) versus the mean ampli-
tude (E). Each eye is shown as a dot. Regression lines,
numbers of eyes (B-E) or visual fields (A), P-values (GEE
analysis), and adjusted P-values (Bonferroni Correction)
are provided for the different mfVEP parameters. LCV
data were available for CIDP patients and controls. There-
fore, the associations between mean amplitude and LCV

mfVEP in CIDP

are provided for both groups presenting CIDP patients in
green and healthy controls in black (E).

Table S1. Detailed overview of multifocal visual evoked
potential and visual acuity data in CIDP patients in
Dusseldorf.

Table S2. Detailed overview of multifocal visual evoked
potential and visual acuity data in healthy control subjects
in Disseldorf.
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Abstract

Background: Aseptic meningitis epidemics may pose various health care challenges.

Methods: We describe the German enterovirus meningitis epidemics in the university hospital centers of Dusseldorf,
Cologne and Berlin between January 1st and December 31st, 2013 in order to scrutinize clinical differences from other
aseptic meningitis cases.

Results: A total of 72 enterovirus (EV-positive) meningitis cases were detected in our multicenter cohort, corresponding
to 5.8% of all EV-positive cases which were voluntarily reported within the National Enterovirus surveillance (EVSurv, based

Keywords: Meningitis, Echovirus, Epidemic, Surveillance

on investigation of patients with suspected aseptic meningitis/encephalitis and/or acute flaccid paralysis) by physicians
within this period of time. Among these 72 patients, 38 (52.8%) were enterovirus positive and typed as echovirus (18
pediatric and 20 adult cases, median age 185 years; echovirus 18 (1), echovirus 2 (1), echovirus 30 (31), echovirus 33 (1),
echovirus 9 (4)). At the same time, 45 aseptic meningitis cases in our cohort were excluded to be due to enteroviral
infection (EV-negative). Three EV-negative patients were tested positive for varicella zoster virus (VZV) and 1 EV-negative
patient for herpes simplex virus 2. Hospitalization was significantly longer in EV-negative cases. Cerebrospinal fluid analysis
did not reveal significant differences between the two groups. After discharge, EV-meningitis resulted in significant
burden of sick leave in our pediatric cohort as parents had to care for the children at home.

Conclusions: Voluntary syndromic surveillance, such as provided by the EVSurv in our study may be a valuable tool for

epidemiological research. Our analyses suggest that EV-positive meningitis predominantly affects younger patients and
may be associated with a rather benign clinical course, compared to EV-negative cases.

Background

Periodic aseptic meningitis epidemics can be a challenge
in patient- and health care. A large retrospective analysis
of a US-American cohort revealed that in 21% of cases
the etiology of aseptic meningitis remains unknown [1].
Aseptic meningitis is defined [2] by an inflammation of
the leptomeninx in which the causative agent cannot be
identified by cerebrospinal fluid culture [3]. Viruses are
the most common causes of this disease [1, 3]. Viral
meningitides are predominantly caused by enteroviruses

* Correspondence: phil.albrecht@gmail.com

Jonas Graf, Christian Hartmann, Orhan Aktas and Philipp Albrecht are equally
contributing first/last authors.

'Department of Neurology, University Hospital, Medical Faculty
Heinrich-Heine University, Moorenstrale 5, 40225 Dusseldorf, Germany

Full list of author information is available at the end of the article
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[4], which belong to the picornaviridae consisting of
species A-D. The main route of infection is fecal-oral,
but infestation of the respiratory tract and a droplet
infection are also possible. In previous studies, viral
meningitis in adults was rather associated with herpes
simplex and West Nile virus, whereas children were
more likely to be tested positive for enterovirus (EV) [5].
Therefore, multiple studies have been conducted in
order to better understand this phenomenon: A Danish
nation-wide prospective observational study between 1st
of January 2015 and 30th of June 2016 revealed an
unfavorable outcome of viral meningitis in 17% of all
patients [6]. According to a UK study, the infection rates
of viral meningitis are mainly driven by an EV pre-
dominance of echovirus 30 [7].

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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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EV meningitis epidemics in Shandong (People’s
Republic of China, 2014 [8]) and Finland (2009 and 2010
[9]) and the clinical pattern of viral central nervous
system (CNS) infections in Italy [10] have previously
been characterized: EV-positive patients presented with
fever, nausea and vomiting, were most likely to be
children, and had no clear gender predominance.

The treatment is symptomatic, employing analgetic drugs
and antipyretic therapy to control body temperature.
Pleconaril has been considered as potential specific treat-
ment for EV-associated meningitis. However, it was not
approved, given its just modest efficacy and considerable
side-effect and interaction profile [11, 12]. In particularly
severe cases, administration of immunoglobulins may
positively influence the course of the disease [13].

Cerebrospinal fluid (CSF) and clinical features of EV-
positive meningitis patients in Germany [14] and the differ-
ences in adult and pediatric EV-positive meningitis patients
in Switzerland [15] have already been analyzed, but there is
still a paucity of data describing the differences in EV-
positive meningitis and EV-negative meningitis patients.

Methods

We conducted a retrospective chart review study at the
Departments of Neurology of the Heinrich-Heine
University Diisseldorf, the University Hospital of
Cologne, the Charité — Universititsmedizin Berlin and
the Department of General Pediatrics, Neonatology and
Pediatric Cardiology of the Heinrich-Heine University
Diisseldorf searching for all patients with aseptic CNS
infection in 2013. The study was approved by the ethics
committee, University of Diisseldorf (registry number
4423). We used ICD-10 codes to identify cases of inter-
est. As such, priority was given to the ICD-10 keys A87
and GO2 (Table 1). However, as patient data may not have
been in the categories listed above due to less precise en-
cryption despite manifest illness, a wider query was add-
itionally performed to identify all patient data encoded as
A85-A89 (Other viral encephalitis, not elsewhere classified;
Unspecified viral encephalitis; Viral meningitis; Other viral
infections of central nervous system, not elsewhere classified;
Unspecified viral infection of central nervous system,
Table 1) and G02-05 (Meningitis in other infectious and
parasitic diseases classified elsewhere; Meningitis due to
other and unspecified causes; Encephalitis, myelitis and en-
cephalomyelitis; Encephalitis, myelitis and encephalomyelitis
in diseases classified elsewhere, Table 1). Virological testing
of CSF for enteroviruses was performed in a standardized
manner by the National Reference Laboratory for Poliomy-
elitis and Enteroviruses at the Robert Koch Institute.

Case definition
After the above-mentioned identification of patient
data, the patient records were individually evaluated
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Table 1 List of ICD-10 codes utilized to identify patients with
aseptic meningitis from the clinical databases of each hospital
participating in this study

ICD-10 Description

A85 Other viral encephalitis, not elsewhere classified

A86 Unspecified viral encephalitis

A87 Viral meningitis

A88 Other viral infections of central nervous system,
not elsewhere classified

A89 Unspecified viral infection of central nervous
system

G02 Meningitis in other infectious and parasitic
diseases classified elsewhere

GO03 Meningitis due to other and unspecified causes

G04 Encephalitis, myelitis and encephalomyelitis

G05 Encephalitis, myelitis and encephalomyelitis in

diseases classified elsewhere

to exclusively select cases of aseptic meningitis de-
fined according to the Centers for Disease Control
and Prevention (CDC) [16] as acute onset of menin-
geal symptoms, fever, and cerebrospinal fluid pleocy-
tosis with bacteriologically sterile cultures.

Analysis

The following criteria were investigated for further
analysis: Patient age, time point of manifestation, pre-
hospital time / duration of clinical manifestation before
confirmation of aseptic meningitis by CSF analyses, re-
sults of CSF diagnostics (cell count, protein content),
duration of inpatient stay, type of clinical restitution
(complete restitution vs. persistence of residual symp-
toms), for children treated in Disseldorf time of incap-
acity for work of parents. CSF cell count and protein
content were measured according to the local laboratory
standard (Disseldorf: turbidimetric, benzethonium
chloride method, cobas® 8000, C701, Fa. Roche Diagnos-
tics, Mannheim for protein content, mechanized cell
count, UF 1000i, Sysmex for cell count; Berlin: turbidi-
metric assay TPUC3, Roche/Hitachi cobas® ¢ for protein
content, Fuchs-Rosenthal method for cell count;
Cologne: nephelometric assay for protein content,
Fuchs-Rosenthal method for cell count).

In order to put this data in perspective, we performed
a query of the German-wide database of the Robert
Koch Institute (RKI; EVSurv) [17] of all EV-positive
meningitis cases in 2013. Data was obtained in the
context of the National Enterovirussurveillance, which is
based on voluntary reporting and investigation of hospi-
talized patients with suspected aseptic meningitis/en-
cephalitis and/or acute flaccid paralysis. All samples
were tested at the RKI using RT-nested PCR with the
primers targeting the 5'NCR gene, as previously
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described [18]. All PCR products were sequenced and -
based on the resulting EV species - tested with species-
specific PCR assays in the VP1 region for typing as
recently described [19-21].

Statistical analyses were performed as indicated using
SPSS Version 20 (IBM Corp. NY, USA); non-parametric
testing was performed since all investigated variables
were non-normally distributed (Shapiro-Wilk-test); p
values < 0.05 were considered significant. If not specified
otherwise, data are provided as median (25th; 75th per-
centile). Furthermore, a Chi-Square-test was performed
in order to compare adults with children and a Spear-
man’s correlation was performed in order to explore
predictors of hospitalization. Adjusted p-values (adj. p)
were calculated using Bonferroni correction, values
below 0.05 were considered significant. To enhance
readability of the results section, significant values are
provided in three categories: < 0.05, <0.01, and < 0.001,
respectively. Finally, a multivariate, stepwise linear re-
gression was performed in order to extract variables of
potential predictive value for the time of hospitalization.

Results

Results of the retrospective analysis in Diisseldorf,
Cologne and Berlin 2013.

We identified 72 EV-positive cases (31 females, 41
males) with a median age of 15 (3.25; 32.75) vyears.
Among these 72 patients, 38 (52.8%) were echovirus-
positive (18 pediatric and 20 adult cases, median age
18.5 (5.25; 31.25) years; echovirus 18 (1), echovirus 2 (1),
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echovirus 30 (31), echovirus 33 (1), echovirus 9 (4)), 1
patient was enterovirus 71 (EV-A71)-positive, 1 patient
was coxsackie A9-positive, 1 patient was enterovirus B-
positive and the specific enterovirus species of the
remaining 31 EV-positive cases remained unknown or
were not further typed, as not enough CSF was available
for further analysis. EV-positive meningitis cases peaked
in July/August (Fig. 1). Furthermore, we identified 45
enterovirus-negative cases (16 females, 29 males, median
age 36 (28; 48.5) years). Among EV-negative cases, three
were related to varicella zoster infection, one to herpes
simplex 2 and no virus could be identified in the other
patients.

Analysis of the CSF parameters cell count (EV-posi-
tive: 81 (12; 205) cells/pl, EV negative 67 (17.5; 185.25)
cells/pl, Fig. 2a) and total protein (EV-positive 0.52
(0.35; 0.68) g/l, EV-negative 0.53 (0.36, 0.78) g/, Fig. 2b)
in EV-positive and EV-negative patients revealed no
significant difference (Mann-Whitney U test). 2 EV-
positive and 1 EV-negative CSF samples could not be
evaluated due to a blood contamination.

Analysis of the number of nights spent in hospital by
the patients revealed that hospitalization was signifi-
cantly longer in EV-negative (6 (3; 13) nights) than in
EV-positive cases (3 (1; 5) nights, adj. p <0.01, Mann-
Whitney U test, Fig. 3).

No fatal cases occurred. In children, parents reported
of mild complaints after discharge like headache, back-
ache and fatigue for 0 to 7 days (median 2 days; Diissel-
dorf cohort). After discharge, one of the parents had to
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Fig. 1 Monthly distribution of meningitis cases in 2013 (Dusseldorf, Cologne, Berlin). These data were obtained from database query. Enterovirus
(EV)-positive cases peaked from July to August in 2013
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care for the children at home (0 to 5days, median 3
days; Diisseldorf cohort).

Analysis of gender (Chi-Square-test of EV-positive vs.
EV-negative patients, adults vs. children and hospitalization
periods) did not reveal relevant differences.

Adults vs. children

A significantly higher ratio of children was found in the
enterovirus-positive cohort, compared to the enterovirus
negative group (38/72 vs. 4/45, Chi-Square-test, adj.
p <0.001). Children (both EV-positive and EV-negative)
had a shorter period of hospitalization (adj. p < 0.001) and
lower CSF protein levels than adults (adj. p < 0.001). There
was no significant difference of CSF cell counts
(Mann-Whitney U test, respectively).

An exclusive analysis of either adults or children did
not reveal significant differences between EV-positive
and EV-negative patients regarding age, duration of
inpatient stay, CSF cell count and CSF total protein

Hospitalization
40- =
30- ——
R
S 20- o
.E an
10+ e
DDDDB (=[=]=}
00, 000
0 + T
EV-positive EV-negative
Fig. 3 Hospitalization analysis of enterovirus (EV)-positive (n=72)
and EV-negative patients (n = 45). Hospitalization of EV-negative
patients is significantly longer (p < 0.01). Mann-Whitney U test

(Mann-Whitney U test, respectively). Numerical data of
abovementioned comparisons are provided in Table 2.

Predictors of hospitalization periods

In general, the duration of inpatient stay correlated with
age (Spearman’s Rho correlation coefficient 0.418,
p <0.001), CSF total protein (Spearman’s Rho correlation
coefficient 0.319, p < 0.001), and the delay from symptom
onset to lumbar puncture (Spearman’s Rho correlation
coefficient 0.232, p = 0.023). For nominal variables, entero-
virus status (n=-0,32) correlated with the duration of
inpatient stay. In contrast, echovirus status, gender, and
location (Neurological center the patient was treated) did
not show a relevant correlation with the duration of the
inpatient stay (| n | <0,3).

Finally, a multivariate, stepwise linear regression was
performed using the abovementioned variables (age, CSF
cell count, CSF protein, delay between symptom onset
and spinal tap enterovirus status, echovirus status,
gender, treating center (Berlin, Cologne, Duesseldorf)).
A total of three variables (age, CSF protein, and Echo-
virus status) were kept, which accounted for 30% of the
variance of the hospitalization period (adjusted R =
0.302, standardized Beta values: age = 0.354, CSF protein
0.247, and echovirus status — 0.169, respectively).

Therapy

The cases diagnosed with varicella zoster virus and
herpes simplex virus 2 received specific therapy. No
child received specific therapy in Diisseldorf.

RKI database query

An RKI database query (retrieved from https://evsurv.
rki.de/) revealed a total of 3455 tested samples in 2013.
1242 of these cases were positive for EV, of which 672
cases were typed as echovirus 30. Therefore, our study
includes 5.8% (72 of 1242 cases) of the reported EV-
positive cases in Germany.
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Table 2 Distribution of age, hospitalization, CSF cell count, and CSF protein for EV negative, EV positive, and all patients (Total). All
groups are further subdivided by age into adults (ADU), children (PED), and all (Total) patients. N =number of patients, 75th perc. =

75th percentile, 25th perc = 25th percentile

EV negative EV positive Total
ADU PED Total ADU PED Total ADU PED Total
Age (years)
N 41 4 45 34 38 72 75 42 117
Range 64 10 77 56 17 74 66 17 84
75th perc. 50 14.75 485 40 9 32.75 44 9 38
median 36 8 36 335 5 15 36 6 26
25th perc. 30 7.25 28 24 0 325 27 0.75 8
Hospitalization (nights)
N 41 4 45 34 38 72 75 42 117
Range 35.00 5 35 31.00 9.00 31 36.00 9.00 36
75th perc. 13 5 13 6 325 5 10 3.25 7
median 6 2 6 4 2.00 3 5 2 4
25th perc. 35 1.25 3 1.75 1 1 2 1 2
CSF cell count (cells/ul)
N 40 4 44 34 36 70 74 40 114
Range 1255 100 1255 744 877 877 1255 877 1255
75th perc. 202.25 129.75 185.25 314.75 142 205 275.75 132.25 196.5
median 61.5 100 67 114.5 245 81 88 345 78
25th perc. 15.25 44.75 17.50 405 6.75 12 2375 9.5 15
CSF protein (g/1)
N 40 4 44 34 36 70 74 40 174
Range 1.30 0.64 1.30 1.29 0.73 151 1.66 0.73 1.65
75th perc. 0.78 0.79 0.78 0.80 0.57 0.68 0.78 0.58 0.74
median 0.53 042 0.53 0.65 0.34 0.52 0.56 0.36 0.52
25th perc. 0.39 0.23 0.36 048 0.25 035 043 0.250 0.36
Discussion caregivers may expect shorter hospitalization times in

Enteroviruses are highly neurotropic and can manifest as
meningitis, meningoencephalitis, poliomyelitis-like an-
terior myelitis, and Guillain-Barré syndrome [22, 23]. In
our cohort, enteroviral infections were associated with
meningitis. The prevalence of enteroviral meningitis is
high worldwide (estimated 75,000 cases annually in the
United States) [11], which makes this type of meningitis
highly relevant to both caregivers and patients. We were
able to show that the rate of infection peaks in the sum-
mer and early autumn months (June, July and August;
Fig. 1). With age, the incidence of enteroviral meningitis
decreases. Therefore, the incidence is highest in infants
and toddlers [24], which was also the case in our cohort
(Table 2).

The following findings and assumptions of our study
are of significant interest, as they stress differences be-
tween EV-positive and EV-negative meningitis and may
be of relevance for the treating physician: Overall,

EV-positive meningitis cases. Furthermore, routine CSF
parameters that may already be determined in the emer-
gency unit are not a sufficient tool to discriminate
between EV-positive and EV-negative meningitis. When
caregivers experience an unusual accumulation of asep-
tic meningitis cases in the summer and early autumn,
patients should be tested for enterovirus infections and
cases should be reported to the authorities. Contrary to
previous studies regarding viral meningitis in general
our data show that EV-positive meningitis is rather
associated with a benign disease course.

In adult patients, the disease generally necessitates
inpatient treatment for several days [25]. When children
are affected, one parent may be incapacitated for a cer-
tain period of time to care for the child. In both cases,
the disease may be associated with a temporary inability
to work (either patient or parent). Because of the high
number of cases per year, considerable costs arise for
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society due to the loss of work and the necessary re-
sources for medical treatment [26], although meningitis
caused by enteroviruses usually has a relatively benign
course.

To the best of our knowledge, the economic burden
for society due to EV-positive meningitis has not been
determined so far; and our data also provide just a lim-
ited insight, since we analyzed the duration of inpatient
stay but did not assess any further inability to work.

Our data indicate that the course of EV-positive men-
ingitis is predominantly benign, and that hospitalization
time was significantly shorter in EV-positive, compared
to EV-negative cases. This was also the case, when we
did not consider the above-mentioned meningitis cases
that received specific antiviral therapy (varicella zoster
virus, herpes simplex virus 2). Moreover, a higher ratio
of affected children and young adults were found in EV-
positive cases. This could be explained by affected
parents of young, diseased children. Hence, earlier con-
valescence in EV-positive groups may be explained by
differences of age between both groups rather than dif-
ferent courses of the disease in general. In our cohort,
routine CSF analysis (pleocytosis, protein level) is not a
useful tool to discriminate between EV-positive and
negative cases, but CSF protein level may correlate with
length of stay in hospital.

Despite the generally excellent outcome of aseptic
meningitis, there are rare instances of complicated
courses that may lead to persistent neurological disabil-
ity or even death [27-30]. Strategies for the systematic
containment of endemic diseases are focused on ensur-
ing hygienic measures to prevent the spread of viruses,
as some weeks after illness, virulent pathogens can still
be excreted via the feces.

In agreement with previous studies, enterovirus infec-
tions were detected as the most common cause for an
aseptic meningitis in our cohort, driven by a high preva-
lence of echoviruses (52,8%). Indeed, our study demon-
strates that voluntary reporting of diseases such as in
this case can be an effective tool to better understand
epidemiological details of certain diseases:

The mean age of EV-positive patients in our centers
was 15 (3.25; 32.75) years, which accurately fits to previ-
ous data of Shandong [8] and Finland [9] (Finland 2009
15years 8 months, Finland 2010 17years 6 months,
Shandong 2014 children within 15years of age). The
mean age of EV-negative pediatric patients (8 (7.25;
14.75) years) in our cohort was quite similar to that in a
large South Korean pediatric cohort (8.4 + 5 years) [31].

Conclusions

EV-positive epidemics are similar in terms of age and
gender distribution and other factors worldwide. Overall,
this entity remains a rather benign form of meningitis
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with a rather short length of stay in hospital, but may be
associated with complicated courses that may lead to
persistent neurological disability or even death. Routine
CSF testing (pleocytosis, protein level) may not be suit-
able to distinguish EV-positive and EV-negative cases,
but CSF protein level may correlate with hospitalization.
Still, epidemics are a challenge for the health care
system. Therefore, we recommend rigorous testing and
reporting of aseptic meningitis cases. Within the
National Enterovirussurveillance (EVSurv) all pediatric
and neurological hospitals in Germany are offered free-
of-charge enterovirus diagnostics in patients with sus-
pected aseptic meningitis / encephalitis or acute flaccid
paralysis. This health care concept is also well estab-
lished in the US and led to a concise description of the
disease burden [32].
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The objective of this study was to investigate confirmed progression independent of relapse activity in relapsing-remitting multiple
sclerosis patients under long-term natalizumab treatment. We performed a retrospective, cross-sectional study of clinical data cap-
tured between 1994 and 2019 at two German multiple sclerosis tertiary referral centres. Data files of all relapsing-remitting mul-
tiple sclerosis patients treated with natalizamab for >24 months were analysed. Confirmed progression independent of relapse ac-
tivity was defined as >12 week confirmed disability progression on a roving Expanded Disability Status Scale reference score by 1
point in patients with an Expanded Disability Status Scale score <3 or 0.5 in patients with an Expanded Disability Status Scale
score >3.5 in the absence of a relapse. Cox proportional hazard models were used to analyse the probability of developing con-
firmed progression independent of relapse activity depending on both disease and natalizumab treatment duration. Among the 184
patients identified, 44 (24%) developed confirmed progression independent of relapse activity under natalizumab irrespective of the
Expanded Disability Status Scale score at natalizumab onset. Time to confirmed progression independent of relapse activity was
not affected by Expanded Disability Status Scale at natalizumab onset (categorized by Expanded Disability Status Scale score <3.5
versus >3.5) nor by duration of disease nor by duration of therapy. Confirmed progression independent of relapse activity
occurred earlier in the disease course in patients with an earlier natalizumab therapy onset with regard to disease duration. A step-
wise forward regression analysis revealed disease duration as the main factor for confirmed progression independent of relapse ac-
tivity development (P=0.005). Taken together, confirmed progression independent of relapse activity occurs in a substantial pro-
portion of patients on long-term natalizumab treatment and independent of Expanded Disability Status Scale score at natalizumab
onset. Our findings suggest that patients who are initiated on natalizumab early during disease course, usually in order to treat an
aggressive clinical phenotype, have a higher risk of early confirmed progression independent of relapse activity.
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multiple sclerosis; natalizumab; disease progression; cPIRA; long-term treatment

ARR =annualized relapse rate; CDP = confirmed disability progression; cPIRA = confirmed progression inde-
pendent of relapse activity; DMTs = disease modifying therapies; EDSS = Expanded Disability Status Scale; LMU = Ludwig-
Maximilians University; MRZ = Measles Rubella and Varicella Zoster Reaction

Relapse-Independent Multiple Sclerosis Progression under Natalizumab

! Design:

' Cross-sectional, retrospective cohort study;
' clinical data captured between 1994 and 2019.

1 Setting:

 referral centers (HHU Dusseldorf, LMU Munich).

| Main Outcome:

activity (cPIRA).

1
. Two German multiple sclerosis (MS) tertiary X
|
Confirmed progression independent of relapse !
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124 (67%) @

patients remained
relapsing remitting

without relapse-
associated worsening

224 months

16 (9%)

i

184 patients with -
relapsing remitting ‘i,
multiple sclerosis u
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Conclusions and Relevance:

natalizumab i.v. g

patients remained
—| relapsing remitting

with relapse-
associated worsening

' cPIRA occurs in a substantial proportion of |
. patients on long-term natalizumab treatment. Our |
findings suggest that patients, who are initiated ,
on natalizumab early after MS onset, usually in |

44 (24%)

patients developed I
cPIRA under

order to treat an aggressive course of disease,

I

' have a higher risk of early cPIRA.
' Meaning:
I
I
I

For some patients, natalizumab may be more
effective in preventing relapses than averting a
secondary progressive disease course.

Introduction

Multiple sclerosis is an immune-mediated disease of the
CNS with a complex, diverse disease course. Clinically,
there are two different disease subtypes of multiple scler-
osis: relapsing multiple sclerosis and progressive multiple
sclerosis either manifesting itself as a primary progressive
form with gradual worsening of neurologic disability
from symptom onset or a secondary progressive disease
course with or without (prior) relapse activity.'
Pathologically, both inflammation and degeneration play
an important role in both relapsing and progressive mul-
tiple sclerosis, and compartmentalized inflammation and
degeneration in the CNS is considered to be of particular
relevance in the progressive disease forms.” Natalizumab

natalizumab

I
|
]
]
I
I
1
]
]
1
1

was early licensed as a disease modifying therapy (DMT)
for the treatment of highly active relapsing remitting mul-
tiple sclerosis and its efficacy in reducing the relapse rate
has been demonstrated in multiple studies.>® However,
natalizumab failed to meet the primary composite end-
point at 2years in a phase 3 trial performed in secondary
progressive multiple sclerosis.” A detailed analysis sug-
gested a potential benefit in certain subtests, particularly
for function of the upper extremities, and the open label
extension demonstrated efficacy on the primary outcome
at year three.” A possible explanation for the difference
in efficacy of natalizumab in relapsing and progressive
multiple sclerosis may be the inability to reach the com-
partmentalized pathology. To date, the effect of natalizu-
mab on preventing conversion to secondary progressive
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Disease progression under natalizumab

multiple sclerosis is still unclear. In a recently published
prospective cohort, the number of natalizumab infusions
was associated with a decrease of relapse rate, but no as-
sociation was found with the progression of disability,
the accumulation of lesion burden or the magnitude of
brain volume loss, suggesting an uncertain benefit of pro-
longed natalizumab use on clinical and MRI outcomes of
disease progression.'” Another large real-world evidence
study demonstrated that early natalizumab treatment dur-
ing disease course reduced the risk of conversion to sec-
ondary progressive multiple sclerosis.''

We aimed to assess the relevance of relapse-independent
disease progression as an indicator for secondary progres-
sive multiple sclerosis conversion in two independent real-
world cohorts of multiple sclerosis patients under long-term
natalizumab treatment. It has to be kept in mind that there
is still no consensus regarding the definition of secondary
progressive multiple sclerosis. Among the most discussed
guidelines are the Lublin criteria"'* and the secondary pro-
gressive  multiple  sclerosis  definition  developed by
Lorscheider et al.,' but especially the time period of pro-
gression required for defining secondary progressive mul-
tiple sclerosis is heterogeneous in the literature.'*'” In a
large prospective study, long-term disability progression was
associated with brain volume loss but not relapse rate.'®
The concept of progression independent of relapses (PIRA)
has recently been introduced,'” and that of confirmed pro-
gression independent of relapse activity (cPIRA) in combin-
ation with the use of a roving EDSS reference score may
be an adequate approach for this unmet clinical need.

Materials and methods

We conducted a retrospective chart review study at two
centres: the Multiple Sclerosis Centers of the Heinrich-Heine-
University Diisseldorf and of the Institute of Clinical
Neuroimmunology, LMU Hospital, Ludwig-Maximilians
University, Munich. We documented all relevant epidemio-
logical, clinical and paraclinical information about the
selected patients, such as age, sex, disease duration, relapses,
Expanded Disability Status Scale (EDSS), MRI, previous and
current therapies. The data were assessed during clinical rou-
tine visits and retrospectively collected from the hospital in-
formation system [MEDICO, Cerner/CGM (Diisseldorf)] and
clinical charts (LMU Hospital). Inclusion criteria were diag-
nosis of relapsing remitting multiple sclerosis according to
McDonald criteria 2010,>° a continuous natalizumab ther-
apy for >24 months, and availability of longitudinal EDSS
and relapse data (at least three EDSS scores and information
on relapse dates documented) for >24 months. The only ex-
clusion criteria were cPIRA onset before natalizumab treat-
ment and a disability change due to other causes than
multiple sclerosis such as stroke, polyneuropathy or neurode-
generative disease leading to clinical impairment or deficit.
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In this study, we used cPIRA as an indicator for sec-
ondary progressive multiple sclerosis conversion. It was
defined as a>12week confirmed disability progression
(CDP) independent of relapse activity and evaluated in all
patients including those who discontinued natalizumab
therapy in the follow-up. Disability progression was
defined as a worsening of 1 point on the EDSS in
patients with a baseline EDSS <3 or 0.5 EDSS steps in
patients with a baseline EDSS >3.5 in the absence of a
relapse using a roving EDSS reference score.”! We chose
to define EDSS progression based on a cut-off value of
3.5 as EDSS steps up to 3.5 are mainly dominated by
single functional system scores and rather sensitive to in-
ter-rater variability, while from scores above 3.0 relevant
disability in more than one system is required and above
4.0 the walking disability becomes increasingly relevant.
The relapse-free interval relevant for cPIRA was defined
as a time interval without relapses for a minimum of 12
consecutive months. All patients with an EDSS worsening
according to the aforementioned definition of disease pro-
gression were included in the cPIRA group when the re-
lapse unrelated EDSS worsening (PIRA) could be
confirmed in the next clinical follow-up at least 12 weeks
later (cPIRA). Relapses occurring after the development
of cPIRA were classified as superimposed relapses (SIR).

To include a maximum of data and to analyse the rele-
vance of events outside of the natalizumab treatment inter-
val, we did not limit the follow-up length, but instead
included all available EDSS and MRI data from the mul-
tiple sclerosis first diagnosis to the last documented visit.
Therefore, cPIRA evaluation began with the first EDSS
documented, e.g. at the time of multiple sclerosis diagnosis.

