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Vessel wall magnetic resonance and arterial
spin labelling imaging in the management of
presumed inflammatory intracranial arterial
vasculopathy
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Optimal criteria for diagnosing and monitoring response to treatment for infectious and inflammatory medium-large vessel intracra-
nial vasculitis presenting with stroke are lacking. We integrated intracranial vessel wall MRI with arterial spin labelling into our rou-
tine clinical stroke pathway to detect presumed inflammatory intracranial arterial vasculopathy, and monitor disease activity, in
patients with clinical stroke syndromes. We used predefined standardized radiological criteria to define vessel wall enhancement,
and all imaging findings were rated blinded to clinical details. Between 2017 and 2018, stroke or transient ischaemic attack patients
were first screened in our vascular radiology meeting and followed up in a dedicated specialist stroke clinic if a diagnosis of medium—
large inflammatory intracranial arterial vasculopathy was radiologically confirmed. Treatment was determined and monitored by a
multi-disciplinary team. In this case series, 11 patients were managed in this period from the cohort of young stroke presenters (<55
years). The median age was 36 years (interquartile range: 33,50), of which 8 of 11 (73 %) were female. Two of 11 (18%) had herpes
virus infection confirmed by viral nucleic acid in the cerebrospinal fluid. We showed improvement in cerebral perfusion at 1 year using
an arterial spin labelling sequence in patients taking immunosuppressive therapy for >4 weeks compared with those not receiving ther-
apy [6 (100%) versus 2 (40%) P=0.026]. Our findings demonstrate the potential utility of vessel wall magnetic resonance with ar-
terial spin labelling imaging in detecting and monitoring medium-large inflammatory intracranial arterial vasculopathy activity for
patients presenting with stroke symptoms, limiting the need to progress to brain biopsy. Further systematic studies in unselected po-
pulations of stroke patients are needed to confirm our findings and establish the prevalence of medium-large artery wall inflammation.
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cerebral vasculitis; neuroinflammation; stroke; vessel wall MR; ASL

ANA =antinuclear antibody; ANCA = antinuclear cytoplasmic antibody; ASL =arterial spin labelling; ATAs=
arterial transit artefacts; CRP = C-reactive protein; CXR =chest X-ray; DWI = diffusion-weighted imaging; ENA = extractable
nuclear antibody; ESR =erythrocyte sedimentary rate; FLAIR =fluid-attenuated inversion recovery; HASU=hyperacute
stroke unit; HSV-2=herpes simplex Type 2; FS-TSE=fat-suppressed turbo spin echo; ICA=internal carotid artery
IV =intravenous; JAK 2 = Janus kinase 2; LP =lumbar puncture; M1,2 = middle cerebral artery segment 1 and 2, MCA = middle
cerebral artery; MDT = multi-disciplinary team; MRA = magnetic resonance angiography; MRC=Medical Research Council
MTHFR = methylenetetrahydrofolate reductase; PCA = posterior cerebral artery; PCNSV =primary central nervous system
vasculitis; TIA = transient ischaemic attack; ToF =time of flight; TSH = thyroid stimulating hormone; UCLHs = University College

London Hospitals; VZV = varicella zoster
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Introduction

Cryptogenic stroke not caused by large artery atheroscler-
osis, cardioembolism or small vessel occlusion, is common
and accounts for ~one-third of ischaemic stroke presenta-
tions.! Very little is known to what extent uncommon but
potentially treatable aetiologies, such as medium-large ves-
sel intracranial vasculitis, contribute to this substantial pa-
tient group but, the wider availability of arterial imaging at

Clinical and radiological improvement following treatment
intervention

Definitive treatment given

hospital presentation is increasingly identifying patients
with intracranial artery pathology without a cause.
Vasculitis is a term reserved for when there is histopatho-
logical confirmation with characteristic granulomatous,
lymphocytic or necrotising vessel inflammation alongside
vessel wall damage. In the absence of histology, we use the
term vasculopathy.” The causes of medium-large vessel
intracranial vasculitis are multifactorial, including infection,
autoimmune, neoplastic, metabolic and genetic conditions.’
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Inflammatory intracranial arterial vasculopathy