Relapse data were extracted from the clinical databases
and by chart review. Relapses had been identified and
classified during the clinical routine by experienced mul-
tiple sclerosis specialists at our tertiary referral centres
based on patient interviews and clinical examination.
Relapses were defined as a neurologic deficit compatible
with an acute CNS inflammatory demyelinating event
lasting at least 24h in the absence of fever. Disability
progression observed in visits with a relapse in between
was considered as relapse-associated worsening (RAW)
and not considered for analysis of c¢PIRA. Furthermore,
in order to avoid the risk of carry over EDSS progression
resulting from prior relapses, all follow-up intervals with
relapse activity within one month prior to the baseline
examination were excluded from the cPIRA analysis.

MRI activity was defined as presence of gadolinium
enhancing lesions on T; imaging or the development of
new or enlarging T, lesions in comparison to the previous
MRI. MRI data and findings were collected retrospectively
during the observational period. Owing to impaired com-
parability of different and non-standardized MRI protocols
performed on different scanners in the clinical routine, we
had to limit our analysis to the occurrence of inflamma-
tory lesions and were not able to analyse brain volume
and/or brain atrophy patterns.
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Table | Demographic and clinical characteristics of the patients®

Baseline characteristics Medians (interquartile Group I: No-cPIRA® Group 2: cPIRA P-values® Group
range) under natalizumab® (n = 140) under natalizumab® (n = 44) I vs Group 2
Age at natalizumab onset—year 33.5(27; 42) 38.5 (29; 45) n/s
Female sex—no (%) 92 (65.7) 26 (59.1) n/s
Therapy duration natalizumab®—year 4.8 (3;7.6) 5@3;9) nls
Disease duration since first manifestation—year 14 (10; 19) 18 (14; 25) 0.004
r<0.3
Disease duration since first diagnosis—year 12.(9; 17) 15.5 (12; 19.8) 0.004
r<0.3
Disease duration between first manifestation and 6(311) 8(3;17) n/s
natalizumab onset—year
Disease duration between first diagnosis and natalizu- 5(2;8) 4.5 (2; 12.5) n/s
mab onset—year
Number of other therapies™no at study inclusion 3(2;4) 3(2;4) n/s
Number of DMTs® prior to natalizumab—no 2(1;3) 2(1;3) n/s
Annualized relapse rate under natalizumab"™—no 0(0;0.3) 0(0;0.3) n/s
Number of visits—no 12 (8; 16) 16 (12;22) 0.009
r<0.3
EDSS'-change® in relapse free interval—no 0 (—0.5; 0) 1.5 (0.5; 2.5) <0.001
r>05

?Data include only patients who have been treated with natalizumab for a minimum of 2 consecutive years (main inclusion criterium) and whom EDSS values were available. All pa-
tient information is from the electronic database MEDICO (for the Diisseldorf Cohort) and from the patient files, which include clinical examinations and investigations results such
as MRl findings, CSF and blood tests that have been collected before 01.01.2018 for the Diisseldorf cohort and before 07.08.2019 for the Miinchen cohort.

®Confirmed Disability Progression independent of Relapse Activity.

“The patient groups were defined as follows: patients who still experienced relapses during the observation time without EDSS worsening were included in the Group |; Patients
who developed a secondary progression under the natalizumab treatment were assigned to Group 2. The secondary progression was defined as an EDSS worsening of >1.0 point
from the baseline EDSS score for patients with baseline score of 3.0 or less, or >0.5 for patients with baseline score of 3.5 or more that cannot be attributable to recent relapse ac-
tivity. For each variable we provide the median of a given group with the corresponding interquartile range.

9dP-values reflect Mann—Whitney U-test. A power analysis was conducted to obtain the correlation coefficient r. P-values for the comparison of Group | with Group 2 showed sig-
nificant differences (P < 0.05) for the following variables: Disease duration since first manifestation, Disease duration since first diagnosis, Number of visits and EDSS-Change in re-

lapse-free interval.
“The minimal natalizumab therapy duration is 2 years according to the inclusion criteria.

This category includes all documented therapeutic measures from relapse-treatments to DMTs which have been taken since the first MS manifestation.

#Disease Modifying Therapies.

"Recorded between the first and the last recorded relapse in the period of time under natalizumab treatment.
Meant is the number of visits which took place in the Universititsklinikum Diisseldorf (UKD) or in the Universititsklinikum Miinchen (LMU).

IExpanded Disability Status Scale.

“Recorded between the first and the last recorded EDSS value during the relapse-free period.

Statistical analyses were performed using SPSS 20 (IBM,
Armonk, NY) and were run for all 184 patients included
even if some of them stopped the natalizumab treatment
and switched to another therapy during the follow-up.
Table 1 summarizes the descriptive statistics listing the me-
dian and interquartile range for each variable of the differ-
ent groups. A Mann-Whitney U-test was used to identify
significant differences between the groups and a power
analysis was conducted to define the correlation coefficient
7. A Kruskal-Wallis test with Bonferroni post hoc test was
used for to identify significant EDSS differences between
groups. P-values below 0.05 were considered significant. A
logistic regression analysis was performed to analyse which
factors could have had an influence on cPIRA develop-
ment in the overall cohort as well as in the single Munich
and Disseldorf cohorts separately. We opted for this re-
gression model despite the risk of overfitting in order to
decrease the chance of missing a signal from our defined
variables. The following factors were included in the re-
gression model: age and sex at natalizumab onset, the

number and the class of DMTs prior to treatment with
natalizumab as well as the duration of natalizumab ther-
apy in years. DMTs were classified as first or second line
as followed: as first line treatments we considered beta-
interferon, glatiramer acetate, teriflunomide and dimethyl
fumarate while second line treatments were mitoxantrone,
alemtuzumab, fingolimod, natalizumab, rituximab, ocreli-
zumab and azathioprine. For the comparison of the demo-
graphic and clinical characteristics between the Diisseldorf
and the Munich cohorts, we used the Mann—Whitney U
two-sample rank-sum test. The probabilities of developing
cPIRA were estimated using a Kaplan—Meier analysis. In
order to facilitate interpretation and presentation of the
results we divided the patients in equally sized subgroups
based on the natalizumab treatment onset (<8.6years
and >8.6years), the EDSS score (<3.5 and >3.5), the
number of DMTs prior to natalizumab therapy onset
(€2 and >2) and the number of relapses that had
occurred prior to the natalizumab treatment onset (<1,
1-2 and >2). Cox proportional hazard models correct-
ing for age and sex reporting the hazard ratios [HR;
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Figure | Overview of the total cohort. Flowchart of the total cohort. *In the confirmed progression independent of relapse
activity (cPIRA) group, the ‘+’ indicates the presence of relapse and MRI activity before or after the cPIRA defining interval.

Exp(B)] were used to compare the probability to develop
cPIRA for these subgroups. Reporting followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guideline.

The study was approved by the local ethics committee at
the Heinrich Heine University of Disseldorf (registry
number 6083R) and at the Ludwig-Maximilians
University Munich (Nr. 19116). Owing to the retrospect-
ive design of the study, informed consent was not neces-
sary according to the local ethics committee.

Philipp Albrecht, the corresponding author, had full ac-
cess to all the data in the study and takes responsibility
for the integrity of the data and the accuracy of the data
analysis. The datasets supporting the conclusions of this
article are included within the article and its additional
files. Raw data generated during and/or analysed during
the current study are available from the corresponding
author on reasonable request.

Results

Out of the 271 relapsing remitting multiple sclerosis
patients identified with natalizumab therapy at the two
investigating centres (Figs 1 and 2, Table 1 and
Supplementary Table 1), 184 patients met the inclusion
criteria, while 77 were excluded from the data analysis

* *

6- *
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‘E e aease LT 1] LLll 1134
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ﬂ Ll L]
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RRMS RRMS cPIRA cPIRA
RAW no RAW SIR no SIR
(hn=16) (n=124) (n=13) (n=31)

Figure 2 Disability change of the total cohort. EDSS
change of confirmed progression independent of relapse
activity (cPIRA) patients [with and without superimposed
relapses (SIR)] and relapsing remitting multiple sclerosis
patients [with and without relapse-associated worsening
(RAW)], ¥P<0.05, Kruskall-Wallis with Bonferroni post
hoc test.

due to lack of EDSS and relapse data (27) or insufficient
follow-up data (<24 months of natalizumab therapy)
(50). Furthermore, 10 patients were excluded due to
cPIRA onset outside a natalizumab treatment interval,
e.g. before initiation of natalizumab or development of
cPIRA during a pause of natalizumab treatment. Of these
184 patients, 140 patients remained relapsing remitting
(76%), while 44 developed cPIRA as an indicator for sec-
ondary progressive multiple sclerosis (24%). Under the
140 relapsing remitting patients, 16 patients (9%) pre-
sented a relapse-associated worsening (RAW) with rele-
vant EDSS increase. The median time on natalizumab
therapy until cPIRA occurred was 10 = 1 years.
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Figure 3 Kaplan-Meier curves of the total cohort. (A) Kaplan—Meier curves for the time (in years) of disease duration from the first
multiple sclerosis manifestation and (B) natalizumab treatment duration until the outcome confirmed progression independent of relapse activity
(cPIRA) occured. cPIRA was defined as an EDSS increase of > 1.0 point from the baseline EDSS score for patients with baseline score of 3.0 or

less, or >0.5 for patients with baseline score of 3.5 or more.
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Figure 4 Kaplan-Meier curves of the total cohort, disease duration at natalizumab onset subanalysis. (A) Kaplan—Meier curve for
the time of disease duration and (B) natalizumab therapy duration (in years) to onset of confirmed progression independent of relapse activity
(cPIRA). Progression free survival in the patients with natalizumab therapy onset is compared within (blue curve) and after (red curve) 8.6 years
from multiple sclerosis first manifestation to first natalizumab dose. The discriminatory value of 8.6 years corresponds to the mean duration
between the first multiple sclerosis manifestation and the first received natalizumab dose of the total cohort. P-values for the comparison of the
two groups were obtained with Cox proportional hazard models correcting for age and sex.

Information on MRI activity was available for all patients
but not for all follow-up intervals due to the heterogeneity
of follow-up in the real-world setting. Approximately half of
the 184 included patients had neither MRI nor relapse activ-
ity, and patients with relapses and MRI activity were less
common (Fig. 1). In the No-cPIRA under natalizumab
group, 70 of 140 patients (50%) had neither relapse nor
MRI activity, as compared to 26 of 44 patients (59%) in
the cPIRA under natalizumab group. On the other hand, 20
of 140 patients (14.3%) in the No-cPIRA under natalizu-
mab and 2 of 44 patients (4.5%) in the cPIRA under natali-
zumab group had both MRI and relapse activity. Overall,
disease duration was significantly longer, the number of hos-
pital visits prior to natalizumab and the increase of EDSS in

the relapse-free period were significantly higher in patients
with cPIRA under natalizumab compared to No-cPIRA
patients (Table 1). The EDSS remained stable and showed a
tendency to improvement in No-cPIRA relapsing remitting
multiple sclerosis patients without RAW (mean change of
—0.2*0.6 over a mean of 5.5years) while patients who
developed cPIRA with and without superimposed relapses
(SIR) as well as relapsing remitting multiple sclerosis patients
with RAW (Fig. 1) presented a significant deterioration of
EDSS with a mean of 1.5+ 0.9 over a mean of 5.8years
(Fig. 2). A significant difference with regards to MRI and
CSF parameters was not detected (Supplementary Table 1).
The regression analysis revealed disease duration as the
main factor for cPIRA development (P =0.005). Other fac-
tors (like sex, age, class of treatment and number of prior
therapies as well as natalizumab therapy duration) had no
additional influence on the development of cPIRA.

$20Z A\ 0z Uo J8sn Jop|essan( ¥oyloljqigsapue pun -Sjee)IsIsAlun AQ 62ZS8E9/622080)/7/S/8101UEe/SW0dUlRIg/Wwod dnooiwspese//:sdiy woly peapeojumo(



Disease progression under natalizumab

A Time to cPIRA
10
<
4
g os
g | EDSS =38
E 06| EDSS535. | L
2 ,
] Ty
§
% o= pevitlise = 0, M13
o Hazard Rario = (.60
| @S for HE = 03501, 357
o0
@ 14 = a P
Disease duration in years
LDss
Nuimber of =35 [IE L) 21 5 I

patients at risk 35 56 5l 26 9

BRAIN COMMUNICATIONS 2021: Page 7 of || | 7
Time to cPIRA
g 10—
= b
% sl
§ EDSS =35
é 0| EDSS > 3.8 7
g- 04
g 0z
prvalue = 0,969
o Hazard Ratio = 0,987
o PCH Ror 1R = 0.495.1.966
20 Tz 4 [ 8 0 12 1

Therapy duration in years

e _'T 52 &3] 12
35 £ 19 1 3 I

Figure 5 Kaplan—Meier curves of the total cohort, diseases severity subanalysis. (A) Kaplan—Meier curve for the time of disease
duration and (B) natalizumab therapy duration (in years) to onset of confirmed progression independent of relapse activity (cPIRA). The analysis
was performed after the patients have been divided into two groups according to the EDSS Score performed at the time of natalizumab therapy
onset. The red curve represents the patients with an EDSS score greater than 3.5, while the blue curve the patients with an EDSS score of 3.5 or
less. P-values for the comparison of the two groups were obtained with Cox proportional hazard model correcting for age and sex.
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Figure 6 Kaplan—-Meier curves of the total cohort, previous treatment subanalysis. (A) Kaplan—Meier curve for the time of disease
duration and (B) natalizumab therapy duration (in years) to onset of confirmed progression independent of relapse activity (cPIRA). Compared is
the progression free survival in the patients with less (blue curve) and more (red curve) than 2 DMTs prior to natalizumab therapy onset.
P-values for the comparison of the two groups were obtained with Cox proportional hazard model correcting for age and sex.

Cox proportional hazard models were used to compare
the cPIRA-free survival between subgroups over time (Figs
3-7), and the number of remaining patients under observa-
tion at a given timepoint are indicated as ‘patients at risk’
below the x-axes in Figs 3-7. cPIRA occurred earlier in
the course of disease in patients with an earlier onset of
natalizumab therapy [<8.6 versus >8.6years, P<0.001,
HR Exp(B) =0.060, 95%CI=0.021-0.174] but considering
only the time on natalizumab the onset of cPIRA did not
differ between both groups [P=0.250, HR Exp(B)=1.470,
95%CI=0.763-2.835]. Time to cPIRA did not differ be-
tween patients with EDSS <3.5 and >3.5 neither consider-
ing the duration of disease [P=0.303, HR Exp(B)=0.696,
95%CI=0.350-1.387] nor the duration of therapy
[P=0.969, HR Exp(B)=0.987, 95%CI=0.495-1.966].
Furthermore, patients with >2 DMTs before natalizumab

show no difference in the development of cPIRA over the
disease course with respect to patients with <2 DMTs
[P=0.640, HR Exp(B)=1.170, 95%CI=0.607-2.255].
However, considering only the period of natalizumab ther-
apy, patients with >2 DMTs prior to natalizumab devel-
oped cPIRA significantly earlier than patients with <2
DMTs [P=0.031, HR Exp(B)=1.996, 95% ClI=1.064—
3.744]. The annualized relapse rate (ARR) did not differ
between patients who developed cPIRA and those who did
not. However, the mean EDSS deterioration was signifi-
cantly higher in natalizumab treated patients who devel-
oped cPIRA (Fig. 2).

An overview of the Dusseldorf and Munich cohorts
including  separate  sub-analyses is provided in
Supplementary Table 2 (for the subgroup of cPIRA
patients under natalizumab) and Supplementary Fig. 1.
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Figure 7 Kaplan-Meier curves of the total cohort, relapse rate subanalysis. (A) Kaplan—Meier curve for the time of disease duration
and (B) natalizumab therapy duration (in years) to onset of confirmed progression independent of relapse activity (cPIRA). The survival analysis
was performed for subgroups stratified based on the rate of annualized relapse rate (ARR) prior to natalizumab treatment onset. P-values for the
comparison of the groups were calculated with Cox proportional hazard model correcting for age and sex.

Comparing the Diisseldorf and Munich cohorts revealed
significant differences regarding the time between first
manifestation and first diagnosis, current therapy, Measles
Rubella and Varicella Zoster (MRZ)-reaction and natalizu-
mab discontinuation, but no differences regarding age, sex,
EDSS at first diagnosis and disease duration. A stepwise
forward regression analysis revealed that no variable influ-
enced the occurrence of cPIRA in the Munich cohort while
for the Dusseldorf cohort age and prior therapies had a
significant influence on secondary progressive multiple
sclerosis development. In the Munich cohort, 14 of 70
included patients (20%) and in the Dusseldorf cohort, 30
out of 114 included patients (26.3%) developed secondary
progressive multiple sclerosis according to our cPIRA def-
inition (Supplementary Fig. 1). We observed no significant
difference regarding the EDSS change between the Munich
and Diisseldorf cohorts.

Discussion

With over a decade of experience treating multiple scler-
osis patients with natalizumab, it is now possible to ex-
plore the long-term effects in a real-world setting. Our
study indicates that natalizumab does not change disabil-
ity progression in progressive MS, which is in line with
the results from a randomized controlled phase 3 trial.”
Interestingly, a recent pooled analysis of phase 3 relaps-
ing remitting multiple sclerosis trials revealed that most
of the accumulated disease progression is not relapse-
associated.”” Furthermore, data from the Tysabri®
Observational Program (TOP) suggest that the probability
of disability worsening under natalizumab is 27.8%.** In
our study, we applied a modified version of the PIRA
concept'”** with confirmation of disability progression at
a variable timepoint >12weeks after the previous

assessment. Furthermore, we defined progression as an
EDSS increase of 0.5 points beyond 3.5 and not beyond
5.5 as used in previous studies.'””* This may be inter-
preted as a limitation for reason of comparability.
However, we consider the phase of moderate disability
with EDSS 3.5-5.5 to be particularly relevant for cPIRA
development and therefore chose to increase the sensitiv-
ity for change in this range.

Overall, our findings are in line with previous stud-
ies.”>*? Since these findings have not been directly corre-
lated, caution is required to imply a cause-and-effect
relationship.

Our data suggest that almost 80% of patients do not
develop cPIRA and remain stable despite a mean disease
duration of 15.6 = 7.5 years. Of note, natalizumab was not
completely ineffective in a phase 3 secondary progressive
multiple sclerosis trial as it may positively influence upper
limb function.” However, more than 20% of our patients
did develop cPIRA and by definition, the EDSS of these
patients increased under natalizumab with mean change of
1.4+0.9 compared to baseline. When comparing our
results with existing natural disease course data, the rate
for conversion to a secondary progressive disease course
may be reduced by 50% under natalizumab.'****
However, the secondary progressive multiple sclerosis con-
version rate in our study was not inferior to the rates
reported for other DMTs.**% As natalizumab failed to re-
duce EDSS progression in a phase 3 secondary progressive
multiple sclerosis trial,” its mechanism of preventing leuko-
cyte trafficking may not be of sufficient relevance for halt-
ing progression. Moreover, the relevance of preventing
relapses in order to prevent secondary progressive multiple
sclerosis may not be as relevant as expected.”’

In a recent real-world evidence study on the long-term
effects of immunotherapies,'’ secondary progressive mul-
tiple sclerosis conversion was significantly lower in

$20Z A\ 0z Uo J8sn Jop|essan( ¥oylol|qigsapue pun -Sjee)IsIsAlun AQ 62ZS8E9/622080)/7/S/8101Ue/SW0dulRIg/wod dnooiwspese//:sdiy woly peapeojumo(



Disease progression under natalizumab

natalizumab-treated patients, as compared to untreated
patients. Considering our data, this effect may rather be
associated with disease duration. The exact reasons for
cPIRA under natalizumab despite good control of relap-
ses remain open. The positive effect on progression
reported for siponimod versus placebo®® suggests that tis-
sue penetrance may be of relevance, e.g. to target CNS
resident cells such as microglia. More mechanistic studies
comparing therapeutics and including advanced imaging
and biomarkers are warranted. Basic MRI and CSF may
not be suitable to determine patients’ risk for developing
cPIRA. Neuroimaging studies suggest that the estimated
rate of lesion growth®' and of atrophied brain T2 lesion
volume®>*? are associated with secondary progressive
multiple sclerosis conversion risk. However, our study is
limited by its retrospective design and by an indication
bias favouring more active patients to receive natalizu-
mab. Furthermore, 32% (87 of 271) patients were
excluded due to inclusion/exclusion criteria and missing
EDSS data, and our study design does not allow us to
account for these patients. This dropout rate is due to
the fact that patients often decide to receive natalizumab
treatment in a private practice setting and sometimes do
not return to the university centres. We do not expect
these to have a different course and therefore do not an-
ticipate a major source of bias.

The different patient cohorts described in studies men-
tioned above cannot be compared. As disease duration was
the only factor influencing cPIRA in our cohort, we cannot
postulate a clear treatment associated mechanism. The fact
that we investigated cPIRA in data obtained in clinical rou-
tine without standardized follow-up intervals and heteroge-
neous treatment duration bares the risk of bias.

One may assume that patients with a severe disease
course are more likely to visit the outpatient clinic more
frequently compared to clinically stable patients, which
may lead to cPIRA overestimation. However, for all
patients presenting confirmed EDSS progression informa-
tion on relapse activity was available and therefore
cPIRA and RAW could be evaluated. On the one hand,
both ¢PIRA patients with and without SIR showed a sig-
nificant EDSS increase compared to relapsing remitting
multiple sclerosis patients without RAW. On the other
hand, we have to acknowledge that RAW may be under-
represented since 10 patients form our centres with re-
lapse activity discontinued natalizumab before reaching
24 months of follow-up and therefore did not meet the
inclusion criteria.

In our cohort, cPIRA risk was not different between
the EDSS <3 and >3.5 group. Therefore, a bias resulting
from differential sensitivity in high and low ranges of the
EDSS scoring system seems rather unlikely as relapse in-
dependent disease progression was equally distributed in
these groups. Furthermore, using CDP at week 24 did
not change the main result.

A strength of our study is the real-world setting with
long follow-up times in two independent cohorts. We
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acknowledge that a comparison to patients on other
long-term treatment would be of highest interest. In con-
text with previous studies,”’** we cannot exclude that
mild exacerbations which do not fulfil the relapse defin-
ition may be a cause of cPIRA.

Our data suggest that patients with early natalizumab
initiation (<8.6years after diagnosis) seem to be more
likely to develop cPIRA than those with late initiation
(Fig. 4A). However, since natalizumab therapy duration
had no influence on progression regardless of the timing
of initiation (Fig. 4B), we interpret this finding to be
driven by disease severity: Patients with a severer disease
course may receive natalizumab earlier.

The fact that 20% of our patients developed cPIRA
highlights the need for close monitoring of clinical dis-
ability in patients under long-term natalizumab treatment
as therapeutic consequences may be considered.

Supplementary material

Supplementary  material s
Communications online.

available at  Brain
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Background: Evidence regarding the efficacy or effectiveness of the disease-modifying
drugs (DMDs) in the older multiple sclerosis (MS) population is scarce. This has
contributed to a lack of evidence-based treatment recommendations for the ageing MS
population in practice guidelines. We examined the relationship between age (<55 and
>55 years), DMD exposure and health service use in the MS population.

Methods: We conducted a population-based observational study using linked
administrative health data from British Columbia, Canada. We selected all persons with
MS and followed from the most recent of their first MS or demyelinating event, 18"
birthday or 01-January-1996 (index date) until the earliest of emigration, death or 31-
December-2017 (study end). We assessed DMD exposure status over time, initially as any
versus no DMD, then by generation (first or second) and finally by each individual DMD.
Age-specific analyses were conducted with all-cause hospitalizations and number of
physician visits assessed using proportional means model and negative binomial
regression with generalized estimating equations.

Results: We included 19,360 persons with MS (72% were women); 10,741/19,360
(56%) had ever reached their 55th birthday. Person-years of follow-up whilst aged <55
was 132,283, and 93,594 whilst aged >55. Any DMD, versus no DMD in the <55-year-
olds was associated with a 23% lower hazard of hospitalization (adjusted hazard ratio,
aHRO0.77; 95%Cl 0.72-0.82), but not in the >55-year-olds (aHR0.95; 95%CI 0.87-1.04).
Similar patterns were observed for the first and second generation DMDs. Exposure to
any (versus no) DMD was not associated with rates of physician visits in either age group
(<55 years: adjusted rate ratio, aRR1.02; 95%CI 1.00-1.04 and >55 years: aRR1.00; 95%
Cl 0.96-1.03), but variation in aRR was observed across the individual DMDs.
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Conclusion: Our study showed beneficial effects of the DMDs used to treat MS on
hospitalizations for those aged <55 at the time of exposure. In contrast, for individuals >55
years of age exposed to a DMD, the hazard of hospitalization was not significantly
lowered. Our study contributes to the broader understanding of the potential benefits and
risks of DMD use in the ageing MS population.

Keywords: ageing, cohort studies, disease-modifying drugs, health services, hospitalization, multiple sclerosis,

physician services

INTRODUCTION

Multiple sclerosis (MS) is a chronic, immune-mediated disease
characterized by demyelination and neurodegeneration affecting
both brain and spinal cord. While most people will be diagnosed
with MS between the ages of 20-50 years, the average age range of
people living with MS in North America is between 55 and 65
years (1, 2). Despite this, people with MS aged 55 years or older
have often been excluded from clinical trials testing the efficacy
of disease-modifying drugs (DMDs) (1-4). While short-term MS
clinical trials showed limited benefits of taking DMD after age 53
years (5), and the potential for harm (e.g., higher neoplasm risk,
especially after age 45 years) (6), all based on meta-analyses, the
evidence regarding the long-term efficacy or effectiveness and
safety profile of DMDs in the older MS population is scarce (7,
8). This has contributed to a lack of treatment recommendations
for the ageing MS population in practice guidelines (3, 4).

Health administrative data which captures health care use
information offers opportunity to assess the real-world
effectiveness of the DMDs used to treat MS. This approach has
been successfully applied to examine the safety and effectiveness of
the DMDs in the general, or healthcare insured, MS population
(9-13).

In this study, we accessed population-based health
administrative data captured over a 22-year period in the
province of British Columbia, Canada, to examine the
relationship between age (<55 and =55 years), DMD exposure
and health service use in the MS population. We examined age as
a dynamic process for each person, by dividing the individual’s
time spent before and after reaching age 55 years.

MATERIALS AND METHODS

Data Sources

We conducted a population-based observational study using
linked administrative health data. These prospectively collected
data covered the population of British Columbia, comprising
4.64 million residents, and representing around 13% of the
Canadian population (14). The linked data comprised five
datasets: (i) the provincial health insurance registry (15)
providing demographic information for each individual,
including sex, date of birth, residency status and location
(three digit postal codes); (ii) vital statistics data (16) providing
the date of death; (iii and iv) physician billing (17) and discharge
abstract databases (18) capturing all physician visits and

hospitalizations, with reasons for the visit or admission coded
using the International Classification of Diseases (ICD)-9/10
system; and (v) the provincial prescription database
(PharmaNet) (19) capturing all prescription drugs dispensed at
outpatient and community pharmacies.

Study Population

We selected all persons with MS by using a validated algorithm
with the cases defined as having at least 3 MS diagnostic codes
(ICD-9/10 340/G35) in the hospital and/or physician data or an
MS DMD record in the prescription data, as outlined previously
(20-22). We assigned an index date to each person based on the
most recent date of: the first MS or demyelinating event recorded
in the hospital, physician or prescription data (Supplementary
Tables 1, 2), or 01-January-1996 (the date when the provincial
prescription data first became available), or the person’s 18"
birthday. All persons required at least one year of residency in
British Columbia before the index date, and were followed from
the index date until the study end date defined as the earliest of
emigration from the province, death or 31-December-2017.

We determined the cohort characteristics at the index date,
including age, calendar year, sex, and socioeconomic status
(reported as neighborhood-level income quintiles according to
a person’s three-digit postal codes by linkage to census data) (23).
The burden of comorbidity was measured using a modified
Charlson Comorbidity Index based on the diagnoses captured
in the hospital and physician data during the one-year before the
index date, with hemiplegia and paraplegia excluded to avoid
misclassifying symptoms related to MS as comorbidity (24, 25).

DMD Exposure
The DMDs available during our study period (Supplementary
Table 2) included the first generation DMDs - beta-interferon and
glatiramer acetate, and the second generation DMDs -
natalizumab, fingolimod, dimethyl fumarate, teriflunomide,
alemtuzumab, daclizumab, and ocrelizumab. We grouped all
beta-interferon products together as one class. We assessed
DMD exposure status as a time-varying variable, initially as any
versus no DMD, then by generation (first or second), and finally
by individual DMDs. Neither daclizumab nor ocrelizumab were
included in the assessment of individual DMDs due to the small
number of individuals (<6) exposed over the study period,
preventing the derivation of reliable estimates.

We determined the DMD exposure periods according to the
number of days supplied for each individual DMD. A DMD was
considered as being discontinued when there were no further
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dispensations for the DMD for greater than 90 days. The
discontinuation date was defined as the last DMD prescription
fill date plus the number of days supplied, with a 30-day grace
period applied (26). The exception was for alemtuzumab and
ocrelizumab, whereby periods of exposure were defined as one
year (for alemtuzumab) and six months (for ocrelizumab), from
the date of first supply, plus a 30-day grace period if no further
DMD fills occurred. Finally, as persons could not be on more
than one DMD at the same time, once a person filled a new DMD
prescription, then the previous DMD was considered
discontinued. DMD exposure was assessed as a time-varying
variable (i.e. a person’s DMD exposure status was allowed to
change over time).

Age Grouping

We assessed each person’s current age as a time-varying variable,
grouped as <55 or >55 years old. This age grouping was selected
partly because older individuals (=55 years) have often been
excluded from enrolling in MS clinical trials (1-4), and partly
because the prevalence of persons with MS aged 55 and above
has risen in recent years (20, 27), such that these individuals
represent a growing yet understudied group.

Outcomes
The outcome measures were all-cause hospitalizations and
number of physician visits.

Hospitalization data included day surgery/minor procedures
(but not drug infusions e.g., for natalizumab or alemtuzumab)
(28). For the hospitalizations, any overlapping admissions or any
new admission that occurred within one day of the previous
hospitalization were counted as a single event (10, 29). For the
physician visits, multiple claims with the same primary ICD code
captured on the same day were counted as a single visit (10, 29).
Neurologist visits were also excluded from the count as the
number of these visits was anticipated to be higher in persons
exposed to a DMD (versus no DMD) as part of routine care (4)
(other physician specialties cannot prescribe an MS DMD in
British Columbia). In addition, any pregnancy-related
encounters (hospitalizations or physician visits based on the
primary ICD code) were not included as an outcome as DMD
cessation was expected to be common during pregnancy (4).

Statistical Analyses

We described the cohort characteristics at the index date by age
group (<55 versus >55 years old at the index date) and DMD
exposure (at any time during follow-up), using counts and
percentages for the categorical variables, and means and
standard deviations for the continuous variables. Person-years
of follow-up by current age group at the time of exposure for each
individual DMD was also reported.

We included an interaction term between DMD exposure and
current age group (<55 or =55 years) at the time of follow-up to
estimate the age-specific associations between DMD exposure
and outcomes (all-cause hospitalizations and the number of
physician visits). For each analysis, the period of ‘no DMD
exposure’ was used as the reference category.

Ageing and the Disease-Modifying Drugs

All-cause hospitalizations were assessed using proportional
means models with robust sandwich variance estimates (30).
Models were adjusted for sex, socioeconomic status (quintiles),
age (continuous) and calendar year (continuous) at the index
date, and for the Charlson comorbidity score, categorized as: 0, 1,
2, 23, and updated annually over time. The period of
hospitalization was discounted from the follow-up time as a
person could not be at risk of another hospitalization during the
existing hospital stay. Findings were expressed as adjusted
hazard ratios (aHRs) with the corresponding 95% confidence
intervals (CIs).

The number of physician visits were examined using
negative binomial regression models fitted by generalized
estimating equations with an exchangeable working correlation
matrix (31). The number of physician visits were calculated
annually, or by DMD exposure periods when there were
changes in DMD status within a year. An offset was included
in the model to account for the variable length of time periods
(log of person-time). Models were adjusted for sex and
socioeconomic status (quintiles) at the index date, and the
following covariates over time (updated on an annual basis)
including age (continuous), Charlson comorbidity score
(categorized as: 0, 1, 2, 23) and calendar year (continuous;
to account for any secular changes in healthcare use). Findings
were expressed as adjusted rate ratios (aRRs) with the
corresponding 95% Cls.

A complementary analysis was also performed to describe the
DMD exposure status for any person who had reached age 55
years at any time before the study end date.

We conducted the statistical analyses using SAS software
version 9.4 (SAS Institute, Cary, NC, USA).

Study Registration and Ethical Approval
This study was registered with ClinicalTrials.gov (NCT04472975).
We obtained ethics approval from the University of British
Columbia’s Clinical Research Ethics Board (H18-00407).

RESULTS

Cohort Characteristics

We identified a total of 19,360 persons with MS (72.0% were
women). Almost half (44.1%, 8,533/19,360) of the cohort entered
the study between 1996-1999, with the remainder entering
between 2000-2017. The mean follow-up time was 11.7 years
(SD 7.3). At the index date, 78.7% (15,235/19,360) were aged <55
years and 21.3% (4,125/19,360) were =55 years (Table 1). Of
those aged <55 years at the index date, 29.7% (4,526/15,235)
filled a DMD prescription during follow-up, whereas 5.0% (206/
4,125) of persons aged =55 years at the index date did so. Within
both age groups, those treated with an MS DMD were
approximately 4-5 years younger relative to those who were
untreated. For example, for those under age 55 years at the index
date, the mean age was 36.1 years [SD 8.7] for those ever DMD
exposed during follow-up, versus 40.5 years [SD 8.9] for
those unexposed.
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TABLE 1 | Characteristics of the multiple sclerosis study population by age group at the index date (<55 versus >55 years old) and by exposure to a disease-modifying
drug at any time during follow-up, n=19,360.

Characteristics Age at Index Date <55 Years, Age at Index Date > 55 Years,
n=15,235 n=4,125
DMD-Treated® Not Treated® DMD-Treated® Not Treated®
n=4,526 n=10,709 n=206 n=3,919
Sex, n (%)
Women 3,324 (73.4) 7,868 (73.5) 145 (70.4) 2,603 (66.4)
Men 1,202 (26.6) 2,841 (26.5) 61 (29.6) 1,316 (33.6)
Age at index date in years, mean (SD) 36.1(8.7) 40.5 (8.9) 58.9 (4.6) 64.5 (8.0)
Socioeconomic status®, n (%)
1 (lowest income quintile) 876 (19.4) 2,037 (19.0) 38 (18.4) 812 (20.7)
2 839 (18.5) 2,075 (19.4) 31 (15.0) 750 (19.1)
3 953 (21.1) 2,149 (20.1) 39 (18.9) 790 (20.2)
4 958 (21.2) 2,311 (21.6) 48 (23.3) 777 (19.8)
5 (highest income quintile) 888 (19.6) 2,083 (19.5) 50 (24.3) 758 (19.3)
Unavailable 12 (0.3) 54 (0.5) <6 32 (0.8)
Comorbidity score®, n (%)
0 3,820 (84.4) 8,552 (79.9) 154 (74.8) 2,525 (64.4)
1 553 (12.2) 1,585 (14.8) 35 (17.0) 806 (20.6)
2 121 (2.7) 388 (3.6) 11 (5.9 335 (8.5)
>3 32 (0.7) 184 (1.7) 6 (2.9 253 (6.5)
Calendar year at index date, n (%)
1996-1999 1,479 (32.7) 5,132 (47.9) 50 (24.3) 1,872 (47.8)
2000-2009 1,818 (40.2) 3,374 (31.5) 73 (35.4) 1,152 (29.4)
2010-2017 1,229 (27.2) 2,203 (20.6) 83 (40.3) 895 (22.8)
Follow-up? time in years,
median (Q1, Q3) 12.2 (5.9, 18.6) 12.0 (5.4, 20.0) 8.2 (3.9, 13.3) 8.6 (4.0, 14.7)
mean (SD) 12.2 (7.0) 12.2 (7.5) 9.3 (6.5) 9.7 (6.6)
Number of different DMD prescriptions filled during the follow-up®
1 2,865 (63.3) N/A 171 (83.0) N/A
2 1,194 (26.4) 30 (14.6)
>3 467 (10.3) <6
First DMD prescription, n (%)
Beta-interferon 2,833 (62.6) N/A 122 (59.2) N/A
Glatiramer acetate 1,080 (23.9) 48 (23.3)
Natalizumab 63 (1.4) <6
Fingolimod 31(0.7) <6
Dimethyl fumarate 300 (6.6) 13 (6.3)
Teriflunomide 181 (4.0) 15 (7.3)
Alemtuzumab 36 (0.8) <6
Daclizumab <6 <6
Ocrelizumab <6 <6
Number of individuals ever exposed, by type of DMD, during follow-
up?, n (%)
First generation DMDs -any® 3,953 (87.3) N/A 171 (83.0) N/A
Beta-interferon® 3,016 (66.6) 124 (60.2)
Glatiramer acetate 1,655 (36.6) 64 (31.1)
Second generation DMDs - any® 1,703 (37.6) 53 (25.7)
Natalizumab 277 (6.1) 9 (4.4)
Fingolimod 416 (9.2) <6
Dimethyl fumarate 736 (16.3) 22 (10.7)
Teriflunomide 497 (11.0) 23(11.2)
Alemtuzumab 178 (8.9) <6
Daclizumab 6 (0.1) <6
Ocrelizumab <6 <6

Key: SD, standard deviation; DMD, disease-modifying drug, N/A, not applicable.

As per data privacy and access agreements, small cell size (<6 individuals within any group) are suppressed.

“Follow-up was from index date until the study end date (up to December 31st 2017).

PSocioeconomic status is reported by neighborhood income quintiles according to a person’s three-digit postal codes (closest available to the index date).

“Comorbidity was measured using the modified Charlson Comorbidity Index (exclude hemiplegia/paraplegia to avoid misclassifying MS compilications as comorbidity) based on the
diagnoses captured in the hospital and physician data during the one-year before the index date.

9All beta-interferon products were grouped together as one class.

°Some people were exposed to >1 DMD; hence the sum of the individual first or second generation DMDs exceeds the sum of any first or second generation DMD.
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TABLE 2 | Person-years of follow-up in the multiple sclerosis cohort by each person’s current age, grouped as <55 or >55 years old, and by disease-modifying drug

exposure status.

Person-Years of Follow-Up

Person’s Current Age

<55 Years [1] >55 Years [2]

During periods of exposure to:
Any DMDs
Any first generation DMDs
Beta-interferon®
Glatiramer acetate
Any second generation DMDs
Natalizumab
Fingolimod
Dimethyl fumarate
Teriflunomide
Alemtuzumab
Daclizumab
Ocrelizumab
No DMD
Total person-years of follow-up

20,5655.5 4,414.8
17,180.4 3,842.8
12,413.7 2,911.9
4,766.6 930.8
3,375.2 572.0
745.6 85.5
871.4 115.6
1,051.0 195.4
489.0 168.5
216.2 6.4
<6 <6
<6 <6
111,727.6 89,179.3
132,283.1 93,594 1

Key: DMD, disease-modifying drug.
@Al beta-interferon products were grouped together as one class.

Total cohort size=19,360. Of these, by the study end n=10,741/19,360 (55.5%) had ever reached their 55 birthday, with n=4,125/10,741 (38.4%) doing so by the index date and
n=6,616/10,741 (61.6%) during follow-up. The remainder, n=8,619/19,360 (44.5%) never reached their 55th birthday by the study end. Thus, n=6,616 individuals contributed follow-up

time to both columns [1] and [2], n=8,619 only to column [1] and n=4,125 only to column [2].

Irrespective of DMD exposure status during follow-up, the
comorbidity burden (measured using the modified Charlson
Comorbidity Index) was lower for persons <55 years at the
index date, relative to those >55 years old. With respect to DMD
exposure status, the comorbidity burden at the index date was
lower in the DMD-treated group compared to the non-treated
group. For example, for those age >55 years at the index date, 52/
206 (25.2%) had a comorbidity in the DMD-treated group,
versus 1,394/3,919 (35.6%) in the non-treated group. The
socio-economic quintiles were generally evenly distributed
across all four groups (Table 1).

Of those ever filling a DMD prescription during follow-up, the
proportion exposed to a first generation DMD was similar
regardless of age at the index date. Whereas, a higher proportion
of the younger (<55 years) MS cases were exposed to a second
generation DMD (37.6%, 1,703/4,526), compared to older
individuals (=55 years; 25.7%, 53/206). A higher proportion of
younger persons with MS (<55 years at the index date) also switched
between DMDs atleast once during follow-up (36.7%; 1,661/4,526),
compared to older individuals (=55 years; 17.0%, 35/206).

As younger persons (<55 years) could transition to the older
age group (=55 years) throughout our >20-year study period, an
overview of the person-years of follow-up by each person’s
current age group and DMD exposure status is shown in
Table 2. Not unexpectedly, the number of person-years of
follow-up was higher in persons with a current age of <55
(versus 255 years), irrespective of DMD exposure status. Of
note the person-years of follow-up for certain DMDs were
modest particularly in the older (=55 years) age group.

Hospitalizations
Any DMD, relative to no DMD, was associated with a 23% lower
hazard of hospitalization for those aged <55 years at the time of

DMD exposure (aHR 0.77; 95%CI 0.72-0.82), but was not for those
aged =55 years (aHR 0.95; 95%CI 0.87-1.04), Figure 1. Similar
trends were observed for the first generation DMDs, where a 22%
significantly lower hazard was observed for those aged <55 years,
and, for the second generation DMDs, a 27% significantly lower
hazard. Neither of these findings reached significance for those aged
>55 years at the time of DMD exposure, where the lower hazard
ranged from 3% to 20%. When the DMDs were assessed
individually, the hazard of hospitalization for those aged <55
years at the time of exposure ranged from a 9% lower hazard for
natalizumab, to 10% for alemtuzumab, 18% for glatiramer acetate,
24% for beta-interferon, 30% for dimethyl fumarate, 34% for
teriflunomide, and 37% for fingolimod. All reached statistical
significance, except for natalizumab and alemtuzumab, although
the 95% confidence intervals were also very wide for these two
DMDs. For person’s aged =55 years at the time of DMD exposure,
the corresponding HRs did not reach significance, except for
fingolimod, which was associated with a 37% lower hazard of
hospitalization. All results for the DMD exposure and
hospitalizations analyses by age group are shown in Figure 1.

Physician Visits

While exposure to any DMD (versus no DMD) was not
associated with altered rates of physician visits in either age
group (<55 years: aRR 1.02; 95%CI 1.00-1.04 and =55 years: aRR
1.00; 95%CI 0.96-1.03), variation was observed across the
individual DMDs (Figure 2). A 27-33% higher rate of
physician visits was observed during exposure to a second
generation DMD, alemtuzumab, reaching significance in the
younger, but not older population. In contrast, exposure to
another second generation DMD, fingolimod was associated
with a significantly lower rate of physician visits, by 12%, for
those <55 years. More modest differences were seen for the first
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Alemtuzumab
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255 years o //“— 1.07 (0.31, 3.65) 31.25
0.00 0.20 0.40 0.60 0.80 1.20 1.40 3.60
Favours DMD Adjusted hazard ratio of hospitalization? Fayours no DMD
FIGURE 1 | Exposure to a disease-modifying drug for multiple sclerosis and hazard of hospitalization by age group (<55 or =55 years old). Key: Cl, confidence
interval; DMD, disease-modifying drug. Bold indicates p<0.05. ®Results were adjusted for sex, socioeconomic status (quintiles), age (continuous) and calendar year
(continuous) at the index date, and for Charlson comorbidity score (categorical: O, 1, 2, >3) over time (updated on annual basis). Hazard ratios were estimated by
introducing interaction terms between current age group (<55 versus >55 years at the time of exposure) and the DMD exposure variables shown in the Figure. PAll
beta-interferon products were grouped together as one class. “Person-years of follow-up for the calculation of crude rate were as per except that the duration of a
hospitalization was discounted from the follow-up time.

generation DMDs, but for those aged <55 years, with beta-
interferon associated with a 7% higher rate of physician visits
and glatiramer acetate with an 8% lower rate. All results for the
DMD exposure and physician visits analyses by age group are
shown in Figure 2.

Complementary Analysis

By the study end 10,741 persons had ever reached their 55
birthday, with 38.4% (n=4,125/10,741) doing so by the index
date and 61.6% (n=6,616/10,741) during follow-up.
Approximately 15% (n=1,657/10,741) were exposed to a DMD
at any time point during follow-up (Supplementary Table 3).
While 12% (n=1,302/10,741) had their first DMD before age 55
years, nearly half of these (n=596/1,302) were no longer taking
DMD once aged 255 years. In total, over 3% (n=355/10,741) of
persons initiated their first DMD at the age of 55 years or older.

DISCUSSION

We assessed the effect of current age on the association between
DMD exposure and health service utilization in a population-

based MS cohort with over 200,000 person-years of follow-up,
and all within a universal healthcare setting. Exposure to any
DMD or to any first generation DMD (versus no DMD) was
associated with a 22-23% lower hazard of hospitalization for
those aged <55 years at the time of exposure, while exposure to
any second generation DMD was associated with a 27% lower
hazard of hospitalization. In contrast, in older adults (=55 years),
DMD exposure, whether assessed as any DMD or any first or
second generation or even by individual DMDs (versus no
DMD), was generally not associated with a lower risk of
hospitalization. Finally, while regardless of age (<55 or =55
years), exposure to any DMD, relative to no DMD, was not
associated with an altered rate of physician visits, considerable
variation was observed across the individual DMDs. Our
findings offer insights into the effects of ageing on the
relationship between the DMDs used to treat MS and health
services in the real-world setting.

While several studies have assessed the relationship between
the MS DMDs and healthcare utilization (9-12), we were unable
to find another study to compare our age-specific findings. A
study from the United States co-authored by a pharmaceutical
manufacturer of an MS DMD examined patterns of healthcare
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FIGURE 2 | Exposure to a disease-modifying drug for multiple sclerosis and rates of physician visits® by age group (<55 or =55 years old). Key: Cl, confidence
interval; DMD, disease-modifying drug. Bold indicates p<0.05. *Results were adjusted for sex and socioeconomic status (quintiles) at the index date, and the
following characteristics over time on a yearly basis: age (continuous), calendar year (continuous), and Charlson comorbidity score (categorical: 0, 1, 2, =3). Rate
ratios were estimated by introducing interaction terms between current age group (<55 versus >55 years at the time of exposure) and the DMD exposure variables
shown in the Figure. PAll beta-interferon products were grouped together as one class. “Person-years of follow-up are shown in Table 2 and were used to calculate
the crude rates. °As outlined in the study methods, neurologist visits were excluded, as were pregnancy-related visits.

utilization in 28,427 persons with MS by insurance type
(commercial versus the federal insurance plan, Medicare
Advantage) within different age groups (32). However, the
study was cross-sectional in design, spanning just one-year and
was restricted to persons under 65 years of age. The authors
found that MS persons with a federal insurance plan had a
significantly higher mean count of all-cause inpatient and
ambulatory visits compared to those with a commercial
insurance plan. While findings were consistent across age
groups, at least once age 30 years was reached, the authors did
not report which individual DMDs contributed to these findings
(32). Efforts have also been made to examine the effects of ageing
on the efficacy of DMDs by using data from clinical trials.
However, there are some limitations and challenges with these
studies. One example is a meta-analysis which included 26
clinical trials of 14 different DMDs published between 1995
and 2019, and comprised 28,082 relapsing-remitting MS persons.
Authors found no statistically significant associations between
age and reduction(s) in disease activity (measured as annualized
relapse rates and magnetic resonance imaging metrics, such as
gadolinium-enhancing lesions and T2 lesions) when the DMD-
and placebo-treated groups were compared (33). However, as
individual-level data were inaccessible, this meta-analysis had to

rely on group-level average ages as reported within each clinical
trial to examine potential age-related differences in DMD efficacy
(33). Moreover, the original clinical trials were not designed to
examine DMD efficacy in the ageing population and individuals
older than 55 years were excluded from enrollment, such that the
average ages of participants ranged from 33 to 40 years (33).
The differences we found in the association between DMD
exposure and the hazard of hospitalizations by age group (<55
versus 255 years old) does concur with broader observations
from both natural history studies of MS and the MS clinical
trials. For example, clinical trials have demonstrated beneficial
effects of DMDs on reducing or preventing MS relapses in the
short-term (34), which may in turn lower the risk of
hospitalization (9, 35-38). However, the frequency of MS
relapses naturally decreases over time and with age (39, 40),
being less common in older individuals, particularly after 60
years of age (2). Furthermore, the DMDs appear less efficacious
and less effective in progressive MS (primary or secondary) (41—
43) and a higher proportion of the older MS population will have
progressive MS (1, 2, 39). The longer-term effects of the DMDs in
preventing disability associated with disease progression and
ageing is uncertain (2). For example, a study conducted in
British Columbia, Canada, showed that exposure to beta-
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interferon (versus no exposure) was not associated with a lower
hazard of reaching an Expanded Disability Status Scale [EDSS]
score of 6 in older MS adults, aged>50 years (44). Further, a
meta-analysis, which included 38 clinical trials of 13 different
DMDs with over 28,000 MS persons, showed that the effects of
DMDs on MS disability progression was strongly dependent on age,
with limited benefits of receiving DMDs after age 53 years (5).

In our study, we found that exposure to any DMD was not
associated with differences in the rate of physician visits by age
group (<55 versus >55 years old), although variation across
individual DMDs was observed, especially in the younger age
group (<55 years). Use of the MS DMDs typically requires
regular laboratory testing and safety-related monitoring.
Therefore, it is possible that any potential benefits on, or
decreases in, physician visits or hospitalizations related to an
anticipated benefit of the DMDs on disease activity may be offset
by the increase in safety-related monitoring (10). Higher rates of
physician visits, ranging from 27-33%, were observed in both age
groups (<55 and =55 years old at the time of exposure) while
exposed to alemtuzumab, although this failed to reach
significance in the older age group. Alemtuzumab requires
regular monthly monitoring due to the risk of adverse events,
such as autoimmune disorders, which may contribute to these
higher rates (45). Similarly, exposure to beta-interferon, which
requires regular monitoring for liver and thyroid function (46),
was associated with a higher rate of physician visits. However,
this was a much more modest 7% and only demonstrated in the
younger age group (<55 years old at the time of exposure). In
contrast, exposure to glatiramer acetate, which requires no
formal laboratory testing (47), was associated with an 8%
lower rate of physician visits, and exposure to fingolimod was
associated with a 12% lower rate (again in the <55 year old age
group only), despite the necessity of regular biochemical liver
testing (48). Fingolimod is generally reserved as a second-line
therapy in Canada, and a lower rate of physician visits may be
due to decreases in disease activity.

Complementary Descriptive Analysis -
DMD Use in the Older Age Group

Currently, it remains unclear if DMD treatment should be
continued (or even started) in the MS population aged 55
years or older. To address this, a large phase 4 randomized
controlled DMD treatment discontinuation trial is currently
underway in the Unites States which includes persons >55
years old, and its findings may add crucial knowledge to this
emerging aspect of MS care (49). While, as expected, a smaller
proportion of our older (versus younger) persons with MS were
DMD exposed (22, 32, 50), we also observed that the proportions
of persons continuing or discontinuing DMD were similar.
Specifically, the proportions of persons who initiated their first
DMD before age 55 years, and who continued or discontinued
once aged >55 years were rather similar (n=706/1,302 versus
n=596/1,302, respectively) (Supplementary Table 3). These
findings may reflect individual differences in diseases severity
and/or the lack of clear treatment guidelines for the older patient
population in clinical practice.

Ageing and the Disease-Modifying Drugs

Strengths and Limitations

Our study has both strengths and limitations. Given that some of
the newer second-generation DMDs only became widely
available towards the end of our study, the total person-years
exposed was modest for certain DMDs, particularly in the older
(=55 years) age group. Therefore, we could not examine the
specific causes of hospitalizations due to modest event rates by
age group which would have hindered derivation of reliable
estimates. It is plausible that older individuals are at higher risk
of being hospitalized for non-MS than MS-related causes (51).
We cannot exclude that clinical or other characteristics that we
did not have access to in our administrative data, such as MS
disease course, disability level, or cognitive status, or lifestyle
factors, such as smoking and alcohol consumption and/or
ancestry/ethnicity may have influenced our findings. It remains
possible that other confounders not available to us could also be
of relevance. However, we were able to adjust for sex,
socioeconomic status, and comorbidity burden over time. In
addition, we were able to account for the changing treatment
status of persons over time by using a longitudinal approach
when examining DMD exposure. We consider the potential for
selection bias in our study to be minimal given the universal
healthcare setting, and our access to comprehensive health care
data for all residents of the province, irrespective of ability to pay.
Furthermore, we used a validated case definition in our study to
select persons with MS. Other strengths of our study are the use
of objectively collected population-based data, including linked
health administrative information, and the long duration of
follow-up (mean 11.7 years).

CONCLUSIONS

Our findings suggest that use of the DMDs to treat MS may be
more effective in preventing hospitalizations in younger persons
(aged <55 years), compared to older individuals (aged >55 years).
For those aged <55 years, similar trends were observed for both
the first and second generation DMDs. In contrast, a more varied
and complex picture evolved when the relationship between
DMD exposure and physician visits was examined in the older
and younger age groups. This might, in part, reflect the different
safety-related monitoring strategies required for the different
DMDs. Further studies are warranted in order to expand
treatment guidelines for an ageing MS population.
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Methods We assessed if DMD (versus no) exposure was associated with altered infection-related hospitalizations, ¢,

physician claims, and prescriptions filled in British Columbia, Canada (1996-2017). Healthcare use was assessed
using negative binomial and proportional means regression models, reported as sex-/age-/comorbidity-/calendar
year-/socioeconomic-adjusted rate and hazard ratios [aRR, aHR], with 95% confidence intervals [CIs]).

Background Much remains unknown surrounding the disease-modifying drugs (DMDs) used to treat multiple
sclerosis and infection-related healthcare use in the ‘real-world’ setting. We examined if DMD exposure was
associated with altered infection-related healthcare use.

Findings We identified 19,360 multiple sclerosis cases (13,940/19,360; 72.0% women; mean age at study start = 44.5
standard deviation, SD = 13.3; mean follow-up = 11.7 [SD = 7.3] years). Relative to unexposed periods, exposure to any
DMD was associated with a lower infection-related rate of physician claims (aRR = 0.88; 95% CI:0.85-0.92) and
hazard of hospitalization (aHR = 0.64; 95% CI:0.56-0.73), and a higher rate of infection-related prescriptions
(aRR = 1.14; 95% CI:1.08-1.20). Exposure to any injectable or oral DMD was associated with a lower infection-
related rate of physician claims (injectable aRR = 0.88; 95% CI:0.84-0.92, oral aRR = 0.83; 95% CI:0.77-0.90) and
hazard of hospitalization (injectable aHR = 0.65; 95% CI:0.56-0.75, oral aHR = 0.54; 95% CI:0.38-0.77), whereas
intravenous DMD exposure was not (aRR = 0.99; 95% CI:0.86-1.14, aHR = 0.73; 95% CI:0.49-1.09). Exposure to
any injectable or intravenous DMD was associated with a higher rate of infection-related prescriptions (injectable
aRR = 1.15; 95% CI:1.08-1.22, intravenous = 1.34; 95% CI:1.15-1.56), whereas oral DMDs were not (aRR = 0.98;
95% CI:0.91-1.05).

Interpretation DMD exposure for the treatment of MS was associated with differences in infection-related healthcare
use. While infection-related hospitalizations and physician visits were lower, prescription fills were higher. How these
differences in infection-related healthcare use affect outcomes in persons with multiple sclerosis warrants
consideration.
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Research in context

Evidence before this study

Much remains unknown surrounding the disease-modifying
drugs (DMDs) used to treat multiple sclerosis (MS) and
infection-related healthcare use in the ‘real-world" setting.
Using the search terms “multiple sclerosis” and “infection”, we
searched for articles published through until September 2022
within PubMed.

Similar to all immunosuppressive medications, DMDs used for
the treatment of MS carry risk of infections. The burden of
infections in the MS population over the life span can be
considerable and surpasses that seen in the general
population. However, relatively few studies published to date
have evaluated the role of the MS DMDs on infection risk.
Evidence before this study suggests that use of any
monoclonal antibody (versus any DMD) was associated with a
higher incident rate of infection-related hospitalizations
among MS enrollees of the Department of Defense military
healthcare system (n = 8695; 2004-2017). Further, a Swedish
study examined the risk of the first infection-related
hospitalization in MS DMD-exposed persons only, the
majority of whom (>50% of the 6421 cases) had received
rituximab. Study authors were unable to access primary care
information, and neither the Swedish nor US study authors
examined similar MS cases not undergoing a DMD treatment.

Added value of this study
We examined the relationship between DMD exposure and
infection-related healthcare use in a population-based MS

Introduction

In the past 25 years, a range of injectable, oral and
infusion-administered disease-modifying drugs (DMDs)
have been approved to treat multiple sclerosis (MS). All
DMDs were approved based on relatively short-term
(typically lasting 2-3 years), explanatory clinical trials,
conducted in select individuals." However, in routine
clinical practice, a much broader range of people with
MS may be expected to take DMDs for many years.
Similar to all immunosuppressive medications, disease-
modifying drugs used for the treatment of MS carry risk
of infections.” Anti-infectives are therefore used by
physicians in clinical practice to treat and sometimes
prevent different types of infections in people with MS.
The burden of infections in the MS population over the
life span can be considerable and surpasses that seen in
the general population.’ A UK study found that in-
fections represented the most common comorbidity in
MS, affecting 80% of 1713 incident cases on or after MS
diagnosis* in the primary care setting. Among the most
common are the urinary tract infections*® which cause
an estimated 30-50% of all hospitalizations amongst
MS patients.® Infections can trigger MS relapses and
disease activity and carry a significant economic
burden.” A 2023 US study estimated that average annual

cohort and explored whether any such associations were
modified by characteristics such as patient age, sex, or
presence of specific comorbidities. Our study added value by
providing an overview of the infection-related healthcare
utilization in people with MS, can help guide patient-clinician
expectations surrounding infections and the DMDs as well as
informing healthcare planning. Exposure to a MS DMD
(versus no exposure) was associated with altered infection-
related healthcare use. Interestingly, while the use of any
(versus no) DMD was associated with lower infection-related
hospitalizations and physician visits, prescription fills were
higher. The mode of administration affected findings; while
any injectable or oral DMD (versus no DMD) was associated
with lower infection-related physician and hospital visits, this
was less evident for the intravenous DMDs. The reasons for
these differences remain subject to speculation; further
investigations are warranted.

Implications of all the available evidence

Prior evidence was challenging to interpret across studies
given that some study designs lacked primary care data and/
or did not include MS cases not undergoing DMD treatment.
All available evidence suggested that DMD exposure was
associated with altered infection-related healthcare use. Also,
the mode of administration affected findings. How these
differences in infection-related healthcare use affect other
outcomes in people with MS warrants consideration.

in-hospital charges for all MS inpatient hospitalizations
was $US3 billion (adjusted to 2010 dollars) with in-
fections, such as urinary tract-related, skin and soft tis-
sue and pneumonia being major contributors.’
Administrative data offer the opportunity to access
health-related information generated as part of routine
clinical care for entire populations, and have been used
to assess the infection risk in persons with MS
previously.*'' However, relatively few studies pub-
lished to date have evaluated the role of the MS DMDs
on infection risk.**** Of those that have, two focused on
hospitalizations only,'”'* with a (US-based study)
examining just the monoclonal antibodies," and a
Swedish study primarily rituximab (as >50% of pa-
tients were exposed to this DMD). Finally, the third
study included Canadian data but in a smaller and less
contemporaneous population.”” Further, despite the
International Advisory Committee on Clinical Trials in
MS call for more comorbidity-related studies,”'® and
given the paucity of sex- and age-focused trial analyses,
examining the potential impact of these characteristics
on DMD outcomes in everyday clinical practice repre-
sents an unmet need. The need for age and sex-focused
analyses in relation to the MS DMDs in particular has
been highlighted by others'”-"*; both age and sex can
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affect risk of adverse events as well as response to
treatment.