It can be primary (i.e. limited to the brain) or secondary (i.e.
involving the systemic circulation).? For the former, primary
central nervous system vasculitis (PCNSV) is the recognized
term and classically affects small vessels.> The systematic
testing for medium-large vessel intracranial vasculitis occurs
only rarely through stroke services, and the diagnosis is likely
to be frequently missed.* The paradigm shift of ‘front door’
stroke management rightly focuses on hyperacute interven-
tions, such as intravenous thrombolysis and mechanical
thrombectomy for ischaemic stroke, which save lives and
disability.” Dual antiplatelet treatment for minor stroke
and high risk transient ischaemic attack (TIA) are now
commonly introduced early after presentation to minimize
recurrence. These care pathways can delay prompt screening
for treatable causes of ischaemic stroke, including medium-—
large vessel intracranial vasculitis possibly triggered by
infections. Lumbar puncture (LP), which is important for
diagnosis, can be significantly delayed because of prior
or acute antiplatelet use, specifically with clopidogrel.®

Cerebral biopsy remains the gold standard diagnostic tool
in the diagnosis of PCNSV, but its sensitivity is low and
has very limited evidence base for exclusively medium-large
vessel inflammation presentations.” Though the benefit of
18E_FDG PET-CT/MR for detection and disease activity sur-
veillance has been reported for large vessel systemic vascu-
litis; its utility is not established in the central nervous
system.® For the purpose of this article, we reserved the
term vasculitis for histologically proven cases and presumed
inflammatory intracranial arterial vasculopathy when this
was not available.

The perceived rarity of intracranial vasculitis as a cause of a
first stroke presentation, attributable to medium-large arter-
ial disease, is that specific investigations for vasculitis are rare-
ly performed or considered only after repeated unexplained
stroke events. In addition, uncertainty as to the optimal inves-
tigation pathway in suspected presentations can further limit
case assessment to a level that justifies the use of immunosup-
pressive therapies with potentially significant side effects.

Intracranial vessel wall MR is an emerging technology that
might help mitigate these limitations in diagnosing and mon-
itoring response to treatment in patients with presumed in-
flammatory intracranial arterial vasculopathy. It involves
high-resolution fat-saturated T;-weighted black blood
images, pre- and post-contrast which allows visualization of
the vessel wall and detection of inflammatory changes within
it.”!% Some studies have already demonstrated the diagnostic
capabilities of intracranial vessel wall MRI in inflammatory
vasculopathies.!'™¢ Arterial spin labelling (ASL) MR perfu-
sion imaging is a non-invasive technique to assess cerebral
blood flow, which is currently transitioning from research
into clinical applications.'” We report our experience in estab-
lishing an optimised protocol that combines intracranial ves-
sel wall MRI with ASL for patients with suspected
inflammatory intracranial arterial vasculopathy and its inte-
gration into our clinical stroke service. As a result, we have
been able to detect presumed inflammatory intracranial arter-
ial vasculopathy associated with various causes and measure
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its haemodynamic impact. Our observations expand on the
spectrum of treatable conditions in acute stroke and highlight
the importance of diagnosis and management of presumed in-
flammatory intracranial arterial vasculopathy.

Subjects/materials and
methods

We identified all patients managed in our dedicated multi-
disciplinary stroke clinic with a presumed inflammatory intra-
cranial arterial vasculopathy diagnosis presenting between
2017 and 2018 to the hyperacute stroke unit and TIA services
at University College London Hospitals (UCLHs) NHS
Foundation Trust. The stroke and TIA services manage
~1000 ischaemic strokes and 500 TIA per year, and UCLH is
the primary centre for assessment of all new stroke events in
the North Central London region (population 1.2 million).
Approximately 20% will be <55 years old. Routine inclusion
of arterial imaging in all first-line assessments has been stand-
ard practice since 2010. All patients had presented with a stroke
event judged by the service vascular review meeting to be sec-
ondary to medium-large vessel intracranial artery pathology
and no evidence of conventional causation (i.e. no evidence
of conventional atherosclerosis, cardiac embolism or pattern
suggestive of a reversible vasoconstriction syndrome) and fur-
ther evaluated in the specialist service. We included the subset
of patients aged <5Syears for this review to minimize any con-
founding effect of coincident background atherosclerosis. Each
patient underwent baseline intracranial vessel wall MRI with
ASL and had follow-up imaging at 6 months and 1 year as
part of their routine clinical care.”