We examined the relationship between DMD expo-
sure and infection-related healthcare use in a
population-based MS cohort and explored whether any
such associations were modified by characteristics such
as patient age, sex, or presence of specific comorbidities.
We hypothesized DMD exposure will be associated with
an increased use of infection-related healthcare use
relative to no exposure.

Methods
Study design and data sources
Study design: observational, cohort
Our observational cohort study accessed prospectively
collected population-based health administrative data in
British Columbia (BC), Canada. BC has a public
healthcare plan, with mandatory enrollment for resi-
dents. Encounters with the healthcare system (i.e.
healthcare utilization) are routinely collected by the BC
Ministry of Health, including physician and hospital
visits and prescription drugs dispensed (i.e. filled) in the
community or outpatient setting. Data accessed (via
Population Data BC”) included: the Medical Services
Plan”' and Discharge Abstract Databases,” providing
physician claims and hospital admissions/discharges-
related information; PharmaNet,” capturing pre-
scriptions filled at outpatient/community pharmacies;
Census Geodata, providing socioeconomic status (SES),
based on residential postal code linked to median
neighborhood household income*; Registration and
Premium Billing files,” enabling confirmation of pro-
vincial residency (via registration days within the
mandatory healthcare plan) and demographics (sex, date
of birth); and Vital Statistics,” capturing death dates.
All aforementioned data sources were complete
except for SES which was missing for <1% of in-
dividuals (98 of the 19,360 MS cases). This was likely
due to administrative reasons, and, therefore, we antic-
ipate that their values to be symmetrically distributed
around the median (SES = 3). The impact of the
imputed values would be negligible.

Cohort selection

We used a validated algorithm to identify MS cases,
requiring >3 MS International Classification of Dis-
eases (ICD) codes (ICD-9/10-CA: 340/G35) from the
hospital or physician data, or >1 prescription filled for a
MS DMD (Tables 1 and 2).” Of note, filling a DMD
prescription was not required for fulfilling this validated
algorithm. This validated algorithm has been used pre-
viously,”” which facilitating comparisons between
studies,”** and enables a population-based approach, by
including all possible eligible MS cases. The algorithm
has a positive predictive value (PV) of 99.5%, and the
negative PV of 97.5% and has been validated against

www.thelancet.com Vol 29 January, 2024

ICD-9 ICD-10
Multiple sclerosis
Multiple sclerosis 340 G35
Demyelinating disease
Optic neuritis 3773 H46
Acute transverse myelitis 323.82 G373
3412
Acute disseminated encephalomyelitis 323 G36.9
Demyelinating disease of CNS unspecified 341.9 G37.8
Other acute disseminated demyelination  not applicable G36
Neuromyelitis optica 341.0 G36.0
ICD-9-CM = International Classification of Diseases, Ninth Revision, Clinical
Modification; ICD-10-CA = International Classification of Diseases, Tenth
Revision, Canada.
Table 1: Multiple sclerosis and demyelinating disease related codes.

medical records and successfully applied in multiple
Canadian regions.***** The date of the first MS-specific
or demyelinating disease-related ICD code (Table 1) or
DMD prescription filled determined the index date.
Persons with MS aged >18 years and resident in BC for
>1 year pre-index date were eligible for inclusion. Based
on data availability, the earliest possible index date was
1-January-1996, and all persons were followed until the
earliest of emigration from BC, death, or 31-December-
2017 (study end date). Our study population therefore
comprised incident and prevalent MS cases. The year
1996 also represents the first full calendar year that the
MS DMDs became available through the provincial
government’s universal health insurance plan. The vast
majority of persons would not have been exposed to a
DMD before the index date, aside from a very small
number of persons who may have been randomized to
receive a DMD as part of a clinical trial.*

Outcomes

The three outcomes were infection-related healthcare
utilization (i.e. 1. Physician claims, 2. Hospitalizations,
3. Prescriptions filled) occurring between the index date
and study end date. Physician claims represented the
primary outcome, and hospitalizations and pre-
scriptions filled the secondary outcomes. Infection-
related physician clams and hospitalizations were
identified using ICD-9/10-CA codes (Supplementary
Table S1). A wide range of infection-related codes
were included as used in previous studies.*'* Thus, any
physician visit or hospitalization resulting in an ICD
code for an infection being generated as the reason for
the healthcare use was considered infection-related. As
anti-infectives are used to treat or prevent some types of
infections, we also examined the healthcare utilization
in the outpatient care settings which included pre-
scriptions filled for antibiotics, antivirals or anti-
mycotics. The prescriptions filled were classified using
the Anatomical Therapeutic Chemical (ATC) System
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Mode of administration Health Canada approval date

The DMDs listed represented all those available (approved) for use in MS by Health Canada at some point during the study. Daclizumab was withdrawn from the market in

injectable July 1995
injectable November 2009
injectable April 1998
injectable February 1998
injectable August 2015
injectable October 1997
injectable August 2017
intravenous September 2006
oral March 2011

oral April 2013

oral November 2013
intravenous December 2013
injectable December 2016
intravenous August 2017

Table 2: The disease-modifying therapies approved by Health Canada to treat multiple sclerosis (1995/6-2017): drug name (brand/generic), drug

Disease-modifying therapy Drug identification number
Betaseron® (IFNB-1b) 02169649
Extavia® (IFNB-1b) 02337819
Avonex® (IFNB-1a) 02237770
02269201
02267594
Rebif® (IFNB-1a) 02281708
02277492
02237317
02237319
02237320
02277492
02281708
02318253
02318261
02318288
Plegridy® (Peg-IFNB-1a) 02444372
02444380
02444399
02444402
Copaxone® (glatiramer acetate) 02233014
02245619
02456915
02441446
02481510
Glatect® (glatiramer acetate) 02460661
Tysabri® (natalizumab) 02286386
Gilenya® (fingolimod) 02365480
02482533
Tecfidera® (dimethyl fumarate) 02404508
02420201
Aubagio® (teriflunomide) 02416328
Lemtrada® (alemtuzumab) 02418320
Zinbryta® (daclizumab) 02459620
02459639
Ocrevus® (ocrelizumab) 02467224
March 2018 due to safety concerns.
identification number, mode of administration (injectable, oral, intravenous), Health Canada approval date.

(Supplementary Table S2).* Thus, any prescription fil-
led for one of these drugs was considered ‘infection-
related’. To avoid double counting, physician claims
with the same ICD code on the same day were consid-
ered as one claim. Similarly, any overlapping hospital
stays were considered as one hospitalization, and any
prescriptions filled for the same drug (i.e. same Health
Canada unique drug identification number) on the
same day were counted once.”

Exposure

The following DMDs were available/approved by Health
Canada to treat MS during our study period: beta-
interferon, glatiramer acetate, natalizumab, fingoli-
mod, dimethyl fumarate, teriflunomide, alemtuzumab,
daclizumab, and ocrelizumab. We identified all pre-
scriptions filled for a DMD and determined the time
each individual was exposed to that drug based on the
days’ supplied (via PharmaNet), allowing for a 30-day

grace period.” Alemtuzumab and ocrelizumab expo-
sure were defined as 12-months (alemtuzumab) and 6-
months (ocrelizumab) from the date of first and any
subsequent supply; if no further prescription fills
occurred, a 30-day grace period was also applied. We
considered a DMD as discontinued if there were no
further dispensations for >90 days, or if a prescription
was filled for a different DMD. For the six individuals
exposed to daclizumab (withdrawn from the market for
safety reasons), their follow-up was censored at the first
daclizumab prescription filled.

Periods during which an individual had no DMD
supply were considered ‘unexposed,” and this formed
the reference category. A person’s DMD exposure status
was examined as time-varying to account for treatment
change(s) over time. Both the time period before, and
after, the initiation of DMD were included in the anal-
ysis for all individuals. DMDs were grouped and
assessed as any DMD, then by mode of administration
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(i-e. invasiveness; injectable [beta-interferon/glatiramer
acetate], intravenous [natalizumab/alemtuzumab/ocre-
lizumab] or oral [dimethyl fumarate/fingolimod/teri-
flunomide]) and finally as each individual DMD (except
for ocrelizumab, as <6 cases were exposed).

Statistical analyses

We used negative binomial regression models to
examine the associations between DMD exposure and
infection-related physician claims and prescriptions fil-
led, with each assessed as counts—either yearly or by
DMD exposure period. The negative binomial regres-
sion is more flexible than Poisson regression since it
does not require the mean and the variance of the
counts to be equal. Models were fitted by generalized
estimating equations (GEE) with an exchangeable
working correlation matrix and person-time included as
an offset.” Findings were reported as adjusted rate ra-
tios (aRRs) with the corresponding 95% confidence in-
tervals (CIs). As infection-related hospitalizations are
rare, we employed a repeated time-to-event approach.
The sojourn time between infection-related hospitaliza-
tions was analysed using the proportional means model
for recurrent events with robust sandwich variance es-
timates,* thus allowing for multiple infection-related
hospitalizations while accounting for dependence of
events within an individual. Similar to the Cox propor-
tional hazards regression model, tests for the propor-
tional rates and means assumption are not considered
necessary.” The hazard ratios reported represent the
weighted average of the true hazard ratio over our study
period. Death was treated as a censoring event. In other
words, follow-up time was censored at the earliest of
emigration from BC, death, or 31-December-2017 (study
end date). Findings were reported as adjusted hazard
ratios (aHRs) with the corresponding 95% Cls.

For the physician claims and prescriptions filled,
models were adjusted for: sex and SES quintiles at the
index date, and, updated annually for: age (continuous),
calendar year (continuous) and comorbidities (catego-
rized as 0, 1, 2 or >3). Comorbidities were measured via
the Charlson Comorbidity Index, using the hospital and
physician data in the one-year pre-index date and
updated annually thereafter (excluding hemiplegia/
paraplegia to avoid misclassifying MS complications as
comorbidity”® and hepatitis from within the liver disease
comorbidity category given that this infection is an
outcome variable). For hospitalizations, the same model
adjustments were applied, except for age and calendar
year which were measured at the index date. Statistical
analyses were performed using R V.4.0.2 (R Foundation
for Statistical Computing, Vienna, Austria) and SAS
V.9.4 (SAS Institute, Cary, NC, USA). In a prior sample
size calculation based on a time-to-event outcome,” we
demonstrated that under a hospitalization rate of 5%,
1307 individuals with 50% DMD exposure rate would be
sufficient to detect a hazard ratio of 2.0 with 80% power
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using a two-tailed test with a 5% probability of type I
error. Our sample size has exceeded this estimation. As
infection-related physician visits and prescriptions were
much more common than hospitalizations, we antici-
pated that a smaller sample size is required to achieve
the same level of power.

Complementary analyses

For physician claims only, the most common in-
fections—those affecting the respiratory tract—were
examined separately (Supplementary Table S1). For
prescriptions filled, we removed the antivirals (as an-
tivirals are commonly used prophylactically when
initiating intravenous alemtuzumab) and examined
this outcome using the same approach as in the main
analyses. We also explored the impact of: sex, age
(grouped as <45 or >45 years [mean age at index date])
and presence/absence of specific comorbidities on the
prescription-related findings (with and without the
antivirals), in relation to any DMD, and by route of
DMD administration, using interaction terms.
Comorbidities included two broad groups: any circu-
latory system disease and any mood/anxiety disorder or
alcohol abuse, and then five more specific comorbid-
ities: ischemic heart disease, hypertension, diabetes
mellitus, eye/adnexa disease, and depression/anxiety
(Supplementary Table S3). These were selected based
on clinical relevance to MS and prevalence in the MS
population, as well as potential associations with DMD
use, and infection risk.*~* The overall burden of
comorbidities was measured using Charlson Comor-
bidity Index that included several other comorbidities
relevant to DMD use and infection risk, such as ma-
lignancy, cerebrovascular diseases, and liver and renal
diseases.

Role of the funding sources

This study was supported by the Canadian Institutes of
Health Research (CIHR) Project and Foundation grant
(PJT-156363 and FDN-159934, PI: Tremlett). Jonas Graf
received a Research Fellowship from the Deutsche
Forschungsgemeinschaft (project number 438899010,
GZ: GR 5665/1-1). The funders had no role in the
design and conduct of the study; collection, manage-
ment, analysis, and interpretation of the data; prepara-
tion, review, or approval of the manuscript; and decision
to submit the manuscript for publication.

This study was part of a wider pre-registered research
program (ClinicalTrials.gov; NCT04472975). We ob-
tained ethics approval from the University of British
Columbia’s Clinical Research Ethics Board (H18-
00407).

Results
Cohort characteristics are summarized in Table 3
(further details are available elsewhere),”® and cohort
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Characteristics

DMD treated®, n = 4732

Not treated®, n = 14,628 p-value

Women, n (%)
Age at index date in years, mean (SD)
Socioeconomic status’, n (%)
1 (lowest income quintile)
2
3, or unavailable
4
5 (highest income quintile)
Comorbidity score, n (%)
0
1
2
>3
Presence of specific comorbidities, n (%)
Diseases of circulatory system
Ischemic heart disease
Hypertension
Eye and adnexa diseases
Diabetes mellitus
Any mood or anxiety disorder or alcohol abuse
Depression and anxiety disorders
Follow-up® time in years, mean (SD)
Death before study end, n (%)
Type of DMD exposure during follow-up, n (%)”
Injectable DMDs—any*®
Beta-interferon
Glatiramer acetate
Oral DMDs—any®
Fingolimod
Dimethyl fumarate
Teriflunomide
Intravenous DMDs—any*
Natalizumab
Alemtuzumab
Ocrelizumab

Daclizumab’

Any infection-related health service use during study period, mean (SD)

Characteristics of the multiple sclerosis study population in British Columbia, Canada (1996-2017). Details have been published previously.34 Key: DMD, disease-modifying drugs; MS, multiple sclerosis; NA,
not applicable; SD, standard deviation. The date of the first MS-specific or demyelinating disease-related event was the index date. As per data privacy and access agreements, small cell size (<6 individuals
within any group) are suppressed. Follow-up was from index date until the earliest of: death; emigration from the province; or study end (December 31st 2017). “Socioeconomic status is represented by
neighborhood income quintiles (based on closest available measurement to index date). There are n = 98 unavailable SES values, likely due to administrative reasons, and, therefore, we anticipate that their
values to be symmetrically distributed around the median (SES = 3). The impact of the imputed values would be negligible. “Comorbidities were assessed using the physician and hospital data during the
one-year period prior to the index date. The comorbidity score was measured using the Charlson Comorbidity Index (modified to exclude hemiplegia/paraplegia to avoid misclassifying MS complications as
comorbidity and to exclude hepatitis given that this infection is an outcome variable). “Some individuals had none of these comorbidities and others could have more than one, thus, the percentages are
not expected to add up to 100%. Alcohol abuse was combined with mood or anxiety disorder because they both belong to the ‘Mental Disorder’ chapter under the ICD classification system. “Some people
were exposed to >1 DMD; hence the sum of the individual injectable, oral or intravenous DMDs exceeds the sum of any injectable, oral or intravenous DMD. fAs this DMD was withdrawn from the market

3469/4732 (733)
37.1(9.8)

914/4732 (19 3)
870/4732 (18 4)
1004/4732 (21.2)
1006/4732 (21.3)
938/4732 (19 8)

3974/4732 (84.0)
588/4732 (12.4)
132/4732 (2.8)
38/4732 (0.8)

677/4732 (14.3)
90/4732 (1.9)
238/4732 (5.0)
1967/4732 (41.6)
99/4732 (2.1)
1415/4732 (29.9)
1388/4732 (29.3)
12.0 (7.0)
267/4732 (5.6)

4124/4732 (87.2)
3140/4732 (66.4)
1719/4732 (36.3)
1495/4732 (31.6)
421/4732 (8.9)
758/4732 (16.0)
520/4732 (11.0)
436/4732 (9.2)
286 (6 0)

179 (3 8)

<6

6(01)

12.0 (6.99)

for safety reasons, each individual’s follow-up was censored at the first daclizumab prescription filled.

10,471/14,628 (71.6) 0.02 (Pearson’s Chi-squared test)
46 9/14,628 (13.7) <0.0001 (Wilcoxon rank sum test)
0.65 (Pearson’s Chi-squared test)
2849/14,628 (19.5)
2825/14,628 (19.3)
3025/14,628 (20.7)
3088/14,628 (21.1)
2841/14,628 (19.4)
<0.0001 (Pearson’s Chi-Squared test)
11,077/14,628 (75.7)
2391/14,628 (16.4)
723/14,628 (4.9)
437/14,628 (3.0)

3368/14,628 (23.0)

596/14,628 (4.1)

1572/14,628 (10.7)

5626/14,628 (38.5)

661/14,628 (4.5)

4348/14,628 (29.7)

4239/14,628 (29.0)

116 (73) -
2943/14,628 (20.1) =
NA -

11.54 (7.3) 0.0001 (Wilcoxon rank sum test)

Table 3: Cohort characteristics.

creation in the Supplementary Fig. S1. Briefly, we
identified 19,360 persons with MS, of whom 13,940
(72.0%) were women. The mean age (standard deviation
[SD]) at index date was 44.5 (13.3) years. Overall, 4732/
19,360 (24.4%) persons filled at least one MS DMD
prescription, and the mean (SD) follow-up time was

similar between those who did, or did not, fill a DMD
prescription, with the mean being 11.7 (7.3) years for
the entire group. Persons never (versus ever) filling a
DMD prescription were, on average, older at the index
date (46.9 [13.7] versus 37.1 [9.8] years), and had a
higher comorbidity burden, while the distribution of
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socioeconomic status quintiles was similar between the
two groups.

Infection-related physician claims

Relative to no DMD, any DMD exposure was associated
with a 12% lower rate ratio of infection-related physician
claims (aRR = 0.88; 95% CI: 0.85-0.92; p < 0.0001), with
similar findings for the injectable and oral DMDs, but
not intravenous (aRR = 0.99; 95% CI: 0.86-1.14;
p = 0.95; Fig. 1). Rate ratios were also lower for each of
the individual injectable and oral DMDs, ranging from
8% lower for glatiramer acetate (p = 0.038) to 24% for
teriflunomide (p < 0.0001), with dimethyl fumarate,
fingolimod and beta-interferon falling in between, being
13-16% lower (aRR range: 0.76-0.92). Rate ratios did
not differ for either of the intravenous DMDs (alemtu-
zumab aRR = 1.03, natalizumab aRR = 0.98), although
the 95% Cls were wide (Fig. 1).

Infection-related hospitalizations

Relative to no DMD, any DMD exposure was associ-
ated with a 36% lower hazard of infection-related
hospitalizations (aHR = 0.64; 95% CI: 0.56-0.73;
p < 0.0001; Fig. 2). Lower hazards were also observed
for the DMDs when examined by mode of adminis-
tration, ranging from 46% for the oral DMDs
(p = 0.0006), to 35% for the injectables (p < 0.0001)
and 27% for intravenous, although the 95% CIs for
the latter did not reach significance (aHR = 0.73; 95%
CI: 0.49-1.09; p = 0.13). Somewhat similar findings
were observed for the individual DMDs examined:

Physician claims, all infections, reference = DMD unexposed

hazards of hospitalization were significantly lower for
the two injectable DMDs, glatiramer acetate
(aHR = 0.61; 95% CI 0.46—0.79; p = 0.0003) and beta-
interferon (aHR: 0.66; 95% CI: 0.56-0.78; p < 0.0001),
and lower for the three oral DMDs, and natalizumab
(aHR range: 0.45-0.66). However, only dimethyl
fumarate reached statistical significance (aHR = 0.45;
95% CI: 0.27-0.75; p = 0.0027). For alemtuzumab, the
95% CI was wide in this small group, limiting inter-
pretation (Fig. 2).

Antibiotic, antimycotic, and antiviral prescriptions
Relative to no DMD, any DMD exposure was associ-
ated with a 14% higher rate ratio of infection-related
prescription fills (aRR = 1.14; 95% CI: 1.08-1.20;
p <0.0001; Fig. 3). Significantly higher rate ratios were
also observed for the injectable DMDs (aRR = 1.15;
95% CI: 1.08-1.22; p < 0.0001) as well as the intrave-
nous DMDs (aRR = 1.34; 95% CI: 1.15-1.56;
p =0.0001). However, we did not observe a higher rate
ratio of infection-related prescription fills for the oral
DMDs (aRR = 0.98; 95% CI: 0.91-1.05; p = 0.62). By
individual DMD, rate ratios were higher, by 12% for
beta-interferon (p = 0.0017), 23% for glatiramer ace-
tate (p < 0.0001), and 126% for alemtuzumab
(p < 0.0001), but not natalizumab (p = 0.45) or the
three oral DMDs.

Complementary analyses

The distributions of infection-related healthcare utiliza-
tion are included within Supplementary Table S4.

adj. rate ratio [95% CI]

Any DMD . 0.88 [0.85, 0.92]
Any injectable DMD —a— 0.88[0.84, 0.92]
Any oral DMD - 0.83 [0.77, 0.90]
Any intravenous DMD »—q—« 0.99[0.86, 1.14]
Beta-interferon —a— 0.87[0.82, 0.91]
Glatiramer acetate »—-—« 0.92[0.86, 0.99]
Dimethyl fumarate —— 0.86 [0.77, 0.97]
Fingolimod —. 0.84 [0.74, 0.96]
Teriflunomide — 0.76 [0.67, 0.87]
Alemtuzumab 1.03[0.80, 1.33]
Natalizumab »—-——< 0.98[0.83, 1.16]
[ T i T !
0.6 0.8 1.2 1.4
adj. rate ratio

Fig. 1: Infection-related physician claims in the multiple sclerosis study population® in British Columbia, Canada (1996-2017) expressed as
adjusted rate ratios. Key: DMD, disease-modifying drugs; adj., adjusted; Cl, confidence interval; bold depicts statistical significance. a Follow-up
was from index date until the earliest of: death; emigration from the province; or study end (December 31st 2017). Rate ratios were adjusted for
the following covariates: sex, socioeconomic status (categorical; quintiles) at the index date, and, updated annually, age (continuous), calendar
year (continuous) and comorbidities (categorized as 0, 1, 2 or >3 comorbidities) measured using the Charlson Comorbidity Index.
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Hospitalizations, all infections, reference = DMD unexposed

adj. hazard ratio [95% ClI]

Any DMD .- 0.64 [0.56, 0.73]
Any injectable DMD - 0.65 [0.56, 0.75]
Any oral DMD —— 0.54 [0.38, 0.77]
Any intravenous DMD »—.—< 0.73[0.49, 1.09]
Beta-interferon - 0.66 [0.56, 0.78]
Glatiramer acetate —— 0.61[0.46, 0.79]
Dimethyl fumarate —.— 0.45[0.27, 0.75]
Fingolimod —. 0.57[0.31, 1.04]
Teriflunomide —_— 0.66 [0.34, 1.29]
Alemtuzumab 1.29[0.62, 2.65]
Natalizumab »—.—< 0.63[0.39, 1.01]

[ T \ T T T !

0 0.5 1 15 2 25 3

adj. hazard ratio

Fig. 2: Infection-related hospitalizations in the multiple sclerosis study population® in British Columbia, Canada (1996-2017) expressed as
adjusted hazard ratios. Key: DMD, disease-modifying drugs; adj., adjusted; Cl, confidence interval; bold depicts statistical significance. a
Follow-up was from index date until the earliest of: death; emigration from the province; or study end (December 31st 2017). Hazard ratios
were adjusted for the following covariates: sex, comorbidity score (0, 1, 2 or >3; updated annually) measured using the Charlson Co-
morbidity Index, and the following covariates at the index date: age (continuous), socioeconomic status (categorical; quintiles), and calendar

year (continuous).

Any, versus no DMD exposure was associated with a
9% lower rate of respiratory tract infection-related
physician claims (aRR = 0.91; 95% CI: 0.87-0.96;
p = 0.0007), with similar findings for the injectable/oral
DMDs (aRR = 0.90 [p = 0.0004]/0.87 [p = 0.029]), Fig. 4.
In contrast, any intravenous DMD was associated with a
22% higher rate (aRR = 1.22; 95% CI: 1.01-1.48;
p = 0.037). For the individual injectable and oral DMDs,
only beta-interferon was associated with a significantly
lower rate ratio (aRR 0.89; 95% CI: 0.84-0.95;
p = 0.0003). While rate ratios were higher for alemtu-
zumab (aRR = 1.42; 95% CI: 0.90-2.23; p = 0.12) and
natalizumab (aRR = 1.16; 95% CI: 0.95-1.42; p = 0.14),
the 95% CIs were wide and neither reached
significance.

When the antivirals were removed from the pre-
scriptions filled, the direction of findings remained
largely the same, except for the intravenous DMDs,
which no longer differed versus no DMD exposure
(p = 0.90; Fig. 5). Further, while a higher rate ratio was
still observed for alemtuzumab (aRR = 1.11; p = 0.34),
this no longer reached significance. For the pre-
scriptions filled for any anti-infective, sex, but not age
affected findings (Supplementary Table S5). In detail,
among women, any DMD exposure (versus none) was
associated with a 18% higher rate of infection-related
prescription fills (aRR = 1.18; p < 0.0001); this differed
significantly from that found among men (aRR = 0.98;
p = 0.82). A similarly higher rate ratio among women
(aRR = 1.20; p < 0.0001) than among men (aRR = 0.99;
p =0.91) was observed for the injectable DMDs. For the

comorbidities, rate ratios of anti-infective prescriptions
filled were similar regardless of whether that comor-
bidity was present or not, except for the intravenous
DMDs only, where it was lower when depression/anxi-
ety was present (Supplementary Table S5). However,
after removing the antivirals, this latter finding was no
longer significant (data not shown).

Discussion

In this population-based study, we examined the rela-
tionship between DMD exposure and infection-related
healthcare encounters in a large MS cohort by access-
ing more than 20-years of prospectively collected data,
which comprised information on all hospital and
physician visits, and prescriptions filled. Our study
provided an overview of the infection-related healthcare
utilization in people with MS to inform healthcare
planning. Exposure to a MS DMD (versus no exposure)
was associated with altered infection-related healthcare
use. Interestingly, while the use of any (versus no) DMD
was associated with lower infection-related hospitaliza-
tions and physician visits, prescription fills were higher.
The mode of administration affected findings; while any
injectable or oral DMD (versus no DMD) was associated
with lower infection-related physician and hospital
visits, this was less evident for the intravenous DMDs.
Further, while the injectable and intravenous DMDs
were associated with a 15-34% higher rate (aRR) of
infection-related prescription fills, no measurable effect
was observed for the latter when the antivirals were
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Prescriptions filled for antibiotic, antiviral, imycotic drugs, refe =DMD v (i i adj. rate ratio [95% CI]
Any DMD - 1.14 [1.08, 1.20]
Any injectable DMD HH 1.15[1.08, 1.22]
Any oral DMD m 0.98[0.91, 1.05]
Any intravenous DMD —— 1.34 [1.15, 1.56]
Beta-interferon N = 1.12[1.05, 1.21]
Glatiramer acetate ‘ —— 1.23 [1.11, 1.36]
Dimethyl fumarate >—-—< 1.00[0.91, 1.10]
Fingolimod —.— 0.980.86, 1.13]
Teriflunomide - 0.93[0.83, 1.05]
Alemtuzumab —_—— 2.26 [1.90, 2.69]
Natalizumab >—¢—< 1.08[0.88, 1.32]

[ I T T T !

0.5 1 156 2 25 3

ad]. rate ratio

Fig. 3: Infection-related prescriptions filled by the multiple sclerosis study population® in British Columbia, Canada (1996-2017) expressed as
adjusted rate ratios. Key: DMD, disease-modifying drugs; adj., adjusted; Cl, confidence interval; bold depicts statistical significance. a Follow-up
was from index date until the earliest of: death; emigration from the province; or study end (December 31st 2017). Rate ratios were adjusted for
the following covariates: sex, socioeconomic status (categorical; quintiles) at the index date, and, updated annually, age (continuous), calendar
year (continuous) and comorbidities (categorized as 0, 1, 2 or >3 comorbidities) measured using the Charlson Comorbidity Index.

not the antivirals were included. Also, if the mode of
administration itself may alter the infection risk re-
mains uncertain. How these differences in infection-
related healthcare use affect other outcomes in people

removed. The reasons for these differences remain
subject to speculation; further investigations are war-
ranted. In contrast, the oral DMDs had no measurable
effect on infection-related prescription fills, whether or

Physician claims, respiratory tract infections only, reference = DMD unexposed adj. rate ratio [95% CI]

Any DMD - 0.91 [0.87, 0.96]
Any injectable DMD - 0.90 [0.86, 0.95]
Any oral DVMD }—I—< 0.87 [0.77, 0.98]
Any intravenous DMD »—-—« 1.22[1.01, 1.48]
Beta-interferon - 0.89 [0.84, 0.95]
Glatiramer acetate »—-—4 0.94 [0.86, 1.03]
Dimethyl fumarate >—¢—< 0.91[0.75, 1.10]
Fingolimod »—-—« 0.871[0.73, 1.05]
Teriflunomide »—-—« 0.81[0.64, 1.02]
Alemtuzumab 1.4210.90, 2.23]
Natalizumab H—I—1 1.16 [0.95, 1.42]

25

adj. rate ratio

Fig. 4: Association between disease-modifying drug (DMD) exposure and respiratory tract infection-related physician claims in the multiple
sclerosis study population® in British Columbia, Canada (1996-2017) expressed as rate ratios. Key: DMD, disease-modifying drugs; ad]., adjusted;
Cl, confidence interval; bold, 95% CI did not include 1. ICD-9-codes used to identify respiratory tract infection physician claims: 460, 461, 462,
463, 464, 465, 466, 473, 474, 476, 480, 481, 482, 483, 484, 485, 486, 487, 490. a Follow-up was from index date until the earliest of: death;
emigration from the province; or study end (December 31st 2017). Rate ratios were adjusted for the following covariates: sex, socioeconomic
status (categorical; quintiles) at the index date, and, updated annually, age (continuous), calendar year and comorbidities (categorized as 0, 1, 2
or >3 comorbidities) measured using the Charlson Comorbidity Index.
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10

Prescriptions filled for antibiotic, antimycotic drugs, reference = DMD unexposed

adj. rate ratio [95% Cl]

Any DMD —— 1.10 [1.04, 1.16]
Any injectable DMD —— 1.13 [1.06, 1.20]
Any oral DMD »—-—c 0.93[0.87, 1.00]
Any intravenous DMD >—|—< 1.011[0.85, 1.19]
Beta-interferon —.— 1.10 [1.02, 1.19]
Glatiramer acetate —— 1.19 [1.07, 1.32]
Dimethyl fumarate »—-—< 0.94[0.85, 1.04]
Fingolimod »—.—.—4 0.95[0.82, 1.10]
Teriflunomide »—-—.« 0.90 [0.80, 1.01]
Alemtuzumab 1.11[0.89, 1.38]
Natalizumab »—-’—< 0.98[0.79, 1.20]

0.6 0.8 1

adj. rate ratio

Fig. 5: Association between disease-modifying drug (DMD) exposure and antibiotic or antimycotic prescriptions filled only in the multiple
sclerosis study population® in British Columbia, Canada (1996-2017) expressed as rate ratios. Key: DMD, disease-modifying drugs; adj., adjusted;
Cl, confidence interval; bold, 95% Cl did not include 1. Prescriptions filled for antivirals (bold in Supplementary Table S2) were not considered as
outcome. a Follow-up was from index date until the earliest of: death; emigration from the province; or study end (December 31st 2017). Rate
ratios were adjusted for the following covariates: sex, socioeconomic status (categorical; quintiles) at the index date, and, updated annually, age
(continuous), calendar year and comorbidities (categorized as 0, 1, 2 or >3 comorbidities) measured using the Charlson Comorbidity Index.

with MS warrants consideration. Future studies may
also wish to consider the contribution of other medica-
tions a person with MS may be taking (with or without a
DMD) and their possible contribution to infection risk.

Few other studies have assessed the relationship
between DMD use and infections in the MS population.
A prior study from our group, also using data from
British Columbia (19962013, n = 6793), observed lower
infection-related hospitalization risk in those exposed to
the newer DMDs available at that time. However, find-
ings did not reach statistical significance in this smaller
cohort, and all the oral and intravenous DMDs were
grouped together due to their lower uptake at that
time.” Our current study advanced these findings
considerably by accessing more contemporary data and
a much larger MS population (n = 19,360) with a longer
follow-up period.” A US study found that use of any
monoclonal antibody (versus any DMD) was associated
with a higher incident rate of infection-related hospi-
talizations among MS enrollees of the Department of
Defense military healthcare system (n = 8695;
2004-2017)."* However, the individual DMDs used were
not specified. Finally, a Swedish study examined the risk
of the first infection-related hospitalization in MS DMD-
exposed persons only, the majority of whom (>50% of
the 6421 cases) had received rituximab."” Study authors
were unable to access primary care information, and
neither the Swedish nor US study authors examined
similar MS cases not undergoing a DMD treatment,
making it challenging to compare across studies.''* Our

study further advances current understanding of infec-
tion risk in MS as we were also able to examine respi-
ratory tract infection-related physician claims by route of
DMD administration, and observed that the intravenous
DMDs were associated with a higher rate (by 22%)
versus no DMD. This increase in infections likely relates
to drug-induced immune cell depletion or cell traf-
ficking disruptions. Also consistent with our observa-
tion, the most commonly reported infections in MS
persons enrolled in a clinical trial or drug company
initiated observational study, and treated with an intra-
venous DMD (alemtuzumab or natalizumab), were
respiratory-related.**

Ours is one of few studies to assess infection-related
prescriptions filled in the MS population, comparing
periods of DMD exposure versus no exposure. While a
previous smaller study from British Columbia found
that MS cases (n =7179; 1996-2013) had a higher risk to
fill an infection-related prescription relative to the gen-
eral population (aRR = 1.57; 95% CI: 1.49-1.65), that
study was not designed to examine associations with the
MS DMDs.® Our current findings suggested that relative
to no DMD use, injectable DM Ds were associated with a
12-23% higher rate (aRR) of filling an infection-related
prescription, while the oral DMDs, or the intravenously
administrated natalizumab were not. Further, the di-
rection of these findings persisted whether antivirals
were included or not. These results warrant further
investigation. It is possible that use of one of these
DMDs increases the likelihood that a clinician would
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recommend an anti-infective drug (relative to a patient
not being treated with a DMD). This in turn could lower
the risk of an infection-related hospitalization or physi-
cian visit. However, for the intravenously administered
alemtuzumab, while we observed a 126% higher rate of
infection-related prescription fills, this was attenuated
after removal of the antivirals, resulting in only an 11%
higher rate which no longer reached significance.
Although the wide 95% CIs for this finding create un-
certainty, the observed difference in rate ratios of
infection-related prescription fills may reflect prophy-
lactic use of antivirals when initiating alemtuzumab.

Our findings further underscore the importance of
considering sex-based disparities in healthcare to reduce
the sex differences in health outcomes. We found that
sex, but not age affected findings; consistent with the
absence of age-related increases in DMD-associated in-
fections in pooled information from 45 clinical trials.*
For sex, we specifically observed that DMD exposed
(relative to unexposed) women with MS had a higher
rate (aRR) of filling infection-related prescriptions and
that such increase was not observed in men with MS.
While a systematic review of sex-differences in primary
care found that in the general population, women were
more likely than men to be prescribed an antibiotic,” we
were unable to find another study to directly compare
our findings. This dearth of sex-specific studies in
relation to the effects of the MS DMDs has been high-
lighted by others.” Our findings further underscore the
importance of considering sex-based differences/dis-
parities in healthcare.

We were also able to examine the influence of
comorbidities on the relationship between DMD expo-
sure and infections. Of the select comorbidities studied,
absence (versus presence) of depression/anxiety disor-
ders was associated with a higher rate of anti-infective
prescription fill in relation to use of an intravenous
DMD. However, this association was not present after
removing the antivirals, which are recommended for
prophylactic use when receiving alemtuzumab. Despite
the International Advisory Committee on Clinical Trials
in MS call for further work in this area,”'° we were
unable to find other studies with which to compare our
findings. Thus, our findings underscore the needs for
further examinations of the potential impacts of
comorbidities on outcomes related to the DMDs used in
everyday clinical practice.

Strengths and limitations

Study strengths included access to comprehensive,
prospectively  collected  population-based  health
administrative data, minimizing selection or recall
bias. Our cohort also included over 4700 DMD treated
MS cases, totaling 24,967 8 person-years of exposure.
Nonetheless, our ability to examine infection-related
healthcare associated with more recently approved
DMDs, that only became available towards the end of
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our study, was rather limited. Moreover, as more
DMDs with different mechanisms of action become
available, future studies may benefit from using
different approaches to grouping the DMDs when
evaluating infection-risk as the mode of administration
may not always reflect the underlying infection-related
risk associated with that drug. We also did not have
access to data related to ethnicity, and whilst we could
examine the route of administration (delivery), for the
injectables, we did not differentiate between the two
main modes of delivery—subcutaneous and intramus-
cular, or consider the drug dose used and medication
adherence. While access to population-based health-
care data was a study strength, we were unable to
independently verify the accuracy of each diagnosis
with an infectious disorder specialist. We acknowledge
the general limitation of administrative data; they are
captured for billing purposes and health system
management-not clinical purposes—thus may be sub-
ject to misclassification. We did not have access to
clinical data (other than that available in the health
administrative and billing data), such as the MS dis-
ease course, severity or activity, or disability measures
such as the Expanded Disability Status Scale (EDSS)
score, or relevant demographic data such as education
(e.g. highest degree) and lifestyle-related information
(e.g. smoking or alcohol consumption). Still, we were
able to adjust for sex, age, socioeconomic status, and
comorbidity burden measured using the Charlson
Comorbidity Index. It would be of value for future
studies to consider other comorbidities (e.g. autoim-
mune disease) which were not captured by this study.
We cannot exclude residual bias in our findings.
Furthermore, we accounted for the changing DMD
treatment status over time, thus avoiding immortal
time bias, a major threat in pharmaco-epidemiological
studies.**° We aimed to compare the infection risk of
DMD exposed versus unexposed MS cases; it would be
of value for future, appropriately designed studies to
consider comparing the infection risk between each
individual DMD.

Conclusion

To the best of our knowledge, this is the largest,
population-based study to examine the relationship be-
tween the MS DMDs and infection-related healthcare
use. While use of any DMD was not associated with an
increased risk of infection-related hospitalizations or
rate of physician visits, prescription fills for an anti-
infective agent were higher. However, both the route
of DMD administration and sex of the person with MS
affected these findings. How the differences in
infection-related healthcare use identified affect other
outcomes in persons with MS warrants further study.
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Abstract: We described emergency department (ED) visits (all visits and infection-related) by persons
with multiple sclerosis (MS) in British Columbia, Canada (1 April 2012 to 31 December 2017). We
identified 15,350 MS cases using health administrative data; 73.4% were women, averaging 51.4 years
at study entry. Over 4.9 years of follow-up (mean), 56.0% of MS cases visited an ED (mean=0.6 visits/
person/year; total=37,072 visits). A diagnosis was documented for 25,698 (69.3%) ED visits, and 18.4%
(4725/25,698) were infection-related. Inpatient admissions were reported for 20.4% (5238/25,698) of all
and 29.2% (1380/4725) of infection-related ED visits. Findings suggest that the ED plays a substantial

role in MS healthcare and infection management.
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Introduction

Emergency department (ED) presentations represent
an important aspect of health care utilization in the
general population.'? Compared to the general popu-
lation, persons with multiple sclerosis (MS) fre-
quently access the healthcare system, with infections
contributing to this higher healthcare use. For exam-
ple, persons with MS had 41% more infection-related
physician claims (adjusted rate ratio=1.41; 95% con-
fidence interval: 1.36—1.47) versus a sex-, age-, and
region-matched non-MS population.> However, rela-
tively little is known about ED utilization by persons
with MS.#6 Here, we described overall and infection-
related ED use in an MS population.

Methods

We performed a descriptive, population-based study
in British Columbia (BC), Canada, using linked health
administrative data (via Population Data BC7), includ-
ing Medical Service Plan Billing Information® (pro-
viding physician claims); the Discharge Abstract
Database? (providing hospital admissions/discharges);
PharmaNet'? (for prescriptions filled at outpatient/
community pharmacies); Census Geodata (providing
socioeconomic status estimates); Registration and
Premium Billing files!! (providing BC residency sta-
tus via the mandatory healthcare plan registration

days); Vital Statistics'? (capturing death dates); and
the National Ambulatory Care Reporting System
dataset!® (providing ED-related visit dates and
Diagnosis Shortlist codes,'* including infections;
Supplementary Table 1) starting 1 April 2012).

All MS cases were identified with a validated
algorithm.!’ Study entry date was the later of the
first MS/demyelinating disease-related International
Classification of Diseases (ICD-9/10) code, or first
disease-modifying drug (DMD) prescription filled, or
1 April 2012 (start of the ED date). All included per-
sons were =18 years old and BC residents for =1 year
pre-study entry; follow-up ended at the earliest of
death, emigration, or 31 December2017. Comorbidities
were measured using a modified Charlson Comorbidity
Index during the 1-year pre-study entry.'¢-'8 MS cases
ever filling a DMD prescription during follow-up were
described.

Results

We identified 15,350 MS cases (11,270 (73.4%)
women; Table 1), of whom 86.5% (13,274/15,350)
entered the study in 2012/2013, as per data availabil-
ity. At study entry, the mean age was S51.4years
(standard deviation (SD)=13.8), and 26.5% (4072
/15,350) had =1 comorbidity. During the mean 4.9
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Table 1. Characteristics of the multiple sclerosis study
population in British Columbia, Canada (2012-2017).

Sex, n (%)
Women 11,270 (73.4)
Men 4080 (26.6)
Age at study entry in years
Mean (SD) 51.4(13.8)
Age group at study entry, 1 (%)
<30years 1017 (6.6)
30-39years 2137 (13.9)
4049 years 3495 (22.8)
50-59years 4339 (28.3)
=60years 4362 (28.4)
Calendar year at study entry,* n (%)
2012-2013 13,274 (86.5)
20142015 1203 (7.8)
20162017 873 (5.7)
Socioeconomic status,? 1 (%)
1 (lowest income quintile) 2903 (18.9)
2 2905 (18.9)
3 3048 (19.9)
4 3302 (21.5)
5 (highest income quintile) 3043 (19.8)
Unavailable 149 (1.0)

Comorbidity score, n (%)

0 11,278 (73.5)
1 2497 (16.3)
2 990 (6.4)
=3 585 (3.8)

Follow-up® time in years

Mean (SD) 4.9 (1.6)
Filled =1 DMD prescription at 3079 (20.3)
any time during follow-up,d 7 (%)

o First-generation DMD—any ~ 2190/3079 (71.1)

o Second generation 1716/3079 (55.7)

DMD—any
Visits to the ED, no. of persons with MS (%)
Never 6747 (43.9)
Once only 2849 (18.6)
Twice only 1690 (11.0)
=3 times® 4064 (26.5)
Total number of ED visits 37,072

Mode of transportation, 1 (%)®
No ambulance 26,359 (71.1)

Ground ambulance only 10,691 (28.8)

Air ambulance only 15 (<0.1)
Combination of air and ground 7 (<0.1)
ambulance

(Continued)

Table 1. (Continued)

Triage level received, n (%)°

Resuscitation 294 (0.8)
Emergent 6145 (16.6)
Urgent 18,689 (50.4)
Semi-urgent 10,340 (27.9)
Non-urgent 1378 (3.7)
Unknown 226 (0.6)

(SD=1.6) years of follow-up, 56.0% (8603/15,350)
of MS cases visited an ED, totaling 37,072 visits;
15,350 MS cases averaged 0.6 (SD=1.6) visits/per-
son/year. MS cases visiting an ED at least once during
follow-up (n=8603) with (vs without) comorbidity at
study entry were older (mean age=56.5 (SD=14.3)
vs 49.5 (SD=13.7) years) and averaged more ED vis-
its/person/year (1.3 (SD=2.4) vs 0.9 (SD=1.9)).
More than a quarter of MS cases had =3 ED visits
(4064/15,350; 26.5); of these 1383 (34.0%) of 4064
had =1 comorbidity at study entry. Most ED visits
by MS cases did not require an ambulance
(26,359/37,072; 71.1%); 28.8% required a ground
ambulance (10,691/37,072) and >95% were of semi-
urgent or higher priority (35,468/37,072).
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ED visits with a known diagnosis

Diagnostic codes were reported for 69.3%
(25,698/37,072) of ED wvisits (summarized in
Supplementary Table 2). These visits were made by
74.2% (6384/8603) of MS ED users. Of these, the most
frequent primary diagnoses were “abdominal pain/
colic” (1279/25,698 visits; 5.0%), “urinary tract infec-
tion” (1277 visits; 5.0%), and “MS” (1225 visits;
4.8%). When combined, 18.4% (4725/25,698) of ED
visits were infection-related with 32.2% (2056/6384)
of MS participants having at least one such visit. Nearly
one-third (1380/4725; 29.2%) of infection-related ED
visits led to hospitalization, while 20.4% (5238/25,698)
of all ED visits made by 27.9% (2404/8603) of cases
did so (Supplementary Tables 2 and 3).

DMD users versus non-users

Persons who filled =1 DMD prescription(s) during
follow-up (“DMD users”) were younger at study
entry date than non-users (mean age=41.9 (SD=11.1)
vs 53.8 (SD=13.3) years). However, the proportions
accessing an ED at least once were generally similar
(1806/3079, 58.0% of DMD users and 6797/12,271,
55.6% of non-user), as was the study follow-up time
(4.8 years (SD=1.6) for DMD users vs 4.9 (SD=1.6)
for non-users).

Socioeconomic status

There were no clear patterns across the socioeco-
nomic quintiles at study entry for the MS cases: ever/
never filling a DMD prescription during follow-up,
ever/never being hospitalized subsequent to an ED
visit, or for the five most common ED diagnoses (data
not shown).

Conclusion

Over 50% of persons with MS had more than one ED
consultation during our nearly 6-year observation
period; one-quarter visited an ED three or more times.
Nearly 20% of ED visits were infection-related; one-
third resulted in hospitalization, whereas one-fifth of
all-cause ED visits did so. MS cases with =1 (vs
without) comorbidity at study entry averaged more
ED visits/person/year. Our intentionally descriptive
study has several limitations. While the overall bur-
den of infection-related ED visits was considerable in
our MS population, this could be higher as diagnoses
were unavailable for one-third of all ED visits.
Furthermore, our study lacked MS-specific clinical
information, such as relapses, and a comparison to
the general population. Our 1-year pre-study look-
back period may have reduced the detection of

comorbidities. Strengths of our study included the
large cohort of MS cases identified using a validated
algorithm within a geographically defined population
with universal healthcare coverage, including ED vis-
its. Our results suggest that the ED visits by MS cases
often lead to hospitalizations, perhaps more so for
infection-related visits. Further studies are necessary
to better understand the importance of ED use by per-
sons with MS.
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Updated Multiple Sclerosis Incidence, 2015-2022
Multiple sclerosis (MS) prevalence has risen globally, increas-
ing 30% since 2013 to 2.8 million individuals affected in 2020.!

In contrast, a paucity of infor-
mation on MS incidence
Supplemental content exists.2 While females are

twice as likely to develop MS
than males, whether the incidence sex ratio has changed over
time is unclear. We evaluated current MS incidence by sex in
Germany.

Methods | This cohort study used nationwide, pseudony-
mized outpatient claims data covering approximately 87% of
the German population to assess MS incidence for 2015 to 2022.
The claims data contain information on persons living in Ger-
many, covered by statutory health insurance (SHI), and hav-
ing at least 1 SHI-accredited physician claim in the respective
calendar year. Ethical approval and informed consent are not
required for claims data studies according to the German Code
of Social Law. We followed the STROBE reporting guideline.

We accessed demographic data (age, sex) and SHI-
accredited physician diagnoses based on ICD-10, German Modi-
fication codes and diagnostic certainty (ie, assured, sus-
pected, status post, excluded). Multiple sclerosis incidence was
assessed in SHI-insured patients with at least 4 years of claims
data and at least 1 any-cause outpatient SHI-accredited phy-
sician visit in 1 of the reporting calendar years of interest and
in the third year before the reporting calendar year (ie, 3-year
preobservation period). For children born in the preobserva-
tion period or reporting calendar year, at least 1 any-cause out-
patient visit in the birth year and 1 in the reporting calendar
year were sufficient for inclusion.

Cases of MS were identified using a validated algorithm?
requiring at least 3 MS-specific (ICD-10, German Modification
code G35) physician claims. Patients were considered to have
incident MSifthey received an MS diagnosis and the diagnos-
tic modifier of assured in 1 quarter and at least 2 of 3 consecu-
tive quarters thereafter (=3 MS-specific claims within a case-
specific period of 4 consecutive quarters) without any
demyelinating or MS disease claims (eTable in Supplement 1)
during the 3-year preobservation period. This approach en-
sures the same MS case definition for each reporting calendar
year, including 2022. Annual crude and age- and sex-
standardized (against the 2021 German population) cumula-
tive incidence (incident cases divided by at-risk population)
were calculated. Statistical analyses were performed using SAS,
version 9.4 (SAS Institute Inc).

Results | The SHI-covered at-risk population with at least 4 years
of observation time grew from 59 686 090 (2015) to 63 282 052
(2022) people (Table). The annual number of incident MS cases
ranged from 9507 (2019) to 10633 (2021), with a stable fe-
male predominance ranging from 67.6% (2020) to 71.1% (2016)
(vs 28.9%[2016]t0 32.4% [2020] in males). Median patient age
also remained stable across calendar years. Between 2015 and
2022, the age- and sex-standardized cumulative MS inci-
dence per 100 000 people declined marginally and varied be-
tween 15.65 (95% CI, 15.34-15.97) in 2019 and 17.46 (95%
CI, 17.12-17.80) in 2016 (Figure; Table). The highest cumula-
tive MS incidence was observed for patients aged 25 to 34 years
(Figure).

Discussion | This cohort study shows that among more than
60 million people covered by universal health care in Ger-
many, the number of incident MS cases has remained
stable. However, in line with assumptions made in a review

Table. Cumulative Incidence of MS per 100 000 People and Demographics of Patients Covered by Statutory Health Insurance in Germany,

2015-2022°
Calendar year 2015 2016 2017 2018 2019 2020 2021 2022
Crude cumulative incidence 16.99 17.45 16.09 16.04 15.45 16.54 16.94 15.73
(95% CI) (16.66-17.32) (17.12-17.78) (15.77-16.41) (15.72-16.36) (15.14-15.76) (16.22-16.87) (16.62-17.26) (15.43-16.04)
Age- and sex-standardized 16.97 17.46 16.2 16.18 15.65 16.92 17.32 16.09
cumulative incidence (95% Cl) (16.63-17.3) (17.12-17.8) (15.88-16.53) (15.86-16.5) (15.34-15.97) (16.59-17.25) (16.99-17.66) (15.78-16.41)
No. of patients with 10139 10563 9760 9813 9507 10198 10633 9957
incident MS
Age, y°
Median (IQR) 42 (30-53) 42 (30-52) 42 (30-53) 42 (30-53) 42 (31-54) 41 (30-55) 40 (30-53) 41 (30-55)
Mean (SD) 42.7 (15.6) 42.6 (15.4) 42.7 (15.4) 43.2 (15.8) 43.3(15.8) 43.5(16.5) 42.5(15.9) 43.3(16.2)
Sex, No. (%)
Female 7187 (70.9)  7515(71.1) 6809(69.8) 6866(70.0) 6651(70.0) 6898 (67.6) 7382(69.4) 6886 (69.2)
Male 2952(29.1) 3048(28.9) 2951(30.2) 2947(30.0) 2856(30.0) 3300(32.4) 3251(30.6) 3071(30.8)

@ At-risk population covered by statutory health insurance and at least 4 years of
observation time in Germany: 2015, 59 686 090; 2016, 60 527 652;
2017, 60 641448; 2018, 61171280; 2019, 61550 441; 2020, 61638 432;

2021, 62776 324;2022, 63282 052.
b At December 31of the calendar year of interest.
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Figure. Annual Cumulative Incidence of Multiple Sclerosis (MS) in Germany, 2015-2022
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study,* the cumulative incidence per 100 000 people
declined slightly over the short study period, which may
have been influenced by a growing population or
immigration® and a shortened lag time of diagnosis driven
by updated diagnostic criteria with a higher sensitivity.®
Similar to other regional estimates, we found a stable sex
ratio, with females approximately twice as likely to develop
MS as males.!2 Trend variations between studies may
be influenced by different case ascertainment methods
and/or longer observation periods.* Although a limitation of

JAMA Neurology Published online September 9, 2024

our study is that some older cases of MS may have been mis-
classified as incident, our main finding of a constant num-
ber of incident cases of MS may inform health care plan-
ning.
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Abstract

Background The lacking awareness of healthcare providers bears the risk of delayed or false diagnoses in rare diseases. No
systematic data about misdiagnoses of Moyamoya angiopathy (MMA) are available.

Objective To evaluate the rate and pattern of missed diagnoses in MMA.

Methods Retrospective analysis of a consecutive case series from a single German referral center. Rates of missed or delayed
diagnoses in Caucasian MMA patients were calculated based on discharge letters from other hospitals and systematic chart
review.

Results Out of 192 Caucasian patients eventually diagnosed with MMA at our center, an initial misdiagnosis was identi-
fied in 119 patients (62%). The time between onset and diagnosis was 1 year in 24 patients, 2 years in 23 patients, 3 years
in 10 patients, and > 3 years in 49 patients (mean 5.28, median 3, standard deviation 5.11, and range 4-26 years). The most
common misdiagnoses were cerebral vasculitis (31%), etiologically ill-defined stroke diagnoses (30.2%), and MS (3.6%).
Conclusions This is the first systematic report which shows that patients with MMA are at high risk to be falsely diagnosed
and treated. Depiction of typical vascular abnormalities in angiopathy is essential. Normal CSF cell counts, negative oligo-
clonal bands, and lack of infratentorial lesions as well as gadolinium-positive T1 lesions on MRI may be red flags differen-
tiating this vasculopathy from vasculitis and MS.

Keywords Moyamoya - Misdiagnosis - Vasculitis - Multiple sclerosis

Introduction

Moyamoya angiopathy (MMA) is a rare non-inflammatory
arteriopathy with stenosis or occlusion of intracranial part
of internal carotid artery as well proximal parts of anterior
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and middle cerebral artery [1]. MMA is more common in
Asia, and epidemiological data outside Asia are not clear
[1-3]. Young patients present with hemodynamic or embolic
transient or manifest ischemic events, with cerebral bleed-
ings and a wide range of other cerebral symptoms including
cognitive dysfunction [4, 5].

The etiology of MMA is still unknown [6, 7]. While
there is a common association with autoimmune thyroid
disorders and a link to HLA haplotypes, evidence for an
immune mediated attack on vessels underlying the disease is
not strong and immunosuppressive therapy is not effective.
The current double-hit hypothesis [7], nonetheless, consid-
ers a role of immunologic triggers in the context of genetic
predisposition [8]. Case reports have illustrated that MMA
may mimic very common diseases like multiple sclerosis
(MS) [9-11], but also other rare conditions including pri-
mary central nervous system vasculitis (PCNSV) [12] and
leptomeningeal metastases [13, 14]. In MMA, it is crucial
to make a correct and early diagnosis especially in the light
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of possible negative treatment consequences [15]. Patients
with MMA are at a high risk of not being recognized early,
before debilitating complications have set in, and of being
misdiagnosed and wrongly treated. Surgical bypass interven-
tions can minimize the high risk for recurrent ischemic and
hemorrhagic complications [16, 17] (recently showed also
in Caucasians [18, 19]), and antiplatelet therapy can reduce
embolic strokes [20]. Misdiagnosis of MMA as a PCNSV
[12, 21] or MS can result in inappropriate treatments car-
rying the potential risk to significantly harm the patient.
However, systematic studies about the rate of misdiagnoses
in MMA are lacking, particularly in regions outside Asia.
Real-world evidence describing the frequency of misdiag-
noses in MMA is warranted.

Materials and methods

Drawing on data from longstanding adult consecutive
cohorts [3, 12, 22-24], we conducted a monocentric ret-
rospective chart review study at the Department of Neu-
rology of the Alfried Krupp Hospital in the metropolitan
Rhine-Ruhr area in western Germany from 2010 to 2018.
The chart review was performed by an ICD-10 search for
ICD-10167.5. Included were all Caucasian patients meeting
all diagnostic criteria of the Research Committee of the Jap-
anese Ministry of Health and Welfare for Moyamoya disease
and Moyamoya syndrome (umbrella term: MMA) [6, 25]. In
addition, patients with unilateral arteriopathy were included
if detailed assessment (see below) indicated a unilateral vari-
ant of Moyamoya angiopathy. All diagnoses were based on
specialized assessments by the endauthor (MK) taking into
account medical history, clinical examination, MRI, conven-
tional angiography, serum and CSF laboratory studies and
exclusion of differential diagnoses [26]. Patients with non-
Caucasian ethnical background were excluded from study
participation. Demographic data, age at disease onset, age at
diagnosis, records cardiovascular risk factors and inflamma-
tory markers were analyzed. Discharge letters from outside
hospitals were reviewed for the previous diagnoses. Misdi-
agnoses were classified according to clinical, neuroradio-
logical and laboratory data into the categories “‘stroke-like”,
“unspecific” or “others”, as illustrated in Fig. 1.

The time between onset of first symptoms and cor-
rect diagnosis was assessed by retrospective chart review.
Time intervals until establishment of the correct diagnosis
were summarized in complete years (< 1 years, 1-2 years,
2-3 years, and so on). Statistical comparisons were made
using one-way analysis of variance for multiple comparisons
with Bonferroni post-hoc test. Statistical analysis and graphs
were completed with Prism 6 (Graph Pad, La Holla, CA).

All relevant data are provided in this manuscript.
The study was approved by the ethics committee of the
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University of Duisburg-Essen (registration number 13-5496-
BO). Due to retrospective character of the study, and in line
with the approval, no patient’s consent was necessary. There
is no study registration number.

Results
Demographic data

During 2010 to 2018, 192 patients were diagnosed with
MMA (ICD-10 167.5) in our referral center for rare stroke
entities and met the above-mentioned inclusion/exclusion
criteria. Of these, 144 (75%) were female and 48 (25%) were
male. The patients were diagnosed with bilateral Moyamoya
disease (n=140, 72.9%), unilateral variant of Moyamoya
disease (n=47, 24.5%), bilateral Moyamoya syndrome
(n=3, 1.6%), and unilateral variant of Moyamoya syndrome
(n=2, 1%). The mean age of symptom onset was 32.7 years
(range 1-64; the age of disease onset was unknown in 2
patients). Mean age at diagnosis was 35.1 years (range 3-67;
unknown in 3 patients). Furthermore, 25 (13%) patients were
children (age < 18) at disease onset. Of these, 19 (76%)
received at least one misdiagnosis. An overview of the
demographic data is provided in Table 1.

Delay of diagnosis

Since this study was performed retrospectively, it was
only possible to determine the latency between symptom
onset and correct diagnosis based on age at first symptoms
and age at correct diagnosis in 187 patients: The diagno-
sis was delayed 1 year or longer in 106 patients (56.7% of
187 patients). The time between onset and diagnosis was
1 year in 24 patients (22.6%), 2 years in 23 patients (21.7%),
3 years in 10 patients (9.4%), and >3 years in 49 patients
(46.2%) (mean 5.28, median 3, standard deviation 5.11,
range 4-26 years). Delay of correct diagnosis did not differ
between stroke-like, vasculitis, MS, or unspecific misdiag-
noses (one-way ANOVA, multiple comparisons, Bonferroni
correction; Fig. 2).