Intracranial vessel wall MRI with ASL was performed on a
3 T MRI Philips Achieva system (Philips Healthcare, Best,
the Netherlands) with a 32-channel head coil. Brain imaging
included  diffusion-weighted imaging, susceptibility-
weighted imaging, fluid-attenuated inversion recovery and
pseudo-continuous ASL with a post-labelling delay of 2 s.
Intracranial vessel wall MRI consisted of high-resolution
time of flight (ToF) and black blood imaging: fat-suppressed
turbo spin echo (FS-TSE) with a voxel size of 0.4 x 0.4 and
2 mm thickness. FS-TSE sequences were performed in cor-
onal plane pre-contrast, followed by coronal and axial
planes after administration of contrast. In some cases, sagit-
tal FS-TSE or TSE with quadruple inversion recovery prepar-
ation pulses was performed to assess petrous and cavernous
portions of the internal carotid artery (ICA).

Two neuroradiologists independently assessed the MRI find-
ings, blinded to the clinical history. H.R.]. has 8 years of
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experience in vessel wall imaging. He is one of the pioneers of
its clinical implementation in the UK and is a nationally and
internationally renowned speaker and teacher on this subject
area. E.L. was trained by H.R.J. and had 2 years of experi-
ence in vessel wall imaging. They evaluated disease activity
with regards to (i) vessel wall enhancement, looking for the
characteristic tramline or circumferential enhancement
seen in vasculitis, (ii) degree of stenosis, (iii) cerebral perfu-
sion at baseline, 6 months and 1 year. All 1-year measures
were compared with baseline scans and defined as 1=im-
provement and 2 = no change/progression. The vasa vasorum
can show tramline enhancement; in the population group as-
sessed, this is usually present in the petrous and cavernous
portions of the ICA. We therefore only considered an en-
hancement of the petrous ICA pathological when it was asso-
ciated with marked wall thickening and clearly more marked
than the physiological enhancement of the vasa vasorum on
the contralateral side. For the analysis of perfusion-weighted
ASL images, we adopted a previously described method,
which assesses the presence and severity of arterial transit ar-
tefacts (ATAs) in anatomical regions based on a modified
ASPECT score for cortical regions.'® ATAs occur when the la-
belled spins have not fully reached the cortex and are still in
leptomeningeal vessels. This gives rise to serpiginous high sig-
nal areas on the brain’s surface and suggests a delay in perfu-
sion. We used the previously described rating of perfusion on
ASL images: 0, no or minimal ASL signal; 1, moderate ASL
signal with ATA; 2, high ASL signal with ATA; and 3, normal
perfusion without ATAs. With 10 regions being assessed, this
cumulated to a maximum score of 30 for a normally perfused
hemisphere. Using this ASL perfusion score, we were able to
quantify the interval changes on ASL images in the different
treatment groups.'®'? The k statistic was calculated. For dis-
agreements, a consensus was reached.

There was no difference between the two readers in identify-
ing crude changes in enhancement, stenosis, and perfusion. A
difference was encountered with the ASPECT grading for
reading (k =0.95); an agreement was reached after a joint re-
view of the case.

To gain a better understanding of the heterogeneous nature

of this group, we classified those with intracranial arterial

vessel wall MR scans suggestive of an inflammatory aeti-

ology into three groups as follows.

1. Infective: CSF positive for nucleic acid, antigen, intra-
thecal antibody, or culture-positive to a specific infection.