Misdiagnoses

119 patients (62.0%) received at least one misdiagnosis
before the correct diagnosis was made (total of 126 misdi-
agnoses; missing data in 1 patient): 45 patients were mis-
diagnosed with an inflammatory, 36 patients with a stroke-
like, and 45 patients with another disorder. An unspecific
misdiagnosis was made in 28 cases (62.2% of patients
misdiagnosed with another disorder, compare Fig. 1). An
instant correct diagnosis was made in 73 patients (38%). An
overview of the recruitment is provided in Fig. 1 and of the
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patients recruited at the
Department of Neurology,
Alfried Krupp Hospital Essen
(n=192)
- Moyamoya angiopathy (n=187)
- bilateral (n=140)
- unilateral (n=47)
- Moyamoya syndrome (n=5)
- bilateral (n=3)
- unilateral (n=2)

instant correct diagnosis
(n=73)

misdiagnosis*

(n=126 in n=119 patients)

\4

inflammatory (n=45
- vasculitis (n=34)
- multiple sclerosis (n=7)
- neuroborreliosis (n=2)
- chronic inflammatory (n=1)
- meningitis (n=1)

A 4

brain biopsy
(n=3)

stroke-like (n=36)
ischemic (n=22)
hemorrhagic (n=2)
dissection (n=2)
TIA (n=7)
amaurosis (n=1)
arteriosclerosis (n=2)

Vv

stent implantation
(n=2)

* several patients received more than one misdiagnosis

other (n=45)
migraine / headache (n=3)
epilepsy (n=5)
arteriovenous malformation (n=2)
movement disorder (n=2)
psychosomatic (n=2)
vertigo (n=1)
back pain (n=1)
unspecific (n=28)
unknown (n=1)

Fig. 1 Recruitment. Flowchart of the subject recruitment at the Department of Neurology, Alfried Krupp Hospital Essen. T/A transient ischemic

attack

Table 1 Overview of the demographic data of our Moyamoya angi-

opathy patient cohort

Delay of diagnosis

One-way ANOVA, multiple comparisons,Bonferroni correction

o

I:II:| A vv

Jv
dfoo LAY
& - W

Total (n=192) Correct diagnosis Misdi-

(n=173) agnosis

(n=119) 30

Male 17 23%) 31 (26%)
Female 56 (77%) 88 (74%) 7 20
Unilateral 20 27%) 28 (24%) s
Bilateral 53 (73%) 91 (76%) 2 oA
Age of onset 33.5 years 31.9 years §
Age of diagnosis 33.5 years 36.6 years 0
patients’ characteristics in Table 2. CSF oligoclonal bands -10

were negative in all patients but one, who was misdiagnosed

with MS.

Misdiagnosis of MMA had an effect on diagnostic
work-up and therapy. Among the patients misdiagnosed

L]
Stroke-like

L]
Vasculitis MS
n.s.,.SEM

L]
Unspecific

Fig.2 Variance analysis of the delay of diagnosis. MS multiple scle-
rosis, n.s. not significant, SEM standard error of the mean
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Table2 Overview of patients’ characteristics

Misdiagnosis Mean age at Delay of diagnosis CVREF positive Inflammatory markers positive

correct diag-

nosis

in years in years aHTN Smoking Adiposity  OCB ANA ANCA
Total (n=119, m.d. 1) 36.62 4.64 59 (50.9%) 49 (43.4%) 30(26.1%) 4@.5%) 9(109%) 1(1.2%)

m.d. 1 md. 2 m.d. 2 m.d. 5 m.d. 3 m.d. 29 m.d. 36 m.d. 36
Stroke-like (n=36) 38.31 3.94 24 (68.6%) 18 (51.4%) 13 (37.1%) O 142%) 0

m.d. 1 m.d. 1 m.d. 1 m.d. 1 m.d. 1 m.d. 11 m.d. 12 m.d. 12
Vasculitis (n=34) 36.97 3.59 16 (47.1%) 12(36.4%) 12(36.4%) 2(5.9%) 4(11.8%) 1(2.9%)

md. 0 m.d. 0 m.d. 0 m.d. 1 m.d. 1 m.d. 0 m.d. 0 m.d. 0
Multiple sclerosis (n="7) 33.71 6.57 4 (57.1%) 3 (50%) 2 (28.6%) 1(143%) 0O 0

m.d. 0 m.d. 0 m.d. 0 m.d. 1 m.d. 0 m.d. 0 m.d. 0 m.d. 0
Inflammatory, other (n=4) 36 6.75 3(75%) 2 (50%) 3 (75%) 0 0 0

m.d. 0 m.d. 0 m.d. 0 m.d. 0 m.d. 0 m.d. 1 m.d. 2 m.d. 2
Unspecific (n=28) 34.29 5.36 12 (44.4%) 13 (48.1%) 3 (10.7%) 2 (10%) 4(16.7%) 0

m.d. 0 m.d. 0 m.d. 1 m.d. 1 m.d. 0 m.d. 8 m.d. 4 m.d. 8
Epilepsy (n=5) 36.8 7.8 1 (20%) 1 (20%) 2 (40%) 0 0 0

m.d. 0 m.d. 0 m.d. 0 m.d. 0 m.d. 0 m.d. 2 m.d. 4 m.d. 4
Headache (n=3) 30.67 10 2 (66.7%) 1333%) O 0 0 0

m.d. 0 m.d. 1 m.d. 0 m.d. 0 m.d. 0 m.d. 1 m.d. 2 m.d. 2
Other (n=9) 40.88 6.5 4 (44.4%) 1(125%) 0 0 0 0

m.d. 1 m.d. 1 m.d. 0 m.d. 1 m.d. 1 m.d. 4 m.d. 4 m.d. 4
Correct diagnosis (n=73) 33.54 n/a 36 (49.3%) 24 (34.3%) 22(30.6%) 2@3.7%) 6(11.1%) 0

m.d. 1 m.d. 0 m.d. 3 m.d. 1 m.d. 19 m.d. 19 m.d. 19

CVRF cardiovascular risk factors, aHTN arterial hypertension, OCB oligoclonal bands, ANA antinuclear antibodies, ANCA anti-neutrophil cyto-

plasmic antibodies, n/a not applicable, m.d. missing data

for vasculitis, three underwent brain biopsy in the diag-
nostic process, six received steroids and two received
cyclophosphamide.

Discussion

The major new findings of our study are the very high rate
of misdiagnoses and the long delay of correct diagnoses in
MMA. This is the first systematic report which shows that
patients with MMA are at high risk to be falsely diagnosed
and treated.

Inflammatory disorders were the most common misdiag-
noses in our MMA cohort. It is interesting that MMA was
misdiagnosed not only as frequent diagnoses like MS, but
also as other rare diagnoses like CNS vasculitis. It is note-
worthy that misinterpreting the ischemic MMA lesions as
indicative of MS [27] or the stenoses as vasculitis may be
harmful for patients regarding the diagnostic (brain biopsy)
or therapeutic (steroid/cyclophosphamide treatment in vas-
culitis) approach [12, 21, 28]. Treatment because of a misdi-
agnosis as vasculitis not only bears the risks of steroid side
effects like Cushing syndrome or diabetes but also the risk
for precipitating disabling strokes or hemorrhages result-
ing from MMA pathology (see Fig. 3) [12]. In our cohort,
patients misdiagnosed as MS were treated with harmless

@ Springer

but expensive injectable therapies (glatiramer acetate and
interferon beta) for years. However, nowadays, misdiag-
nosis as MS could be more dangerous, since the therapeu-
tic approach in MS considered nonresponsive to platform
drugs includes aggressive treatments with potentially serious
adverse effects [29-31]. In our cohort, CSF markers such as
oligoclonal bands were normal in all but one patient misdi-
agnosed as MS. Since the 2017 revision of the McDonald
diagnostic criteria for MS, oligoclonal bands now have a
more important role than before [32]. Therefore, the absence
of oligoclonal bands should be considered a red flag con-
cerning the diagnosis of MS and should lead to diagnostic
re-consideration. Moreover, Kelly et al. showed that atypical
symptoms as headaches—which are often in MMA [23]—as
well as atypical MRI features are red flags for non-demyeli-
nating diseases [33] (Fig. 4).

Distribution of lesions on brain imaging contributes to
differential diagnosis between MMA and CNS inflamma-
tory disorders [33]. None of the seven patients misdiag-
nosed as MS in our series had lesions in the corpus callo-
sum. In contrast to MS, MMA does not cause infratentorial
and spinal cord lesions, because almost exclusively, the
territories of the anterior and middle cerebral arteries are
affected. In addition, gadolinium-enhancing T1 lesions
are very infrequent in MMA. Ultimately, assessment of
young patients with recurrent neurological symptoms
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Fig.3 MRI of a 30 year-old female patient in 2008 a, b misdiagnosed as MS despite negative oligoclonal banding in CSF and treated with beta

interferons for years. ¢ The MRI after recurrent strokes in 2014

Fig.4 MRI of a female patient begin of 20 misdiagnosed as MS in
2012 a, b despite negative oligoclonal banding in CSF and treated
with copaxone for years. ¢ Diffusion weighted images and d MR
angiography when diagnosed as Moyamoya angiopathy in 2017

should include the vascular status and consider MMA in
the differential diagnosis. The high rate of misdiagnosis
of 34 patients with non-inflammatory MMA as PCNSV
suggests that health care professionals are more aware of
this very rare vasculitic entity than of non-inflammatory
MMA. Awareness for MMA is crucial, and appropriate

diagnostic steps [28] including conventional angiography
should be taken. With regard to misdiagnoses of stroke-
like episodes, the lack of extracranial arteriosclerosis,
traditional cardiovascular risk factors, and a younger age
should prompt diagnostic re-consideration. In conclusion,
diagnosis of frequent neurological diseases like multiple
sclerosis should be built not only on positive diagnostic
criteria but also on exclusion of differential diagnosis [34],
most often by judging if symptoms [33], medical history
and examination as well as CSF and MRI are typical [33,
35], and not by broad differential diagnostic laboratory
approaches [36].

Our study has strengths and limitations. This is the first
study systematically addressing this theme. The strength
points of our study are that it builds on a large consecu-
tive cohort of MMA patients at a single center with well-
established diagnostic pathway for MMA and other rare
cerebrovascular disorders. The main limitation is that data
were extracted retrospectively from case files.

Conclusion

In conclusion, our study is the first to systematically
address the high frequency of misdiagnosis and delayed
diagnosis in a large cohort of European Caucasian patients
with MMA.
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1 | INTRODUCTION

In intravenous immunoglobulin (IVIg) treatment, headache and
vital sign changes, especially arterial hypo- and hypertension as
well as increased body temperature and fever, are common and
transient side effects.! The general safety profile of IVIg therapy is

Objectives: To identify possible risk factors influencing the incidence of intravenous
immunoglobulin (IVIg) treatment-related cephalalgia in neurological diseases.
Materials & Methods: Retrospective chart review of neurological patients receiving
IVIg treatment between July 13, 2017, and August 14, 2017. Patients with MS receiv-
ing natalizumab in the same setting were observed as a reference group.

Results: Patients with headache after IVIg infusion (n = 22 infusions) showed a re-
duced heart rate (by 6.0 = 8.5 beats per minute [bpm]), but no significant difference
in blood pressure. Patients without headache after IVIg infusion (n = 69 infusions)
showed a higher systolic blood pressure increase and a stronger reduction in the
heart rate (by 5.7 £ 8.6 bpm), compared to patients with headache after IVIg infu-
sion. The infusion rate was significantly slower and age significantly lower in patients
developing headache after IVIg infusion. Body temperature was unchanged in both
groups. Binary logistic regression analysis revealed that blood pressure at baseline
and age significantly influence the occurrence of cephalalgia. In reference, patients
receiving natalizumab (ie, shorter infusions/smaller infusion volume), systolic blood
pressure, and heart rate decreased, while body temperature increased. Here, one
patient developed headache.

Conclusions: Intravenous immunoglobulin-associated headache is not associated
with an increased blood pressure after infusion but with a reduced heart rate, a
slower infusion rate, female sex and seems to be influenced by baseline systolic blood
pressure and age. A reaction to immunoglobulin aggregates, stabilizers, or vasoac-
tive mediators are possible explanations. The absence of an association with body

temperature does not suggest a systemic immune response as a cause for headache.

KEYWORDS
adverse effects, headache, intravenous immunoglobulin treatment

well established,? and headache management has been reviewed.?
However, the possible underlying mechanisms and patterns of these
side effects are not fully clarified yet. In a previous, uncontrolled
trial with healthy male volunteers, higher IVIg infusion rates were
associated with side effects in general.4 In this study, we investi-
gated the occurrence of headache related to IVIg therapy and the

290 | ©2019 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd
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possible relationship with sex, age, infusion modalities, and changes
of vital sign patterns during IVIg infusion. We hypothesize that ceph-
alalgia after IVIg is related to vital sign changes. The rational of this
study was to find possible risk factors influencing the occurrence of
IVIg-associated headache in order to increase the quality of life and
safety of the patients. Surprisingly, our data suggest that patients
presenting with IVig-related headache were characterized by a de-
creased blood pressure and a slower infusion rate.

2 | PATIENTS AND METHODS

We conducted a single-center retrospective chart review study at
the Department of Neurology, Heinrich Heine University hospital in
Disseldorf, Germany. The study was approved by the ethics com-
mittee in Dusseldorf (registry number 6183R). The ethics committee
waived the need for consent from the patients due to the retrospec-
tive nature of the study. We analyzed infusion protocols of all pa-
tients who received IVIg between July 13 and August 14 in 2017.
In the aforementioned period, 91 IVIg infusions were administered
to 67 patients. 20 of the patients were female (29.9%) and 47 were
male (70.1%). Indications for IVIg treatment were chronic inflamma-
tory demyelinating polyneuropathy (CIDP; total 54 patients, 80.6%),
multifocal motor neuropathy (MMN; total four patients, 5.97%),
myasthenia gravis (MG; total five patients, 7.46%), progressive en-
cephalomyelitis with rigidity and myoclonus (PERM; total one pa-
tient, 1.49%), inclusion body myositis (IBM; total one patient, 1.49%),
small fiber polyneuropathy (sfPNP; total one patient, 1.49%), and
IgLONS5-positive encephalitis (IgLON5 + E; total one patient, 1.49%).
As a local reference cohort, we analyzed 65 infusion protocols of 65
patients with MS who received natalizumab in the same period of
time under the same clinical settings. In contrast to IVIg infusions,
natalizumab was applied in a standardized manner to all patients, in
a fixed dose (300 mg), a fixed volume (115 mL), and fixed duration
of infusion (1 hour). Please note that this natalizumab group may not
serve as a direct control for the IVIg group, given the differences
with regard to the duration and applied volume of the infusion thera-
pies. Treatment-associated headache has been diagnosed according
to the third edition of the International Classification of Headache
Disorders (ICHD-3; Secondary Headaches: Headache attributed to
the use of or exposure to other substance).” Blood pressure, heart
rate, and body temperature were measured before and after the
infusion and are given as mean = SD unless otherwise specified.
Blood pressure was measured according to the current guidelines.®
Furthermore, the individual cardiovascular risk profiles, including the
risk factors hypertension, diabetes mellitus, sleep apnea, atrial fibril-
lation, and coronary heart disease, have been analyzed. In the overall
analyses, we focused on headache as an independent variable and
investigated clinical/vital sign patterns. A detailed overview of the
individual patient and treatment characteristics is provided in the
Tables S1 and S2. Statistical analyses as indicated were performed
using Prism 6.0 (GraphPad); when variables were normally distrib-
uted (Kolmogorov-Smirnov test), parametric tests were performed

and P values <0.05 were considered significant. For the stepwise
forward binary logistic regression analysis, SPSS 20 (IBM) was used.

3 | RESULTS

3.1 | IVIg cohort—analysis per infusion

An overview of the IVIg cohort is provided in Table 1.

The mean age of all 67 patients was 64.6, of all 15 headache
patients 59.0 years, and of all 57 patients without headache
65.4 years. As 91 infusions were administered to 67 patients, sev-
eral patients (n = 19) received more than one infusion. Of note,
it occurred that patients did not complain about headache after
every infusion. The occurrence of headache was documented after
22 infusions (24.2%) in 15 (7 female, 8 male) individual patients
(22.4%). The age of patients complaining about headache after in-
fusion was significantly lower (P = 0.031, Figure S1D). Headache
after IVIg infusion was less common in male patients, albeit not
statistically significant (chi-square test, one-tailed, P = 0.085, odds
ratio 0.45). While the systolic blood pressure of patients without
infusion-related headache increased significantly after the infu-
sion, blood pressure remained unchanged in the headache group
(Figure 1A). The systolic blood pressure after infusion did not dif-
fer between patients with or without headache after infusion (t
test, unpaired, P = 0.64).

TABLE 1 Overview of the intravenous immunoglobulin (IVIg)
patient cohort

Number of infusions 91 (total)
Number of patients 67

Female 20(29.9%)

Male 47 (70.1%)
Mean age (y) 66.3

- Patients w/ Headache (total 15) 59

- Patients w/o Headache (total 52) 67.9

Sex proportion

- Patients w/ Headache (total 15)

7 female/ 8 male

- Patients w/o Headache (total 52) 13 female/39 male
Mean IVIg dosage 0.88 g/kgBW (total)

- Infusions w/ Headache (total 22) 0.82 g/kgBW

- Infusions w/o Headache (total 69) 0.90 g/kgBW
Mean IVIg infusion rate 2.34 mL/kgBW/h (total)

- Infusions w/ Headache (total 22) 2.06 mL/kgBW/h

- Infusions w/o Headache (total 69) 2.43 mL/kgBW/h
Cardiovascular risk factors

- Patients w/ Headache (total 15) 9 out of 15 (60%)

- Patients w/o Headache (total 52)

33 out of 52 (63.5%)

Cardiovascular risk factors include hypertension, diabetes mellitus,
sleep apnea, atrial fibrillation, and coronary heart disease.

g/kgBW, gram per kilogram bodyweight; mL/kgBW/h, mL per kg body-
weight per hour; w/, with; w/o, without.
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FIGURE 1 Vitalsignsin patients with and without headache
after treatment with intravenous immunoglobulin (IVIg)—analysis
per infusion. A, systolic blood pressure before and after infusion;
B, heart rate before and after infusion; min., minute. *P < 0.05,
**P <0.01, ***P < 0.001, ****P < 0.0001

None of the patients who received IVIg had a history of chronic
migraine, frequent episodic or chronic tension-type headache, tri-
geminal autonomic cephalalgias, or other primary headache disor-
ders according to ICHD-3.%> Moreover, the occurrence of headache
was not linked to pre-existing cardiovascular diseases: Nine out of
15 (60%) headache patients had cardiovascular risk factors such as
hypertension, diabetes mellitus, sleep apnea, atrial fibrillation, and/
or coronary heart disease, while 35 out of 57 (61.4%) patients with-
out infusion-related headache showed a similar constellation. All
patients with a history of hypertension were stable regarding their
blood pressure on their current medication for at least one year.
Overall, the systolic blood pressure before infusion (baseline) was
significantly lower in the group without headache after infusion (ie,
reduced by 6.29 + 14.25 mm Hg [mean * SDJ; Figure S2A, t test,
unpaired, P = 0.01). Also, when analyzing the subgroup of patients
with hypertension, the systolic blood pressure before infusion was
significantly lower in the group without headache after infusion
(Figure S2B, t test, unpaired, P = 0.007). Patients with a history of
hypertension showed a trend for higher initial systolic blood pres-
sure (Figure S2C, t test, unpaired, P = 0.051). Finally, systolic blood
pressure was significantly lower at baseline in patients without any
of the abovementioned cardiovascular risk factors (Figure S2D, t
test, unpaired, P = 0.043). The infusion duration (Figure S1A) and

dosage (Figure S1C) did not differ significantly, but the infusion rate
(Figure S1B) was set significantly slower in patients with headache
after IVIg infusion.

Several patients received more than one infusion in the afore-
mentioned period. Interestingly, these patients did not complain
about headache after every single infusion episode. The occurrence
of headache was not associated with a higher IVIg dosage. Of note,
patients who received an allergy prophylaxis (prednisolone, ranit-
idine, clemastine, and/or paracetamol) before 1VIg infusion (n = 16
infusions) did not develop headache. None of the patients were pre-
treated in order to prevent headache. Two patients received nitren-
dipine 20 mg before IVIg infusion due to systolic blood pressure over
180 mm Hg. Both did not develop headache. Another infusion needed
to be discontinued due to severe dizziness (not associated with head-
ache) which resolved spontaneously after 2 hours. In both groups
with/without headache, the heart rate was significantly slower after
the infusions, with the difference being more pronounced in patients
without headache (Figure 1B). We observed no significant difference
in body temperature and diastolic blood pressure between both
groups (graphs not shown).

All infusions ran more slowly than the maximum recommended
infusion rate of 4.8-8.4 mL/kg bodyweight per hour (mL/kgBW/h;
Table S1), and the infusion rate was set significantly slower in pa-
tients with headache after IVIg Infusion (mean 2.06 + 0.6 [SD] vs
2.43 + 0.77 mL/kgBW/h, Table 1). The mean infusion rate of all in-
fusions was 2.34 + 0.75 mL/kgBW/h. Of those infusions that ran
slower than the mean rate (n = 56, infusion rate range 0.72-2.33 mL/
kgBW/h), 28.6% (n = 16) infusions were associated with post-infu-
sion headache. For those infusions that ran at the same or a faster
rate than the mean (n = 34, infusion range 2.34-4.61 mL/kgBW/h),
17.7% (n = 6) infusions were associated with post-infusion headache
(chi-square test, one-tailed, P = 0.12, odds ratio 1.87). Of note, the
infusion rate was not set at a fixed rate with an infusion pump and
therefore retrospectively calculated with the documented body-
weight, infusion volume, and duration. Factors that may influence
the individual infusion rate were, for example, iv catheter size and
arm position during the infusion. In order to explore factors that may
influence the occurrence of post-1VIlg cephalalgia, a stepwise for-
ward binary logistic regression analysis including baseline systolic/
diastolic blood pressure, baseline heart rate, baseline body tempera-
ture, infusion duration, infusion rate, dosage, age, and sex has been
performed. Here, higher baseline systolic blood pressure (P = 0.017)
influences headache the most, followed by age (P = 0.029). The other
factors showed no significant influence.

3.2 | IVIg cohort—analysis per patient

As already mentioned above, 19 patients received more than one
infusion. Of these patients with multiple infusions, five patients are
included in both headache and non-headache group in the analy-
sis per infusion as they had both headache and no headache after
at least one infusion. Existing data suggest that a hangover effect
is present in patients with more than one infusion on consecutive
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days.” In order to avoid possible bias, we performed an analysis in-
cluding only one infusion per patient. The results of this analysis do

not differ from the analysis per infusion (Figure 2).

3.3 | Local natalizumab reference cohort

An overview of the natalizumab reference cohort is provided in
Table 2.

In the observational period, 65 natalizumab infusions were ad-
ministered to 65 patients under the same clinical settings. 43 of the
patients were female (66.2%) and 22 were male (33.8%). The occur-
rence of mild to moderate headache was documented after 1 infu-
sion (1.5%). No patient had a history of chronic headache disorders
or arterial hypertension. After infusion, the systolic blood pressure
and the heart rate were significantly decreased while the body tem-
perature was significantly raised (Figure 3A-C). There was no signifi-
cant difference in diastolic blood pressure (graph not shown).

4 | DISCUSSION

A better understanding of side effects may lead to improved qual-

ity of treatment and patient safety as well as therapy adherence.
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FIGURE 2 Vitalsigns in patients with and without headache
after treatment with intravenous immunoglobulin (IVIg)—analysis
per patient. A, systolic blood pressure before and after infusion;
B, heart rate before and after infusion; min., minute. *P < 0.05,
**P <0.01, ***P < 0.001, ****P < 0.0001

TABLE 2 Overview of the natalizumab patient reference cohort.
w/ = with, w/o = without

Number of infusions 65
Number of patients 65

Female 43 (66.2%)

Male 22 (33.8%)
Mean age (years) 40.5

- Patients w/ Headache (total 1) 34

- Patients w/o Headache (total 64) 40.6
Dosage (fixed per infusion) 300 mg
Volume (fixed per infusion) 120 mL

The overall incidence of headache in our IVIg cohort is similar to
previous reports.® IVIg side effects® and their management® have
already been described previously, but have not yet been put into
context with clinical factors. Although our study is limited by its ret-
rospective way of conduction and its rather heterogeneous, small
cohort with neither a fixed IVIg infusion rate nor dosage, relevant
new conclusions can be drawn as we focused on the occurrence of
acute headache post-1VIg infusion. Analyzing the relation of head-
ache with vital sign patterns, a paradox picture evolves: Patients
without headache after administration of 1VIg showed an increased
blood pressure after 1VIg infusion, whereas the blood pressure of
patients with headache after infusion was unchanged. However,
baseline blood pressure was significantly higher in the headache
group than in the no headache group. Interestingly, the infusion rate
was significantly slower in patients with headache after IVIg infu-
sion. This constellation may suggest that starting an IVIg infusion
at a fixed slower rate may not prevent headache, but, as described
previously,s'9 that reducing the infusion rate after the occurrence
of headache may improve headache symptoms. Alternatively, as
described and discussed in a previous retrospective study, the un-
expected lower infusion rate in patients developing headache after
infusion might be due to the retrospective manner of the infusion
rate calculation.? Of note, our retrospective study design cannot be
used to draw conclusions regarding the cause effect relationship of
the IVIg infusion rate. Also, the overrepresentation of patients with-
out headache may be factor influencing the vital sign differences. In
order to rule out and explore a possible effect, a prospective, rand-
omized, controlled, double-blind study with fixed infusion rates as
independent variables and a fixed IVIg dosage would be necessary.
Of note, the daily dosage did not differ between patients with and
without headache after IVIg (Figure S1C). Surprisingly, patients with-
out headache after IVIg tend to have a lower systolic blood pres-
sure before infusion, when compared to the group with headache.
In both groups, the heart rate decreased, but stronger in patients
without headache. We cannot rule out that these vital sign patterns
are solely due to the different infusion rate. Male patients as well as
older patients seem to be at a lower risk of developing headache.
IVIg dosage and infusion duration were not clearly associated with
post-infusion headache. Of note, regarding the regression analysis,
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FIGURE 3 Vital signs in multiple sclerosis patients treated
with natalizumab (Nat) under the same clinical settings as the
IVIg-treated patients. A, systolic blood pressure before and
after infusion; B, heart rate before and after infusion; C, body
temperature before and after infusion; min., minute. *P < 0.05,
**P <0.01, ***P < 0.001, ****P < 0.0001

baseline systolic blood pressure and age both influence post-1Vig
cephalalgia. Therefore, our hypothesis cannot be refuted. Of note, in
the local reference cohort, consisting of younger and predominantly
female patients receiving natalizumab infusions with a shorter treat-
ment duration and smaller infusion volume, heart rate diminishes as
well, but the systolic blood pressure is lower, the body temperature

is higher and headache after infusion was virtually absent.

Headache after administration of IVIg seems to be an infusion
rate-related specific side effect, since one would expect that patients
with a higher blood pressure and body temperature due to a system-
atic (immune) response tend to develop headache. Additionally, hor-
monal factors may also play a role in developing headache after IVIg
infusion, as headache seems to occur less frequently in male patients.

Existing data suggest that hydration is a key factor in developing
headache after IVIg infusion.'®*! Since patients with headache after
infusion tend to have a higher systolic blood pressure than patients
without headache before infusion, dehydration as a major factor
is rather unlikely. Our findings are in line with the current recom-
mendations: Evidence for rehydrating before administration of IVIg
is rather low (evidence level 1V, recommendation D) compared with
switching to application of subcutaneous immunoglobulin (SClg; ev-
idence level |, recommendation A), premedication with paracetamol
or nonsteroidal anti-inflammatory drugs (NSAIDs; evidence level Il,
recommendation B) or lowering the infusion rate (evidence level Ill,

recommendation C).?

The positive effect of SClg on the severity of
headache compared with IVIg has already been analyzed.” Of note,
patients who received an allergy prophylaxis before IVIg in our co-
hort did not develop cephalalgia.

Regarding the mechanisms responsible for infusion-related head-
ache, potential explanations encompass aggregated immunoglobulin
molecules (which may cause complement activation), antigen-anti-
body reactions, possible vasoactive mediators, or stabilizers that may
have been used during the manufacturing process.*® Since no signifi-
cant increase in body temperature and blood pressure occurred in the
IVIg group with headache, we found no direct evidence for animmune
response such as complement activation or antigen-antibody reac-
tions to be a cause of headache. On the other hand, since we observed
that patients with allergy prevention did not develop headache an
immune system involvement can also not be ruled out. An increased
plasma viscosity as a trigger for hypertension is also unlikely.**

In summary, our data suggest that post-infusion headache as
a specific side effect of IVIg is associated with a slower infusion
rate, a decrease in blood pressure and female sex and seems to
be influenced by baseline systolic blood pressure and patient age.
Dehydration and/or a systemic immune response as a cause are
rather unlikely. We conclude that risk factors related to 1VIg-asso-
ciated headache exist and are clinically relevant. Important findings
of our study are negative findings like the lack of association be-
tween headache and increased blood pressure or body temperature.
Further studies are warranted to confirm these links in order to bet-
ter prevent IVIg-mediated headache.
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Abstract

Background Despite the consensus on the efficacy of revascularizing surgery in moyamoya angiopathy (MA) in Asia, the
indication in Caucasian moyamoya patients is controversially discussed.

Objective The efficacy of revascularizing surgery in adult European patients with MA should be clarified.

Methods This study retrospectively analyzed the rate of further strokes and hemorrhages as well as MRI and Duplex ultra-
sound features during long-term follow up after STA-MCA bypass.

Results Eighty-one STA-MCA bypass procedures in 54 patients with MA operated in one single German institution were
analyzed. All 54 patients (100%) were Caucasians. After two diffusion restricted spots in MRI perioperatively (2.5%) and
short-lasting symptoms directly after surgery, no patient experienced further new symptoms related to stroke or hemorrhages
nor no new gliotic scars or microbleeds on MRI for 38.2 months. Duplex ultrasound 3 months after surgery documented
bypass patency in 100% and sonographic sign for good relevance of the bypass in 96.2%. In addition, the diameter of the
donor vessel had increased in 89.9% as an indicator for the relevance of the bypass. Semi-quantitative analysis of perfu-
sion changes in the operated hemispheres demonstrated an increase in perfusion in the MCA territory in 56 of 74 (75.7%)
hemispheres 36.7 months after surgery. In MRA images, a reduction of typical moyamoya collaterals was found in 65 of 79
hemispheres (82.3%) after a mean of 37.2 months.

Conclusion Direct STA-MCA bypass is an effective therapy in Caucasian patients with hemodynamically compromised MA.

Keywords Moyamoya angiopathy - Bypass surgery - Europeans - Efficacy - Stroke

Introduction

Moyamoya angiopathy (MA) is a rare and chronic occlu-
sive bilateral cerebrovascular disease of the terminal internal
carotid artery (ICA) and its proximal branches, especially
the anterior cerebral artery (ACA) and the middle cerebral

>< Markus Kraemer artery (MCA). As a result of these stenoses, brain tissue in
markus kraemer @krupp-krankenhaus.de the ACA and MCA territories is deprived of adequate perfu-
sion, triggering the formation of the large networks of collat-

1" Department of Neurology, Alfried Krupp von Bohlen und &8 & . & .
Halbach Hospital, Alfried-Krupp-Strasse 21, 45117 Essen, eral vessels that led to the naming of the disease (moyamoya
Germany means cloud or fog in Japanese). The most common clinical
2 Department of Neurosurgery, Graduate School of Biomedical mamfesttati'on of MA is cerebral ischemia, typicglly affecting
and Health Sciences, Hiroshima University, Hiroshima, Japan the territories of the MCA and ACA as well as intracerebral
3 Department of Neurology, Medical Faculty, Heinrich Heine a_nd subarz.lchnmda'l hemorrha.ges' Other symptoms, Su.Ch as
University, Moorenstrasse 5, 40225 Diisseldorf, Germany limb-shaking transient ischemic attack (TTA), syncope, intel-
4 Department of Neurosurgery, Alfried Krupp Hospital, lectual decline, epilepsy, and .psychopathologlcal changes,
Alfried-Krupp-Strasse 21, 45130 Essen, Germany may be observed. Movement disorders and headache are also
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not rare [1-3]. Non-surgical management aims at prevent-
ing complications of the disease using medical therapies.
These include antiplatelet therapy to minimize the risk of
embolic ischemic events [4, 5]. Furthermore, it is advisable
to ensure good blood pressure control, even though only few
studies have addressed this point [6]. Surgical management
strategies play a key role in MA patients with hemodynamic
perfusion deficits [7]. Since MA cannot be cured, bypass
surgery is performed to reduce ischemia and hemorrhagic
events. The aim of direct and indirect revascularization pro-
cedures is to restore adequate cerebral perfusion by creat-
ing anastomoses between extracranial and intracranial blood
vessels. The principle of direct bypass surgery is to create an
anastomosis between the superficial temporal artery and an
intracranial artery, in most cases the middle cerebral artery.
Ideally, this results in the rapid restoration of cerebral blood
flow. Direct bypass surgery aims at diminishing the inci-
dence of hemodynamic stroke and it is hoped that the risk
of cerebral hemorrhage can also be reduced by relieving
the load on the fragile collateral vessels [8—10]. In Asian
patients, the benefits and potential complications of MA
bypass surgery have been studied extensively [9, 11-17].
However, it is known since 1985 that extracranial—intrac-
ranial revascularizing surgery is ineffective in non-MA
patients with arteriosclerotic diseases [18-20]. In line with
this, European neurologists are still often reluctant to indi-
cate bypass surgery also in adult MA, presumably due to
assumption of missing benefit in Caucasian adult patients.

Objective

Outside of Asia, the literature about the efficacy of revas-
cularisation surgery especially in European Caucasians is
sparse and clinically relevant questions are still unsolved.

Therefore, it is important to analyze the efficacy based on
neurological examination, MRI and Duplex sonography in
adult European patients with MA.

Patients and methods

To evaluate the benefits of bypass surgery in European Cau-
casian patients with MA, data from patients who met all diag-
nostic criteria of the Research Committee of the Japanese
Ministry of Health and Welfare [7] for MA and underwent
bypass surgery at the Alfried Krupp Hospital, Essen, between
2008 and 2016 were analyzed. All patients were of Caucasian
ethnicity living in Germany. Those patients with Asian and
non-Caucasian family background were excluded from par-
ticipation in this study. All patients were interpreted as having
idiopathic moyamoya disease and all were adults due to refer-
ring bias to our adult moyamoya center. To better quantify
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the success of bypass surgery, the data of these patients were
divided up by hemispheres. The study was retrospective and
the decisions for all procedures and therapy were based on
clinical reasoning and are not influenced by the study. Indica-
tion of surgery based on medical history, clinical examination
and MRI and perfusion studies as well as MR and conven-
tional angiography. The study was approved by the local ethics
committee and informed written consent was obtained from
all patients.

Retrospective analysis
Clinical follow-up after 3 months

Based on outpatient clinic reports and hospital discharge let-
ters, postoperative complications were evaluated in all patients
separated in different hemispheres both at the time of discharge
from acute care, i.e., directly after surgery, and at month 3 of
the follow-up.

Long-time clinical follow-up

The state of health including the neurological examination was
assessed at the last clinical follow-up based on outpatient clinic
reports. These ratings were based on the detailed neurological
history and physical full body, neurological and psychiatric
examination done by a single specialized neurologist (MK).
Complaints not directly related to ischemic or hemorrhagic
manifestations of MA-like headaches, visual aura in migraine
or carpal tunnel syndrome were not included.

Assessment of bypass patency comparing
preoperative Duplex sonography with Duplex
sonography 4 days and 3 months, postoperatively

Color duplex sonography was used to postoperatively
analyze whether the pulsatility of the superficial temporal
artery, by nature an extracranial artery, transformed to an
intracranial signal pattern [21]. Color duplex sonography
was performed at day 4 after surgery and at 3 months after
surgery. In addition, by applying pressure to the STA while
simultaneously scanning the MCA by Doppler sonography,
it was determined whether a compression effect was present
(Fig. 1). This in turn was interpreted as an indicator for the
hemodynamic contribution of the bypass. This maneuver
was performed 3 months after surgery.

Measurement of new gliosis comparing
preoperative MRI with MRI after 3, 6, and 12 months
and at long-term follow-up postoperatively

For each operated hemisphere, the pre- and postoperative
MRI findings obtained at day 6 postoperatively as well as
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Fig. 1 a Intracranial signal pattern of extracranial superficial temporal artery as sign of bypass patency. b The compression maneuver of the
superficial temporal artery with erasure of flow in middle cerebral artery as sign of bypass relevance

at months 3, 6 and 12 postoperatively and at the last follow-
up visit were analyzed for signs of new or interim manifest
cerebral ischemia or hemorrhage. For each patient, MRI
included at least axial T1-weighted images, axial gradient
echo T2*-weighted images, axial Fluid Attenuated Inversion
Recovery (FLAIR) images, and axial T2-weighted fast spin-
echo images as well as diffusion-weighted images.

Assessment of the hemodynamic situation
comparing preoperative MR perfusion imaging
with MR perfusion at long-term follow-up

In contrast-enhanced brain MRIs, perfusion-weighted
images, e.g., the mean transit time (MTT), were specifically
assessed. MTT corresponds to the average time, in seconds,
that an erythrocyte spends within a determinate volume
of the capillary circulation. Thus, an increase in cerebral
blood flow in the presence of an unchanged blood volume
indicates a shorter MTT and consequently improved perfu-
sion. Here, the vascular territories of MCA, basal ganglia
and cerebellum—preoperatively and of the MRI of the last
visit in long-term follow-up—were of special interest. In all
patients, the individual patient’s MTT value in the cerebel-
lar region was used as the perfusion reference value, as this
region is not affected by MA (Fig. 2). In addition, uniform-
ity of measurements was ensured for all regions of interest.
For the cerebellum, it was 100 mm?, for the basal ganglia
311 mm? and for the MCA territory 1208 mm?. Perfusion
changes in the MCA territory of the left hemisphere were
calculated as follows:

MCA preoperative/cerebellum preoperative = X,

MCA postoperative/cerebellum postoperative = Y.

Subsequently, the preoperative-to-postoperative change
rate was calculated using the following formula:

(Y-X)/X x 100.

This formula was adapted on the study of Saito and col-
leagues [22] to enable comparison of MR perfusion preop-
eratively and at last follow-up visit postoperatively.

The result is a number without a unit, as the formula con-
tains ratios and their percentage values. Negative numbers
indicate an increase in perfusion during the postoperative
follow-up, while positive numbers indicate a postoperative
decrease in perfusion compared with the preoperative situa-
tion. The preoperative MR perfusion imaging per hemisphere
was compared with those images at the last clinical follow-up.

Measurement of collaterals comparing preoperative
MR angiography (MRA) with MRA at long-term
follow-up

MR angiography was used to visualize the collateral vessels
typically seen in MA within the basal ganglia. Using a two-
rater technique, these were counted within a defined area
of the affected hemisphere. Subsequently, the means were
calculated. Preoperative MRA images of each hemisphere
were compared with the postoperative images obtained at
the last follow-up (Fig. 3). Reduction of collaterals could be
interpreted as a sign for relevant hemodynamic contribution
of the bypass and reduction of bleeding risk.

Analysis of superficial temporal artery comparing
preoperative MRA with MRA at long-term follow-up

An increase in the size of the superficial temporal artery

(STA), as demonstrated in preoperative versus postop-
erative comparison at last follow-up using MRA was
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Fig.2 The method of standardized assessing of the improvement of the MR perfusion images in the cerebellum as normal area, in the basal gan-
glia and in the MCA territory

Fig.3 White spots in MRA indicating moyamoya collaterals before (left) and after (right) surgery
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Fig.4 Comparison in the diameter of the STA in the MRA before (left) and after (right) surgery

interpreted as another sign of successful STA-MCA
bypass surgery (Fig. 4).

Prospective survey

Furthermore, a subjective self-rating questionnaire on
patient satisfaction was handed out or mailed to patients.
In addition, the option of conducting telephone interviews
with patients was available. The aim of the prospective
questionnaire was to systematically collect data on the sat-
isfaction preferably in an anonymous manner without bias
due to direct interview by treating physician.

Results
Demographic data

Eighty-one surgical procedures were performed using the
STA as donor vessel and a distal branch of the MCA as
acceptor vessel in 54 patients. The participants were 15
males and 39 females. The mean age at the time of first
surgery was 39.1 years (mean, median 39.5 years, stand-
ard deviation 12.8). The great majority of patients had

bilateral MA (40 of 54, 74.1%), only 14 patients were suf-
fering from a unilateral variant.

Clinical follow-up after 3 months

After ten procedures (12.3%), patients complained new
symptoms within 3 months after surgery. All these symp-
toms were transient for seconds or minutes and completely
suspended after 3 months. In particular, after six proce-
dures (7.4%), patients suffered from short-lasting prickling
episodes diagnosed as focal sensory seizures. After two
procedures (2.5%), a focal motor seizure and after one
procedure (1.2%) a generalized seizure occurred in one
patient within 3 months after surgery. One patient (1.2%)
complained of short-lasting amnestic aphasia.

Long-time clinical follow-up

All 54 patients with 81 hemispheres who were followed up
in our MA outpatient clinic were completely free of new or
interim symptoms qualified as hints for new TIA or stroke
in a long-term of follow-up of 38.2 months postoperatively
(median 32.22, standard deviation 26.51).
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Measurement of bypass patency comparing
preoperative Duplex sonography with Duplex
sonography 4 days and 3 months postoperatively

All 81 hemispheres were examined by Duplex sonography
at day 4, as well as 3 months after surgery. All exami-
nations revealed a sufficient bypass with an intracranial
signal pattern of STA (100%) at day 4 as well 3 months
after surgery. In 79 evaluable hemispheres a compression
maneuver was done 3 months after surgery. In 38 of 79
hemispheres (48.1%), Doppler sonography revealed no
flow of the MCA during the short compression maneu-
ver of the extracranial STA. In 38 hemispheres (48.1%), a
reduction of the flow of the MCA (but not a zero flow like
in those other 38 ones) was found in Doppler sonography
during this compression maneuver. In three hemispheres
(3.8%), this compression effect was not found.

Measurement of new gliosis comparing
preoperative MRI with MRI after 6 days, 3, 6,
and 12 months and at long-term follow-up

In 2 of all 81 (2.5%) hemispheres, postoperative diffusion
abnormalities were identified in MRI at postoperative day
6. Both the lesions were, according to their morphology,
emboligenic and occurred during the cessation of anti-
platelet therapy. One of these two strokes was clinically
relevant; the other one was asymptomatic. No gliosis or
microbleeds were detected at month 3, nor 6 or 12 months
postoperatively or in long-term follow-up after surgery.
The rate of strokes in hemispheres during further follow-
up was 0 (except for above-mentioned perioperative risk
of two diffusion abnormalities in the first week). The mean
duration of long-term follow-up for 81 hemispheres was
38.2 (median 32.2, standard deviation 26.5).

Measurement of hemodynamic situation comparing
preoperative MR perfusion imaging with MR
perfusion at long-term follow-up postoperatively

In 49 patients with 74 hemispheres, sufficient preoperative
MR perfusion imaging and at last follow-up 36.7 months
(median 32.2 +26.3) after surgery were available.
Among these 74 hemispheres, the average change rate
was — 13.4 (median — 14.0, standard deviation 25.9) in the
MCA territory and — 5.4 (median — 4.7, standard deviation
21.3) in the basal ganglia. This corresponds to an average
increase in perfusion of 13.4% in the MCA territory and
5.4% in the basal ganglia after a mean of 36.7 months.
In 56 of 74 (75.7%) hemispheres, an improvement was
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depicted in the MCA territory and in 41 of 74 (55.4%) in
the basal ganglia territory.

Measurement of collaterals comparing preoperative
MRA with MRA at long-term follow-up

In 79 hemispheres of 53 patients, comparison of preop-
erative MRA with MRA at last follow-up after a mean of
37.23 months (median 32.22, standard deviation 26.07) was
feasible.

In 65 of 79 hemispheres (82.3%), a decrease in moy-
amoya collateral vessels in basal ganglia was observed. In
six hemispheres (7.59%), more collaterals were found after
37.23 months postoperatively. In eight (10.1%) hemispheres,
the number of spots was the same. Altogether, the decrease
was —33.04% (median —40.0%, standard deviation 41.16).

Analysis of STA comparing preoperative MRA
with MRA at long-term follow-up

In 79 hemispheres of 53 patients, comparison of preopera-
tive MRA with MRA at the last follow-up after a mean of
37.23 months (median 32.22, standard deviation 26.07)
was feasible. In these 79 hemispheres, the diameter of STA
increased by 49.23% (median 42.86%, standard deviation
36.94) at last follow-up postoperatively compared to the
preoperative measurement. In 71 of the 79 analyzed hemi-
spheres (89.9%), an increase in STA diameter was noted.
The average increase rate in STA diameter was 49.23%.
More specifically, in 36 STAs, the increase was more than
factor 1.5 and in 35 lower than 1.5 times.

Prospective survey

Fifty-four patients completed the questionnaire (15 male and
39 female patients); the mean age of all MA patients who
participated in the survey was 39.1 years at the time of first
surgery. The mean self-reported patient satisfaction was of
9.2 (median 10, standard deviation 1.26) on the NRS from
0to 10.

Discussion

In Asia, bypass surgery is recognized as a method for the
prevention of hemodynamic and hemorrhagic stroke in
patients with MA.

For pediatric Asian patients, it was shown that non-
surgical management was associated with a poor prognosis
[23, 24]. In adult patients with MA, the risk of ischemic or
hemorrhagic stroke is very high in Asians as well as in non-
Asian patients.
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Outside Asia, Guzman et al. found that from 171 patients
with a history of TIA, 91.8% were free of transient ischemic
attacks after 1 year or later. However, only 59% of this ethni-
cally mixed cohort were of Caucasian origin. The study of
Hallemeier et al. found a 5-year stroke risk for the affected
hemisphere in case of bilateral disease of 82% [25]. Like-
wise, Kraemer et al. revealed a 5-year stroke risk of approxi-
mately 80% [26].

However, in European Caucasian patients study data for
the indication of bypass surgery are sparse [27-30]. As a
first attempt, the French guidelines published just recently
aimed to clarify clinical practice of MMA in Europe based
on the literature analysis [31].

In 2016, Ha et al. conducted a retrospective study eval-
uating the efficacy of MCA—STA bypass surgery in adult
Asian patients with MA of the ischemic type. The study
included 31 patients who underwent 41 direct bypass sur-
geries between 2006 and 2014. In addition, postoperative
and perioperative complications as well as angiographic and
clinical outcomes were analyzed [32]. No further ischemic
event was observed in 93.5% of patients over a follow-up
period of 35 months; the remaining two patients had TIAs.
Ha et al. concluded that bypass surgery is a safe and efficient
method to reduce the risk of future ischemic events. This
was in line with a metaanalysis including 732 hemispheres
[16], which demonstrated that bypass surgery is effective in
symptomatic MA [16].

Despite these encouraging data from Asia [33] and the
US, bypass surgery is often not indicated in adult European
Caucasians due to lacking evidence of efficacy.

The majority of neurologists are still skeptical due to the
inefficacy of bypass surgery in patients with atherosclerotic
disease [18-20]. In 1985, an international randomized study
by the EC-IC Bypass Study Group found no advantage for
bypass surgery in patients with non-MA symptomatic ath-
erosclerotic disease compared to a control group despite a
postoperative bypass patency rate of 96% [18].

The results of the prospective Carotid Occlusion Surgery
Study (COS) randomized trial published in 2012 were simi-
lar [34]. Despite an excellent bypass patency of 98% and an
improved hemodynamic situation, STA-MCA bypass sur-
gery failed to provide an advantage over best medical care
in these patients with atherosclerotic stenoses. In the inten-
tion-to-treat (ITT) analysis, the risk for subsequent stroke in
patients who underwent bypass surgery was 22.7% and in
patients who received best medical care 21% [35].

Therefore, the key question addressed in our study was the
efficacy of bypass surgery in Caucasian patients in reducing
the risk of future ischemic and hemorrhagic events. Moreo-
ver, the patency and the functional relevance of bypasses
should be clarified. Our detailed study was based on an accu-
rate clinical follow-up in one German specialized center with
preoperative examinations, Duplex sonography and MRI as

well as postoperative controls directly after surgery, after 3,
6, and 12 months and in the long-term follow-up.

With regards to the safety of bypass surgery, we found
that only 2 of 81 (2.5%) operated hemispheres showed
signs of postoperative ischemia in MRI after 6 days which
appeared to be caused by embolic events and occurred dur-
ing a period of interruption of aspirin therapy. Only one of
the two embolic ischemic lesions was clinically manifest.
At months 3, 6 and 12 postoperatively and in long-term
follow-up of 38.2 months, no additional manifest ischemia
or bleeding was diagnosed based on accurate clinical history
taking, neurological examination and Flair, T2 and T2* MR
imaging.

Concerning efficacy of the bypass, duplex sonography
after 3 months documented an impressive 100% bypass
patency. The short compression maneuver of the superficial
temporal artery resulted in a reduction or erasure of the Dop-
pler flow in the MCA in 96.2% of hemispheres. This maneu-
ver was invented by our research group and was reported to
be indicative of a good hemodynamic contribution of the
bypass [36]. Moreover, this study underlines that Duplex
sonography represents an elegant and noninvasive method
for the clinical follow-up of bypass patency and functional
relevance [36-38]. In our experience, diagnostic angiogra-
phy is not needed to be repeated after the first diagnosis in
view of the small but evident serious risks and as it does not
reveal additional clinically relevant of information compared
with Duplex sonography [39, 40].

Moreover, the increase in diameter of the donor vessel
depicted in MRA in 89.9% of hemispheres also argues for
the functional relevance of the bypass.

The semi-quantitative analysis of perfusion changes in
the operated hemispheres demonstrated an increase in perfu-
sion in the MCA territory in 56 of 74 (75.7%) hemispheres
and in the basal ganglia in 41 of 74 (55.4%) hemispheres.
Even though the percent increase in perfusion may appear
low with 13.4% and 5.4%, respectively, the observed signifi-
cant reduction in moyamoya collaterals suggests that bypass
surgery is also hemodynamically effective. However, as a
limitation, it should be noted that the mean transit time per
se is not a suitable parameter for the quantitative compari-
son and that the formula used—which is adopted from a
SPECT study—may underestimate the actual improvements
in perfusion [22]. This semi-quantitative measure can only
indirectly determine the benefit of bypass surgery. Adopting
this formula was one attempt to quantify the visual impres-
sion of improvement on MRI in daily experience (Fig. 5).

Though this method demonstrated only minor improve-
ment, there were good clinical outcomes with no further gli-
osis or microbleeds in MRI within 38.2 months after surgery.

The reduction in typical moyamoya collaterals in 65 of 79
hemispheres (82.3%) may be a correlate for the reduction of
a future risk of hemorrhage [37, 41, 42].
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Fig.5 a Preoperative MR perfusion (white areas are hemodynamic insufficient and grey areas are of good perfusion). b Postoperative MR perfu-
sion of the same patient (white areas are hemodynamic insufficient and grey areas are of good perfusion)

In conclusion, this study demonstrates efficacy of
STA-MCA bypass surgery in mainly European Caucasian
patients with MA. The strength of this study is the large and
meticulously characterized cohort with 81 operated hemi-
spheres and the detailed follow-up. However, we have to
acknowledge that these extremely good postoperative results
were based on a single neurological and neurosurgical expert
center from one neurosurgeon (FD) and one neurologist
(MK) and are, therefore, not necessarily transferable to other
centers. Moreover, a crucial point for achieving such excel-
lent surgical and clinical results is the correct indication for
the bypass based on medical history, MRI, perfusion studies
as well as MR- and conventional angiography.

Summary/conclusion

The encouragingly positive outcome within 38.2 months
underlines that bypass surgery should be a therapeutic option
in hemodynamic compromised Caucasian patients with MA.
Therefore, indication for revascularization surgery should
be based on the medical history and hemodynamic stud-
ies to estimate the future risk for stroke and hemorrhage.
This study shows excellent efficacy within 38.2 months after
surgery.

An interdisciplinary neurological and neurosurgical
approach is advisable and referral to specialized moyamoya
centers is recommended, as it is a rare disease in Europe.
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Abstract

Background Despite the consensus on the necessity of revascularizing surgery in Moyamoya angiopathy in Asia, the indica-
tion in Caucasian Moyamoya patients is discussed controversially.

Objective The safety of revascularizing surgery in Europe should be clarified.

Methods This study retrospectively analyzed the rate of complications as well as clinical symptoms within the first 3 months
after bypass surgery between superficial temporal artery and middle cerebral artery (STA-MCA).

Results 64 direct bypass procedures in 45 patients (95.5% Caucasians) were analyzed. The magnetic resonance imaging at day
6 showed subdural hematoma in 60.3%. The mean diameter of these hematomas on magnetic resonance imaging was 5.1 mm
(SD 3.4 mm) and increased in 25% at follow-up. No difference was found between those patients with early (day 1) or late
(day 7) restarts of antiplatelet therapy. Magnetic resonance imaging at day 6 revealed hyperperfusion syndrome after six of 64
procedures (9.3%). Three of these six had clinical symptoms; two-thirds were transient within seconds. Magnetic resonance
imaging depicted stroke after seven procedures (10.9%). Five of these seven patients had no new symptoms. Altogether, after
ten procedures (15%), patients complained about clinical symptoms. These were all transient. No new transient ischemic
attacks occurred during the 3 month follow-up and no new lesions were detected in magnetic resonance imaging. Only two
patients underwent surgery for asymptomatic subdural hematoma. All other subdural hematomas resolved spontaneously.
Conclusion Revasculating surgery is a safe procedure in Caucasian patients with Moyamoya angiopathy. The observed
complications have a good prognosis.

Keywords Risks - Early postoperative course - Moyamoya angiopathy - Subdural hematoma - Caucasians

Background

Moyamoya angiopathy (MMA) is a non-arteriosclerotic vas-
culopathy characterized by progressive stenoses and occlu-
sions of the intracranial internal carotid arteries (ICA) and

>4 Markus Kraemer proximal parts of middle (MCA) and anterior cerebral arter-
markus.kraemer @krupp-krankenhaus.de ies (ACA) on both sides. Due to hemodynamic insufficiency,
children and young adults with MMA have a high risk for
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Alfried-Krupp-Strasse 21, 45130 Essen, Germany transient ischemic attacks (TIA) and stroke. In addition to
) hemodynamic stroke, thrombotic material may also arise
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Alfried-Krupp-Strasse 21, 45130 Essen, Germany locally at the stenoses due to hemodynamic insufficiency and

. a reduced washout. Moreover, the extensive “Moyamoya”
Department of General Zoology and Neurobiology, . . .
University of Bochum, Universititsstrasse 150, collaterals are fragile and bear a high risk for cerebral hem-
44780 Bochum, Germany orrhage. The direct bypass surgery (EC/IC bypass) is mainly
Department of Neurology, Medical Faculty, Heinrich Heine characterized by creating an anastomosis between the extrac-
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of the MCA (STA-MCA-bypass). The goal is to achieve a
rapid restoration of cerebral perfusion in adult and pediatric
patients with MMA and to reduce the risk of future ischemic
stroke [1]. It is also intended to decrease the risk of cer-
ebral hemorrhage by diminution of the fragile collateral net-
works. Indirect bypass techniques include the implantation
of highly vascularized tissue like muscle or omentum to the
brain surface. Indirect bypass surgery is mainly performed
in young children when the donor artery STA is too small
for direct bypass techniques.

While it is known since 1985 that extracranial—intracra-
nial revascularizing surgery is ineffective in arteriosclerotic
diseases [2—4], there is a common consensus among Asian
experts that bypass surgery is beneficial in hemodynamic
compromised stages of MMA [5-9].

As a first attempt, the French guidelines published just
recently, aimed to clarify clinical practice of MMA in
Europe based on literature analysis [10]. However, outside
of Asia, study data for the indication of bypass surgery
are sparse [11, 12]. Therefore, it is important to analyze
the risks of direct bypass surgery. Asian studies [13] have
reported hyperperfusion syndrome [14, 15], postoperative
ischemia [16], and seizures [17] as the main complications
after bypass surgery. Postoperative subdural hemorrhages
following bypass surgery are nearly completely neglected
in the scientific literature [13, 18].

In this study, we aimed to characterize the development
of subdural hematomas in the postoperative time course and
investigate the rates of spontaneous restitution and the per-
centage of patients requiring neurosurgical interventions.
In addition, we attempted to elucidate if the timepoint of
restarting antiplatelet therapy after bypass surgery has an
influence on the risk, extent, and prognosis of postoperative
subdural hematoma.

Objective

This study aimed to analyze safety of STA-MCA-bypass
in Europe in consecutive patients of dominantly Caucasian
family origin.

Specifically, we sought to analyze the early postopera-
tive course after STA-MCA-bypass surgery to address the
following questions: is there a difference in bleeding com-
plications with early re-initiation of aspirin or clopidogrel?
On the other hand, is the incidence of stroke increased in
patients with longer intermission of antiplatelet therapy?
Which patients have clinical symptoms early after surgery?
How is the prognosis of complications within 3 months after
surgery?

Methods

We retrospectively analyzed the rate, extent, and develop-
ment of subdural hematoma, hyperperfusion syndrome,
stroke in magnetic resonance imaging (MRI) and clinical
symptoms early within the first 3 months after STA-MCA
bypass surgery performed by one neurosurgeon (FD) in a
single German institution. Between January 1st, 2015 and
March 9th, 2017, all 45 consecutive patients with MMA
and hemodynamic insufficiency underwent 64 STA-MCA
bypass surgical interventions due to hemodynamic insuf-
ficiency. All patients routinely underwent cranial computer
tomography on the first day after surgery and MRI of the
brain at day 6 after surgery. The MRI protocol included
axial fluid-attenuated inversion recovery (FLAIR)
sequences, axial T1-weighted, axial diffusion-weighted,
and susceptibility-weighted images as well as intracra-
nial time-of-flight (TOF) MR angiography. In addition,
a clinical follow-up with another MRI of the brain was
performed about 3 months after bypass surgery. In cases
with subdural hematoma detected on the routine computer
tomography (CT) scan or MRI, the extent was measured
in the position of the largest diameter. In all patients, anti-
platelet therapy was discontinued 7 days before bypass
surgery. Due to the assumption that early restart of anti-
platelet therapy after bypass surgery influences the rate of
hematoma, we changed the clinical concept between 2015
and 2016 towards longer suspension of antiplatelet ther-
apy. Therefore, retrospectively, it was possible to divide
the 64 procedures into two groups. Group 1 resumed their
antiplatelet therapy between days 1-3 after surgery. Group
2 resumed their antiplatelet therapy between days 5-7.

In case of bilateral surgery, the second hemisphere was
operated after a 3 month waiting period. No patient was
operated bilateral simultaneously.

The study was retrospective and the decisions for all
procedures and therapy were based on clinical reasoning
and not influenced by the study. The study was approved
by the local ethics-committee. All patients signed an
informed consent. Statistical comparisons were made
using Mann—Whitney U test (Wilcoxon test). Statistical
analysis was performed with SPSS 20 (IBM, Armonk,
NY). p values < 0.05 were considered significant.

Results
Participants
Sixty-four procedures were operated using the STA as

donor vessel and a distal branch of the MCA as acceptor
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vessel in 45 patients. In 48 (75%) procedures, only this
direct bypass surgery was performed; in 16 (25%), proce-
dures direct surgery was combined with indirect bypass
techniques. The participants were 11 males and 34
females. All participants were adults due to referring bias
to our adult Moyamoya center. The age at time of surgery
was 41.8 years (age range 18—64, mean, median 43 years,
SD 13.68). The great majority (95.5%) of patients were of
Caucasian ethnicity (42 Germans, 1 Russian). Only one
patient was Arab and one patient was of Asian ethnical
origin. The great majority of patients had bilateral MMA
(n=40, 88.8%), and only five patients were suffering from
a unilateral variant.