2. Radiological evidence of inflammation with supporting
evidence from additional testing (Inflam+): CSF negative

L. A. Benjamin et al.

for nucleic acid, antigen, intrathecal antibody, or culture-
positive to a specific infection, and CSF pleocytosis (>5
cellsyrmm3), or CSF protein 2-fold above the upper limit
of normal (to take account of elevation due to a stroke),
or elevated CSF IgG index, or whole-body '*F-FDG
PET arterial reactivity/avidity.

3. Radiological evidence of inflammation with no support-
ing evidence from additional testing (Inflam-): CSF nega-
tive for nucleic acid, antigen, intrathecal antibody, or
culture-positive to a specific infection, with no CSF pleo-
cytosis (>5 cellsyfmm3), no CSF protein rise >2-fold above
the upper limit of normal, no CSFIgG index elevation, and
no evidence of whole-body '*F-FDG PET arterial reactiv-
ity/avidity.

Patients with radiological confirmation of presumed inflam-
matory intracranial arterial vasculopathy affecting me-
dium-large arteries using vessel wall MRI with ASL were
referred to a multi-disciplinary team (MDT) for a discus-
sion about diagnosis and management. The MDT included
two stroke neurologists (one with infectious disease expert-
ise), a neuroradiologist, and a rheumatologist with expert-
ise in vasculitis. Confirmed circumferential or tramline
vessel wall enhancement on intracranial vessel wall MR
was considered characteristic of vasculitis, therefore pre-
sumed to have an inflammatory intracranial arterial vascu-
lopathy. Patients with this finding were selected for a
further battery of tests by the MDT.” This included cere-
brospinal fluid (CSF) examination to look for evidence of
inflammation and infection by PCR or intrathecal antibody
synthesis and autoimmune, metabolic and infection screen
blood tests. Thrombophilia screen was requested when
brain imaging was consistent with multi-focal infarcts in
the absence of a cardioembolic source and/or evidence of
systemic thrombosis or clotting abnormalities.'*F-FDG
PET was considered in all patients to look for evidence of
systemic vasculitis and a possible systemic biopsy target.
Among those with brain biopsy and confirmed inflamma-
tory intracranial arterial vasculopathy on imaging, un-
biased infection screening strategies such as metagenomic
analysis was considered when there was a high degree of
suspicion of an infectious aetiology and a negative compre-
hensive infection screen. For example, a progressive history
in the context of immunosuppression was considered to be
suspicious of infection. All patients also had standard
stroke workup, including cardiac echocardiogram, 72 h
ECG monitoring and when imaging was consistent with
an embolic source, a bubble echocardiogram and transeso-
phageal echocardiogram were requested. The patient’s pro-
gress, with or without treatment, was monitored and fed
back to the MDT to guide further management. In the ab-
sence of definitive evidence for the management of pre-
sumed inflammatory intracranial arterial vasculopathy,
treatment choices were practical, individualized after dis-
cussion and drawn from the experience of managing large
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vessel systemic vasculitis (e.g. giant cell and Takayasu
Arteritis) with use of drugs such as methotrexate, cyclo-
phosphamide, mycophenolate mofetil and Tocilizumab
(Supplementary Fig. 1). If treatment was delayed, and mon-
itoring indicated active disease (i.e. progressive vasculopa-
thy, new clinical or radiological event), treatment was
often advocated. The clinical history, vascular risk factors
and treatment history were recorded and summarized.

Continuous variables were summarized using means and
medians and compared using student independent-
samples ¢-test or Mann—Whitney U test as appropriate.
Categorical data were represented as percentages and com-
pared using Fisher exact. Individuals with missing data
were excluded from that analysis. We did not adjust for
all covariates because of the small sample size. We consid-
ered a two-sided P value <0.05 to indicate statistical signifi-
cance. We wused statistical software (Stata Statistical
Software, version 15.1; StataCorp, College Station, Tex)
for all analyses.

Standard protocol approvals and patient consent UCLH
stroke service routine collection of clinical data are approved
by the UCLH Governance Review Board as a continuous ser-
vice evaluation of a comprehensive care programme (service
evaluation 5-201929-SE); for this reason, informed patient
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consent was not routinely required, but individual patient
consent for the expanded cases was obtained.

The data are available upon reasonable request and ethical
approval.

Results

Eleven patients were included in this case series presenting to
the service between January 2017 and June 2018. They were
each followed up for 1 year. The median age was 36 years
[interquartile range (IQR): 33,501, 8 of 11 (73%) were wo-
men. None of the cases had evidence of brain '*F-FDG
PET activity, and CSF pleocytosis was infrequent [2/9
(22%)]. All patients were alive at one year. The patient char-
acteristics are described as a summary in Table 1 and in detail
in Table 2.

Two patients had herpes virus inflammatory intracranial ar-
terial vasculopathy [one herpes simplex-2 and one varicella
zoster (VZV)]. Both were women, young (26-years- and
32-years-old) and presented with stepwise symptoms (see
Vignette A below). Both had evidence of immune dysfunction

Table | Summary of patient characteristics with medium-large vessel intracranial vasculitis

Infective (n=2) Inflam+ (n=3) Inflam- (n=6)

Female n (%) 8 (73) 2 (100) 3 (100) 3 (50)
Median age years (IQR) 36 (33,50) 30 41 45
Type of inflammatory vasculopathy n (%) — — —

Infective 2 (18)

Inflam+ 3 (27)

Inflam- 6 (55)
PET scan—evidence of brain avidity n (%) 0 — — —
PET evidence of systemic avidity (n=9) (%) 2 (22) — — —
CSF pleocytosis (n=9) (%) 2 (22) — — —
Systemic inflammation (CRP) (n = 10) (%) 6 (60) | (50) 2 (67) 3 (50)
Exposure to vascular risk factors® (%) 5 (45) I (50) 3 (100) I (17)
Prior evidence of immune dysfunction® (%) 4 (36) 2 (100) 0 2 (33)
Multifocal intracranial stenosis on imaging n (%) 4 (36) 2 (100) 1(33) 1 (17)
Antiviral treatment n (%)? 4 (36) 2 (100) 0 3 (50)
Immunosuppressive therapy n (%) 8 (73) 2 (100) 2 (67) 4 (67)
Standard stroke preventative treatment® n (%) 9 (82) 1 (50) 3 (100) 5(83)

n= |1 except for when stated.
*hypertension, diabetes, hypercholesterolaemia, smoker.

Pincluding ankylosing spondylitis, long-term immunosuppressive treatment, combined immunodeficiency, hypothyroidism, Takayasu disease, lichen planus, coeliac, eczema and

polymyalgia rheumatica vasculitis.
Sincluding antiplatelets (aspirin, clopidogrel, warfarin) and statins.

9Treatment dosing with intravenous acyclovir (10 mg/kg twice daily for 14 days) was used for those with proven.
Herpes viral infection and a preventative dosing regime were selected with valacyclovir (500 mg BD PO) whilst intrathecal antibody synthesis assay results were awaited.
‘Inflam+’; Radiological evidence of medium—large vessel inflammation with supporting evidence of inflammation from additional testing. ‘Inflam-’; Radiological evidence of medium-large