Postoperative rate and extent of subdural
hemorrhage

Within 24 h of surgery, CT scans revealed subdural hema-
toma in 29 of 64 procedures (45.3%). All subdural hema-
tomas were located at the ipsilateral side to surgery. The
mean diameter of these hematomas was 3.9 mm (median 3,
SD 2.1, minimum 1 mm, and maximum 10 mm). In eight
procedures, a follow-up CT scan was available between the
first postoperative day and the MR scan at day 6. In those
eight procedures (in 5 cases), the hematoma increased with
a mean of 7.6 mm (median 7, SD 4.4, minimum 2 mm, and
maximum 12 mm). The MR scan, which was performed at
day 6 after surgery (mean 6.01, median six, and SD 4.19),
showed subdural hematoma in 38 of 63 procedures (60.3%).
The mean diameter of these hematomas in MRI was 5.1 mm
(median 4.5 mm and SD 3.4 mm). In 26 of 63 (25.4%) MR
scans, there was an increase of the diameter in comparison
with the first CT scan at day 1 after surgery with a mean
difference of 4.2 mm (median 3 mm and SD 2.9 mm). In
27 MRI scans, the diameter remained stable, and 10 MRI
scans revealed an reduced diameter of hematomas with a
mean difference of 2.9 mm (median 2.5 mm and SD 2.1).
In two patients, an operative decompression was performed
(diameter 15 mm in both cases) based on the MRI find-
ing although patients had been asymptomatic. No patient
showed epidural hemorrhage.

Antiplatelet therapy

Antiplatelet therapy (aspirin 100 mg per day or clopidogrel
75 mg per day) was prescribed in 63 of 64 procedures
before surgery and was stopped 7 days before surgery. This
therapy was re-initiated at the first postoperative day after
33 procedures. In 30 procedures (47.6%), the antiplatelet
therapy was given at day 5.2 (mean, median 7, SD 2.2)
after surgery. In those 33 procedures in which antiplate-
let therapy was restarted early at day 1 after surgery, 21
(63.6%) MRI scans showed subdural hematoma. In those
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22 procedures, in which antiplatelet therapy was restarted
at day 4 or later after surgery (mean day 6.52, median day
7, and SD 1.08) 12 MR scans revealed subdural hemato-
mas. This difference was not significant (p =0.455). In the
15 patients with re-initiation at day 7 8 (53.3%) MRI scans
showed subdural hematoma. The comparison between the
15 procedures who restarted antiplatelet therapy at day 7
and those 33 procedures who were restarted on antiplatelet
therapy at day 1 also revealed no statistically significant
difference (p =0.45) (Fig. 1).

Early hyperperfusion syndrome in MRI at day 6
after surgery

In the MR scans performed at day 6 FLAIR hyperinten-
sity and diffusion restriction suggesting hyperperfusion
were evident after 6 of 64 procedures (9.3%). Three of six
(50%) patients had clinical symptoms. Two of these were
transient for hours very early after surgery and completely
disappeared at day 2 (see Table 1). In all six cases, MRI
performed 3 months later showed no abnormality with
complete resolution of the hyperintensities.

The six patients with hyperperfusion syndrome did
not differ in age (45.33 years mean, median 38 years, SD
18.01) compared to the other 39 patients (40.92 years
mean, median 43, SD 13.23; p=0.725).

Diffusion-weighted images in MRl at day 6
after surgery

MRI imaging revealed diffusion restriction with typical
reduction of ADC map as a sign of ischemia after seven
procedures (10.9%) (Fig. 2). Five of these seven patients
had no new postoperative symptoms. As shown in Table 1,
one patient had paresthesia for seconds, which completely
resolved, and one patient had symptoms not related to the
area of stroke. All diffusion-restricted areas appeared as
little spots suggesting microembolic lesions. In four of
these seven patients these diffusion-restricted spots were
located in the same hemisphere as surgery, in two patients
the other hemisphere was affected and in one patient spots
were found in both hemispheres. Six of seven patients
were older than 40 years, with a mean age of 46.85 years
(median 46.85, SD 1.99). The age of those 38 patient with-
out ischemia was 40.86 (mean, median 39.5, SD 13.91).
This difference was not significant (¢ test, p =0.266).
Among the group of 7 patients with stroke visible on MRI
at day 6, 5 had received antiplatelet therapy early at day 1,
and at days 2 and 7, one each. None of the stroke patients
smoked in the first 6 days after surgery or had a coagula-
tion disorder.
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Fig. 1 Recruitment flow chart

Clinical symptoms

Almost all patients suffered from wound pain and headaches
during the first days after surgery, which responded to anal-
gesic medication. Therefore, pain was not analyzed as all
patients received analgetic drugs on a regular basis. In addi-
tion, postoperative soft tissue hematoma and swelling was
not analyzed as it was present in all patients and it is hard
to quantify.

Altogether, after ten procedures (15%) patients com-
plained of clinical symptoms other than postoperative pain
and headaches.

After five procedures (8%) patients reported sensory
symptoms in the form of paresthesiae of the fingers and
the mouth for seconds during the early days after surgery.
These symptoms and the other postoperative complaints
are presented in Table 1. After those ten procedures with
clinical postoperative complaints, the first CT revealed
subdural bleedings in 5 (50%; mean diameter 2.4, median
0.5, SD 2.9), and MRI at day 6 revealed subdural hema-
toma in additional two (7 of 10, 70%) procedures (mean
diameter 4.5, median 4.5, standard 4.7). After those 54
procedures in which patients presented no postoperative
complaints, 24 (44.4%) early CT scans revealed postop-
erative hematoma (mean diameter 3.8 mm, median 3 mm,
SD 2.07) and 30 (55.5%) MRI scans showed postoperative
subdural hematoma (mean diameter 5 mm, median 4 mm,

underlined - subdural hematoma

- MRI flair hyperintensity and
diffusion restriction

- clinical postoperative
complaints

SD 3.17). The percentage of bleedings in CT (p =7.46)
and in MRI (p =0.396) and the diameter of subdural hema-
toma (p =0.07 for CT, p=0.67 for MRI) did not differ
between those patients with or without symptoms.

Early postoperative duplex sonography

After all 64 procedures in all 45 patients extra- and tran-
scranial duplex sonography within the first 6 days revealed
bypass patency (100%).

MRI 3 months after surgery

In 63 of 64 procedures, MRI and clinical follow-up were
available at 3—4 months after surgery. No new diffusion
restrictions occurred during follow-up. Neither ischemias
nor bleedings were seen in MRI and all early postoperative
findings like subdural hematoma and hyperperfusion syn-
drome resolved completely (Figs. 3, 4). This included the
36 cases, which showed a subdural hemorrhage on MRI at
day 6, and which did not undergo surgical decompression.
The spontaneous resolution in all these 36 non-operated
cases included also 5 cases who had presented a diam-
eter of hematoma of more than 9 mm (15, 14, 11, 10, and
9 mm, respectively).
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Table 1 Clinical characteristics of symptomatic patients

Pat.  Symptom Duration Hemorrhage in Hemorrhage in Hyperperfusion Diffusion- Further course
CT MRI syndrome in weighted images
MRI abnormalities
F, 27 Prickling con- For seconds No Yes (2 mm) No Yes, embolic Complete recovery
tralateral finger ~ within first days character directly
and mouth Postoperative Ipsilateral to
surgery
F,52 Prickling con- For seconds No Yes (1 mm) No No Complete recovery
tralateral hand within first days directly
Postoperative
M, 25 Prickling con- For seconds Yes (6 mm) Yes (6 mm) No No Complete recovery
tralateral hand within first days directly
Postoperative
F,21 Prickling con- For seconds No No No No Complete recovery
tralateral hand within first days directly
Postoperative
F,22 Prickling con- For seconds No No No No Complete recovery
tralateral fingers  within first days directly
and mouth Postoperative
F, 43 Focal motor For seconds Yes (13 mm) Yes (15 mm) No No Complete recovery,
seizure within first days but burr holes
Postoperative surgery
M, 66 Generalized sei- For minutes No No Yes Yes, embolic Aphasia for months
zure with pos- within first days character, not in
tictal aphasia Postoperative, area for aphasia
aphasia for Contralateral to
months surgery
F, 54 Focal motor For seconds Yes (3 mm) Yes (9 mm) No No Complete recovery
seizure within first days directly
Postoperative
F,39 Aphasia and At the day of sur- Yes (3 mm) Yes (3 mm) Yes No Complete recovery
paresis con- gery for hours next day
tralateral side
M, 30 Anarthria At the day of sur- Yes (5 mm) Yes (11 mm) Yes No Complete recovery

gery for hours

next day

Fig.2 Embolic stroke in diffusion-weighted MRI (both MRIs if different patients) at day 6 after surgery
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Fig.3 Subdural hemorrhage (left) at day 6 after surgery and spontaneous recovery (right) after 3 months in MRI (FLAIR sequences)

Fig.4 Hyperperfusion syndrome in FLAIR images in MRI (left) at day 6 after surgery and spontaneous recovery (right) after 3 months

Clinical symptoms 3 months after surgery

In 62 of 63 procedures (98.4%), patients reported no
persisting clinical deficit after surgery within 3 months.
One patient was lost to clinical follow-up due to living in
Kuwait. After one procedure (1.5%), a persisting worsen-
ing of aphasia was reported without a new MRI lesion in
comparison with the preoperative MRI. This worsening
was interpreted as a postictal phenomenon due to a prior
generalized seizure and residual aphasia (see Table 1).
After three procedures (4.6%), patients reported wound

healing complications. These included wound dehiscence
and incomplete necrosis, but resolved with appropriate
treatment at the 3 month follow-up.

Duplex sonography 3 months after surgery
Extra- and intracranial duplex sonography 3 months after

surgery revealed bypass patency in all 44 patients after a
total of 63 procedures (100%).
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Discussion

This is the first study addressing systematically clini-
cal symptoms, development of subdural hematomas and
ischemias in mainly Caucasian European patients with
MMA within the first 3 months after STA-MCA surgery.
Yu et al. reported in 2016 that no systematic study on
complications after bypass surgery is available and sum-
marized the complications in a review article [13].

The literature about revascularisation surgery especially
in European Caucasians is sparse and clinically relevant
questions are still unsolved.

Recently, the Berlin group addressed perioperative
risks of 37 patients with MMA and found eight ischemic
complications (11%) [19]. Other studies from European
neurosurgical groups focused on angiographic patency,
hemodynamic outcomes or had a mainly neurosurgical
focus [20-27]. Other experiences from France, Italy, and
Germany are mainly based on literature review [10], case
series, or small cohorts [28-31].

North American studies addressing the perioperative
outcome are based on more ethnically mixed cohorts than
typically found in Europe and are, therefore, difficult to
compare [32, 33].

Despite the reported low risk, European neurologists
are still often reluctant to indicate bypass surgery presum-
ably out of fear of a complicated postoperative course or
a low benefit.

Thus, this study was intended to address open ques-
tions from a clinical neurologist’s point of view. Important
points were the analysis of the effect of antiplatelet drugs
on the risk of hematoma and to elucidate if seizures and
other clinical symptoms are related to hyperperfusion syn-
drome or bleedings.

For the first time, we demonstrated a high incidence of
subdural hematoma (60.3%) early after STA-MCA bypass
surgery.

Almost all of these subdural hematomas resolved spon-
taneously. It is remarkable that also subdural hematomas
larger than 9 mm in diameter disappeared during the
3 month follow-up completely. Patients with or without
symptoms did not differ in percentage and diameter of
subdural hemorrhage. Even patients with extended hemor-
rhages remained free from symptoms. There was no sig-
nificant difference concerning percentage and diameter
of subdural hematoma between patients with or without
early restart of aspirin or clopidogrel. However, we have to
acknowledge that possibly, the size of the cohort was too
small to rule out an effect of antiplatelet therapy on sub-
dural hematoma. The review by Yu et al. only briefs com-
ments on subdural hematoma [13]. Andoh et al. reported
three patients who postoperatively developed chronic

@ Springer

subdural hematoma. It was suspected that a preexisting
brain atrophy might play a role [18]. In our experience,
ipsilateral subdural hematoma is a common (60.4%) but
benign complication of bypass surgery.

Based on our findings, we suggest deciding if antiplate-
let therapy should be restarted based on an early CT scan
performed at day 1 after surgery. The question if the risk of
hematoma outweighs the benefit of preventing early embolic
strokes when considering an early restart of antiplatelet ther-
apy is not an easy one. Due to the small number of diffusion-
restricted spots, the benefit of stroke prevention should be
interpreted with caution. However, from a pathophysiologi-
cal point of view, we believe that longer discontinuation
of antiplatelet therapy could increase the risk of embolic
stroke in MMA. At the same time, our data suggest that an
early resumption of antiplatelet therapy does not seem to
increase the risk of clinically relevant complications due to
subdural hematoma. This is supported by a study from Schu-
bert et al. with 158 patients and 168 operated hemispheres
demonstrating that antiplatelet therapy was not associated
with an elevated risk of hemorrhage or need for revision
surgery [34]. However, the data do not allow predicting
which patient will develop stroke. Age was not a significant
discriminator, although six of seven patients were older than
40 years. Kazumata et al. addressed the question of postop-
erative ischemia in 2014. They evaluated 236 patients and
358 operations. Postoperative ischemia was detected in 4.1%
of patients. The risk was higher in adult patients compared
to pediatric patients (7.9% per surgery) [16].

Hyperperfusion syndrome following direct bypass sur-
gery has frequently been described in Asian patients [14].
The sudden increase in cerebral blood flow combined
with impaired cerebrovascular autoregulation may be the
pathomechanism underlying this phenomenon. Incidences
between 18 and 50% were described in the Asian literature
[35]. It is recommended to lower blood pressure as a pre-
ventative measure [13].

Interestingly, our cases diagnosed with hyperperfusion
syndrome on MRI, did not differ clinically from patients
without these MRI findings.

Only few studies have described clinical symptoms as
complication of bypass surgery. With regard to postop-
erative seizures, Jin et al. analyzed 43 patients with 53
operations, including both indirect and direct bypass pro-
cedures [17]. They found postoperative seizures in 10 of
53 hemispheres (18.9%) [17]. A Japanese study by Nari-
sawa et al. analyzed postoperative and suspected a link
between seizures and increase in CBF. Forty-four patients
with 64 operated hemispheres were included in the study
of whom three presented with postoperative seizures
within 1-10 days after surgery [36]. The clinical question
whether transient paresthesia periorally and in the hands
without motor abnormalities represent focal seizures or
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should be summarized as a “cheiro-oral syndrome” has
not been discussed in depth. Sasamori et al. found in 8
of 35 operated hemispheres (22.9%) such transient pares-
thesia and interpreted this as a transient “cheiro-oral syn-
drome”. Whether this phenomenon should be interpreted
as a focal Jacksonian seizure is relevant, as this would
result in a driving ban, in Germany for at least 1 year.
On the other hand, we have not considered these transient
sensory symptoms as an indication for antiepileptic drug
treatment in most cases.

Only one patient reported persistent aphasia accentu-
ated after surgery. However, at the 3 month clinical follow-
up, 3 T MRI revealed no new structural lesions. Therefore,
we interpreted the accentuation of the aphasia as a possible
postictal phenomenon.

Wound healing complications occurred in 3 of 64 pro-
cedures (4.6%) compared to a frequency of 21.4% reported
previously in the literature [37]. A reason for this good
result may be that an one STA—instead of double-type-
STA procedure was used necessitating only a small burr
hole.

In conclusion, our study provides a detailed descrip-
tion of the early postoperative complications in dominantly
Caucasian (95.5%) patients with MMA after revascular-
izing surgery in a single German institution. Clinically
relevant complications were extremely rare with 98%
wellbeing 3 months after surgery. Despite the excellent
prognosis, this study elucidates that subdural hematoma
is a common radiological finding after surgery (60.3%).
Interestingly, subdural hematomas, hyperperfusion syn-
drome, and ischemias in general were subclinical and only
evident in high-resolution MRI. The good spontaneous
prognosis of postoperative subdural hematomas and other
complications should not hide the fact that preoperative
patient information should include the small but evident
risk of serious complications.

Clearly, an interdisciplinary approach is advised and
referral of Moyamoya patients to specialized centers is rec-
ommended as it is a rare disease in Europe [10].

To achieve a better data basis for indications to bypass
surgery, future studies have to clarify the long-term prog-
nosis regarding new strokes and hemorrhages in Caucasian
Europeans.

Conclusion

This study shows excellent prognosis after 3 months after
surgery. The indication for revascularization surgery should
be based on hemodynamic insufficiency.

Funding None.

Compliance with ethical standards

Conflicts of interest The authors declare that they have no conflict of
interest.

Ethical standards This study was approved by local ethics-committee.

References

1. Kraemer M, Heienbrok W, Berlit P (2008) Moyamoya disease in
Europeans. Stroke 39(12):3193-3200
2. EC/IC Bypass Study Group (1985) Failure of extracranial-intrac-
ranial arterial bypass to reduce the risk of ischemic stroke. Results
of an international randomized trial. The EC/IC Bypass Study
Group. N Engl J Med 313(19):1191-1200
3. Powers WIJ, Clarke WR, Grubb RL Jr et al (2011) Extracranial-
intracranial bypass surgery for stroke prevention in hemodynamic
cerebral ischemia: the Carotid Occlusion Surgery Study rand-
omized trial. Jama 306(18):1983—-1992
4. Powers WJ, Grubb RL Jr, Raichle ME (1989) Clinical results of
extracranial-intracranial bypass surgery in patients with hemody-
namic cerebrovascular disease. J Neurosurg 70(1):61-67
5. Miyamoto S, Yoshimoto T, Hashimoto N et al (2014) Effects of
extracranial-intracranial bypass for patients with hemorrhagic
moyamoya disease: results of the Japan Adult Moyamoya Trial.
Stroke 45(5):1415-1421
6. Research Committee on the Pathology and Treatment of Sponta-
neous Occlusion of the Circle of Willis; Health Labour Sciences
Research Grant for Research on Measures for Infractable Diseases
(2012) Guidelines for diagnosis and treatment of moyamoya dis-
ease (spontaneous occlusion of the circle of Willis). Neurol Med
Chir (Tokyo) 52(5):245-266
7. JeonJP, Kim JE, Cho WS, Bang JS, Son YJ, Oh CW (2018) Meta-
analysis of the surgical outcomes of symptomatic moyamoya dis-
ease in adults. J Neurosurg 128(3):793-799
8. YaoZ, You C (2018) Effect of surgery on the long-term functional
outcome of moyamoya disease: a meta-analysis. Turk Neurosurg.
https://doi.org/10.5137/1019-5149.JTN.22598-18.3
9. Qian C, Yu X, LiJ, Chen J, Wang L, Chen G (2015) The effi-
cacy of surgical treatment for the secondary prevention of stroke
in symptomatic moyamoya disease: a meta-analysis. Medicine
94(49):e2218
10. Herve D, Kossorotoff M, Bresson D et al (2018) French clinical
practice guidelines for Moyamoya angiopathy. Rev Neurol (Paris)
174(5):292-303
11. Hanggi D, Steiger HJ, Vajkoczy P (2014) The role of MCA-STA
bypass surgery after COSS and JET: the European point of view.
Acta Neurochir Suppl 119:77-78
12. Hanggi D, Steiger HJ, Vajkoczy P (2012) Cerebrovascular Section
of the European Association of Neurological Surgeons. EC-IC
bypass for stroke: is there a future perspective? Acta Neurochir
(Wien) 154(10):1943-1944
13. YuJ, Shi L, Guo Y, Xu B, Xu K (2016) Progress on compli-
cations of direct bypass for Moyamoya disease. Int ] Med Sci
13(8):578-587
14. Fujimura M, Tominaga T (2012) Lessons learned from moy-
amoya disease: outcome of direct/indirect revascularization
surgery for 150 affected hemispheres. Neurol Med Chir (Tokyo)
52(5):327-332
15. Fujimura M, Mugikura S, Kaneta T, Shimizu H, Tominaga T
(2009) Incidence and risk factors for symptomatic cerebral hyper-
perfusion after superficial temporal artery-middle cerebral artery

@ Springer



2378

Journal of Neurology (2018) 265:2370-2378

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

Qs

anastomosis in patients with moyamoya disease. Surg Neurol
71(4):442-447

Kazumata K, Ito M, Tokairin K et al (2014) The frequency of
postoperative stroke in moyamoya disease following combined
revascularization: a single-university series and systematic review.
J Neurosurg 121(2):432-440

Jin SC, Oh CW, Kwon OK et al (2011) Epilepsy after bypass sur-
gery in adult moyamoya disease. Neurosurgery 68(5):1227-1232
discussion 1232.

Andoh T, Sakai N, Yamada H et al (1992) Chronic subdural hema-
toma following bypass surgery—report of three cases. Neurol
Med Chir (Tokyo) 32(9):684—-689

Czabanka M, Boschi A, Acker G et al (2016) Grading of moy-
amoya disease allows stratification for postoperative ischemia
in bilateral revascularization surgery. Acta Neurochir (Wien)
158(10):1895-1900

Pena-Tapia PG, Kemmling A, Czabanka M, Vajkoczy P,
Schmiedek P (2008) Identification of the optimal cortical tar-
get point for extracranial-intracranial bypass surgery in patients
with hemodynamic cerebrovascular insufficiency. J Neurosurg
108(4):655-661

Horn P, Scharf J, Pena-Tapia P, Vajkoczy P (2008) Risk of intraop-
erative ischemia due to temporary vessel occlusion during stand-
ard extracranial-intracranial arterial bypass surgery. ] Neurosurg
108(3):464-469

Hori S, Acker G, Vajkoczy P (2016) Radial artery grafts as rescue
strategy for patients with Moyamoya disease for whom conven-
tional revascularization failed. World Neurosurg 85:77-84

Kuhn FP, Warnock G, Schweingruber T, Sommerauer M, Buck
A, Khan N (2015) Quantitative H,[(15)O]-PET in pediatric moy-
amoya disease: evaluating perfusion before and after cerebral
revascularization. J Stroke Cerebrovasc Dis 24(5):965-971
Khan N, Yonekawa Y (2008) Moyamoya angiopathy in Europe:
the beginnings in Zurich, practical lessons learned, increas-
ing awareness and future perspectives. Acta Neurochir Suppl
103:127-130

Khan N, Yonekawa Y (2005) Moyamoya angiopathy in Europe.
Acta Neurochir Suppl 94:149-152

Khan N, Schuknecht B, Boltshauser E et al (2003) Moyamoya
disease and Moyamoya syndrome: experience in Europe;
choice of revascularisation procedures. Acta Neurochir (Wien)
145(12):1061-1071 discussion 1071.

pringer

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yonekawa Y, Ogata N, Kaku Y, Taub E, Imhof HG (1997) Moy-
amoya disease in Europe, past and present status. Clin Neurol
Neurosurg 99(Suppl 2):S58-S60

Thines L, Petyt G, Aguettaz P et al (2015) Surgical management
of Moyamoya disease and syndrome: current concepts and per-
sonal experience. Rev Neurol (Paris) 171(1):31-44

Hanggi D, Mehrkens JH, Schmid-Elsaesser R, Steiger HJ (2008)
Results of direct and indirect revascularisation for adult Euro-
pean patients with Moyamoya angiopathy. Acta Neurochir Suppl
103:119-122

Ulrich PT, Januschek E (2011) Revascularisation surgery and
long-term follow-up in juvenile Moyamoya syndrome: a retro-
spective analysis. Acta Neurochir Suppl 112:39-43

Lanterna LA, Brembilla C, Gritti P, Bernucci C (2016) Universal
bypass for treatment of symptomatic moyamoya disease or Moy-
amoya syndrome. Analysis of a personal case series on Behalf
of the Italian Moyamoya Association. Acta Neurochir Suppl
123:129-132

Guzman R, Lee M, Achrol A et al (2009) Clinical outcome after
450 revascularization procedures for moyamoya disease. Clinical
article. J Neurosurg 111(5):927-935

Teo M, Johnson J, Steinberg GK (2017) Strategies for and out-
come of repeat revascularization surgery for Moyamoya disease:
an American Institutional Series. Neurosurgery 81(5):852-859
Schubert GA, Biermann P, Weiss C et al (2014) Risk profile in
extracranial/intracranial bypass surgery—the role of antiplatelet
agents, disease pathology, and surgical technique in 168 direct
revascularization procedures. World Neurosurg 82(5):672-677
Uchino H, Kuroda S, Hirata K, Shiga T, Houkin K, Tamaki N
(2012) Predictors and clinical features of postoperative hyper-
perfusion after surgical revascularization for moyamoya disease:
a serial single photon emission CT/positron emission tomography
study. Stroke 43(10):2610-2616

Narisawa A, Fujimura M, Shimizu H, Tominaga T (2007) Sei-
zure following superficial temporal-middle cerebral artery anas-
tomosis in patients with moyamoya disease: possible contribu-
tion of postoperative cerebral hyperperfusion. No Shinkei Geka
35(5):467-474

Takanari K, Araki Y, Okamoto S et al (2015) Operative wound-
related complications after cranial revascularization surgeries. J
Neurosurg 123(5):1145-1150



SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Jan 06, 2025

This Agreement between Dr. med. Jonas Maximilian Graf, Heinrich Heine University
Diisseldorf, Medical Faculty ("You") and Springer Nature ("Springer Nature") consists of
your license details and the terms and conditions provided by Springer Nature and
Copyright Clearance Center.

License Number 5943081348098
License date Jan 06, 2025
Licensed Content Publisher Springer Nature
Licensed Content Publication Journal of Neurology

Moyamoya angiopathy: early postoperative course
Licensed Content Title within 3 months after STA-MCA-bypass surgery in
Europe—a retrospective analysis of 64 procedures

Licensed Content Author Markus Kraemer et al

Licensed Content Date Aug 17,2018

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute
Format print and electronic

Portion full article/chapter

Will you be translating? no

Circulation/distribution 1-29

Author of this Springer Nature

€s
content y



Diagnostic and Therapeutic Challenges in
Title of new work Neurological Diseases: A Beginner’s Guide to
primum non nocere

o Heinrich Heine University Diisseldorf, Medical
Institution name

Faculty
Expected presentation date Jul 2025
grleai?;;iesglf iers;):llr/on the Dr. med. Jonas Maximilian Graf, Heinrich Heine
Lifense PP University Diisseldorf, Medical Faculty

Jonas Graf
Requestor Location
Diisseldorf,
Germany
Billing Type Invoice
Jonas Graf
Billing Address
Diisseldorf, Germany
Total 0.00 EUR

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By
clicking 'accept’ and completing the transaction for your use of the material ("Licensed
Material™), you confirm your acceptance of and obligation to be bound by these Terms
and Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate
to the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink



Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid
in the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions(@springernature.com or bookpermissions@springernature.com
for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights
in or use of the Licensed Material in any way. Neither this License, nor any act,
omission, or statement by Licensor or you, conveys any ownership right to you in any
Licensed Material, or to any element or portion thereof. As between Licensor and you,
Licensor owns and retains all right, title, and interest in and to the Licensed Material
subject to the license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the applicable
copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not
limited to, cropping, adapting, and/or omitting material that affect the meaning,
intention or moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any
such reuse must include a clear acknowledgment of this permission visible at the
same time as the figures/tables/illustration or abstract and which must indicate that
the Licensed Material is not part of the governing OA license but has been
reproduced with permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal title, Author,
Journal Name (if applicable), Volume (if applicable), Publisher, Year, reproduced
with permission from SNCSC'.

4. STM Permission Guidelines

4. 1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time and made
available at https://www.stm-assoc.org/intellectual-property/permissions




/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4.3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions(@springernature.com or
bookpermissions@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical Reuse up to distribution or time period indicated
communications project [in License
Reuse in a o .

. . . Lifetime of thesis
dissertation/thesis
R i n . .
peusetna Lifetime of journal/magazine
journal/magazine
Reuse in a book/textbook |Lifetime of edition
Reuse on a website 1 year unless otherwise specified in the License

. Lifetime of presentation/slide kit/poster. Note:
Reuse in a . . s
. . publication whether electronic or in print of

presentation/slide . . . .

. presentation/slide kit/poster may require further
kit/poster

permission.

Reuse in conference
proceedings

Reuse in an annual report |Lifetime of annual report

Reuse in training/CME Reuse up to distribution or time period indicated

Lifetime of conference proceedings

materials in License

Reuse in newsmedia Lifetime of newsmedia

Reuse in T . .
Reuse up to distribution and/or time period

coursepack/classroom

indicated in license

materials

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed
Material in print. In electronic form, this acknowledgement must be visible at the
same time as the figures/tables/illustrations or abstract and must be hyperlinked to
the journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for
use only on institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions@springernature.com or




bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according
to current citation standards and include the following acknowledgement:
'Reproduced with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use,
withholding, value added or similar taxes, government fees or levies or other
assessments. Collection and/or remittance of such taxes to the relevant tax authority
shall be the responsibility of the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring
that the material you wish to license is original to the Licensor and does not
carry the copyright of another entity or third party (as credited in the
published version). If the credit line on any part of the Licensed Material indicates
that it was reprinted or adapted with permission from another source, then you
should seek additional permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO
THE EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES
THE LICENSED MATERIAL "AS IS" AND MAKES NO OTHER
REPRESENTATION OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS
ANY LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF THE
CONTENT, INCLUDING BUT NOT LIMITED TO ANY ERRORS,
INACCURACIES, OMISSIONS, OR DEFECTS CONTAINED THEREIN, AND
ANY IMPLIED OR EXPRESS WARRANTY AS TO MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
PUNITIVE, OR EXEMPLARY DAMAGES, HOWEVER CAUSED, ARISING
OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE FORM OF
ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF
WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE
(INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF
PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
APPLIES NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation
10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be

terminated and all rights granted hereunder will cease.

10. 2. Licensor reserves the right to terminate the License in the event that payment
is not received in full or if you breach the terms of this License.

11. General
11. 1. The License and the rights and obligations of the parties hereto shall be

construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United



Nations Convention on Contracts for the International Sale of Goods) or to
Germany s choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes
arising out of this License shall be decided exclusively by the courts of or having
jurisdiction for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:

Version 1.4 - Dec 2022

Questions? customercare@copyright.com.