vessel inflammation with no supporting evidence of inflammation from additional testing.
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Table 2 Clinical features, treatment and outcome
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Patient No. | 2 3 4 5 6 7 8 9 10 11
Sex F M F F F M F F M F F
Ethnicity® Asian White - White  Asian  White White White White White Other
Age (years) 36 36 33 50 41 53 25 48 29 50 34
Type of medium-large intracranial vasculitis Inflam+ Inflam-  Inflam- Inflam-  Inflam+ Inflam- Infective Inflam- Inflam- Inflam+ Infective
Presentation
Stroke/TIA Stroke’  Stroke’ Stroke’ Stroke™ Stroke’  TIA™ Stroke’ Stroke TIA  Stroke™ Stroke
Headache No No No No No No Yes No No No Yes
Speech disturbance® No No No No Yes Yes No No No No No
Focal weakness or numbness No No No Yes’ - Yes Yes’ Yes’ - Yes’ Yes
Visual symptoms© No No No No No No Yes No Yes No No
Lethargy No No No No No No Yes No No No Yes
Previous TIA/Stroke Yes No No Yes No No Yes No No Yes Yes
PET evidence of brain avidity No No No No No No No No - No -
PET evidence of systemic avidity No No No No Yes No No No - Yes -
CSF pleocytosis* Yes No No - No No No No No - Yes
Systemic inflammation CRP® Yes No No Yes No Yes Ye Yes - Yes No
Exposure to vascular risk factors’ Yes Yes No Yes Yes No Yes No No Yes No
Prior evidence of immune dysfunction® Yes No No Yes No No Yes Yes Yes Yes Yes
Treatment
Antivirals" No Yes No No No Yes Yes No Yes No Yes
Immunosuppressive' No Yes Yes No Yes Yes Yes No Yes Yes Yes
Standard stroke preventative treatment’ Yes Yes Yes Yes Yes Yes Yes No Yes Yes No
Outcome
Clinical recurrence at | year Yes No No No No No No No No No No
Improvement in intracranial vessel wall No Yes No Yes Yes Yes Yes No No Yes Yes
enhancement at | year
Improvement in cerebral perfusion at | No No Yes No Yes Yes Yes No No Yes Yes
year
Improved intracranial ToF MRA at | year No No Yes No No No Yes No No No Yes
interval®
- missing data.
‘left-sided.
¥ right-sided.

®as defined by United Kingdom public sector information website (gov.co.uk).
bdysarthria or dysphasia.

“monocular visual loss, diplopia.

dyes = >5cells/mm3.

fyes =>5 mmol/L.

fincluding hypertension, diabetes, hypercholesterolaemia, smoking.

gincluding ankylosing spondylitis, long-term immunosuppressive treatment, combined immunodeficiency, hypothyroidism, Takayasu disease, lichen planus, coeliac, eczema and

polymyalgia rheumatica vasculitis.
Pvalaciclovir or aciclovir.

including steroids, methotrexate, IVIG, prednisolone, mycophenolate, azathioprine and cyclophosphamide.

lincluding antiplatelets (aspirin, clopidogrel, warfarin) and statins.
*one (Patient 10) had dilatation of intracranial vessels on the baseline imaging.

Inflam+’; Radiological evidence of medium—large vessel inflammation with supporting evidence of inflammation from additional testing.
Inflam-’; Radiological evidence of medium—large vessel inflammation with no supporting evidence of inflammation from additional testing.

Patient 9 had a brain biopsy.

(seronegative arthritis and allogenic haematopoietic stem cell
transplant for a prior haematological malignancy). Notably,
both cases had no significant CSF pleocytosis. Both had multi-
focal intracranial stenosis (Table 1).

A 23-year-old woman presented to the stroke services after
suddenly developing a clumsy left hand, facial droop and fea-
tureless headache. She was a smoker and denied illicit drug
use. She had seronegative arthritis, and a history of severe

primary varicella zoster (VZV) infection during pregnancy 5
years previously. Examination demonstrated an ataxic mono-
paresis affecting her left arm. Her NIHSS score was 2.

MRI showed an acute striatocapsular infarct and Magnetic
Resonance Angiogram (MRA) revealed an occlusion of the
M1 segment of the right middle cerebral artery (MCA).
Baseline bloods were mostly unremarkable, including normal
full blood count, urea and electrolytes, liver function, thyroid
function, Vitamin B12 and folate, homocysteine levels,
thrombophilia screen, fasting lipids and glucose, HIV, syph-
ilis, hepatitis B & C, Lyme serology, autoimmune screen,
72-hour ECG recording, transesophageal echocardiogram,
and thrombophilia screen. ESR (40 mm/h) and CRP (10 mg/
L) were mildly elevated. On the ward she was systemically
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well, with improving minor symptoms and was therefore dis-
charged on a single antiplatelet agent, lipid-lowering treat-
ment and community therapy support. Her focal symptoms
resolved at home, but she reported chronic problems with
somnolence, fatigue, and a mood disorder. Seven months la-
ter, she developed a sudden onset right-sided headache, nau-
sea and blurred vision and presented to hospital. A left
homonymous hemianopia was identified on examination.
Repeat MRI and MRA showed a right posterior cerebral ar-
tery (PCA) territory infarct (Fig. 1). MRA confirmed occlusion
of the P1 segment of the right PCA. The right MCA had reca-
nalised but remained narrowed and had a beaded appearance
(Fig. 1). MRI vessel wall imaging demonstrated vessel en-
hancement in the right MCA and PCA as well as intracranial
ICA. ASL showed delayed perfusion in the right MCA and
PCA territories (Fig. 1). She had a LP; the opening pressure
was 15 cmH,0. CSF examination showed four white
cells/mm?, two red cells/mm?, glucose 3.2 mmolL/L (serum
4.9 mmol/L), protein 0.28 g/L, positive unmatched oligoclo-
nal bands, and normal culture, gram stain and lactate.
Notably, herpes simplex Type 2 (HSV-2) PCR was positive
in her CSF (the cycle threshold cut-off was 35), and PCRs
for HSV-1, VZV, cytomegalovirus, Epstein-Barr virus, hu-
man herpes virus 6 and enterovirus were negative. She was
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commenced on high-dose intravenous (IV) acyclovir for 7
days, 1000 mg of IV methylprednisolone for 3 days and
1 mg/kg of oral prednisolone, with suppressive 500 mg twice
daily oral valacyclovir thereafter. Mycophenolate mofetil was
subsequently added as a steroid-sparing agent. A repeat CSF
was now negative for HSV-2 PCR, but there was evidence
of monoclonal intrathecal antibody synthesis specific for
HSV-2 (viral index=7.8, normal <3), suggesting an immune
response to HSV-2 in the brain. MRI showed partial recana-
lization of the right PCA, improvement in the right MCA
and ICA calibres, reduction of vessel wall enhancement and
markedly improved perfusion from the initial ASL perfusion
score of 15 to a score of 29 for the right hemisphere (Fig. 1).

Three patients had Inflam+ indicated by an abnormal
8E-FDG PET scan and/or abnormal CSF. These patients
had a median age of 41 years, and all three were female.
Although the presence of vascular risk factor was common

Figure | HSV-2 inflammatory intracranial arterial vasculopathy (Patient 7); DWI (A) demonstrates an acute infarct involving the right
occipital and medial temporal lobes. ToF MRA (B) shows occlusion of the Pl segment of the right PCA (dashed arrow) and narrowing right MCA
with a ‘beaded’ appearance (arrow), as well as diffuse narrowing of the intracranial right ICA. VWI (C) wall thickening and enhancement of the right
MCA (double arrow), right Pl segment (dashed arrow) and right intracranial ICA (not shown). ASL (D) shows reduced perfusion in the area of
infarction (arrow) and extensive ATAs over the cortical territory of the right MCA (arrowheads), indicating a relative delay in blood arrival.
Follow-up imaging after treatment (E-H) shows the right temporo-occipital infarct maturation, with no evidence of new ischaemia on DWI (E).
ToF MRA (F) demonstrates partial recanalization of the right PCA (dashed arrow), improvement in the calibre of the right MCA (arrow) and
reduced narrowing of the right intracranial ICA. VWI (G) shows near resolution of the wall thickening and enhancement of the right MCA (double
white arrows), right Pl segment (dashed arrow) and right intracranial ICA (not shown). ASL (H) shows normalization of perfusion in the

corresponding cortical territories of the right MCA and PCA.
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Figure 2 Intracranial Takayasu (Patient 10); Intracranial Takayasu arteritis: Axial b1000 DWI image (A) demonstrates an acute right
striatocapsular infarct, with fusiform dilatation of the M| segment of the right MCA on time-of-flight MRA (B). ASL perfusion-weighted image (C)
shows the reduced signal intensity of labelled spins in the right peri Sylvian regions, which normalized on follow-up imaging (not shown).
Axial-fused (F) '8FDG PET-CT image demonstrates concentric and increased radiotracer uptake within the wall of the ascending and proximal
descending thoracic aorta (solid black arrow). Baseline sagittal VWI (D) shows concentric thickening and enhancement of the vessel wall of the
right MCA (dotted black arrow), with interval improvement on subsequent VWI following interim treatment (E).

in this group [3 (100%)], none had a prior history of immune
dysfunction. Vignette B describes a typical case, and imaging
examples are presented in Fig. 2 and Fig. 3.

A 53-year-old woman presented to the stroke services with a
sudden onset left-sided weakness. She has a history Takayasu
arteritis and initially presented with hypertension, arthralgia
and had evidence of an elevated inflammatory response. The
diagnosis was made 7 months previously, following evidence
of large vessel uptake on 'F-FDG uptake involving her as-
cending and descending aorta. She was managed at the time
of presentation with mycophenolate and methotrexate but
methotrexate had been recently interrupted because of side ef-
fects, and she was bridged with steroids. Before her admission,
she had an '8F-FDG PET MR, which showed increased avidity
in the aortic region (Fig. 2) with additional '®F-FDG uptake in
the mesenteric and para-aortic lymph nodes. On examination,
she has a left pronator drift and an MRC grade 4 + of 5 weak-
ness of her left upper and lower limb. She had ataxia of her af-
fected limb and was also left-sided hyper-reflexia and a left
extensor plantar response. She was found to have subclinical
hypothyroidism with a TSH of 8.18 mU/L and T4 of
17.4 pmol/L and was started on levothyroxine. Full blood
count, urea and electrolytes, liver function, lipid profile,

HBA1C, HIV, syphilis and hepatitis B and C serology were
negative or within normal limits. CSF was not performed.
The MRI of the brain showed a right, acute striatocapsular
infarct corresponding to the territory of the perforating vessels,
compatible with her symptoms and arising from the M1 seg-
ment of the right MCA which was not narrowed but abnormal-
ly dilated. In addition, the MRI showed an old silent cerebral
infarct (Fig. 2). Dedicated vessel wall MRI demonstrated cir-
cumferential vessel wall enhancement in the right M1 segment
(Fig. 2), extending into the inferior M2 segment and less
marked enhancement in the supraclinoid portion of the right
ICA. Active Takayasu arteritis involving the intracranial arter-
ies was diagnosed, and she was treated with three doses of
500 mg IV methylprednisolone and subsequently recom-
menced on 40 mg oral prednisolone and cyclophosphamide
750 mg IV per month for 6 months. Vessel wall enhancement
but not the vessel dilatation improved after treatment (Fig. 2).

Six patients had ‘Inflam-’ as indicated by normal "*F-FDG
PET and/or CSF. These patients had a median age of 45 years
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Figure 3 Presumed inflammatory intracranial arterial vasculopathy ‘Inflam-’ (Patient 6). ToF MRA (A), axial VWI (B + C) and serial

perfusion-weighted ASL images at supraganglionic level (D-F) in a 53-year-old male patient undergoing sustained immunosuppressive treatment.
Baseline MRA (A) demonstrate irregular narrowing of the distal right ICA (arrow) and right MCA (double arrow), associated with concentric
thickening and pathological enhancement of the affected vessel walls on VWI (B + C). Baseline ASL (D) demonstrates ATAs over the right Mé
territory (arrow), with an overall ASL perfusion score of 25. ASL at 6 months (E) shows more extensive ATAs (arrowheads) with an overall score
of 18, Subsequent ASL imaging performed at | year following adjustment to the patient’s treatment regime (F) demonstrates an associated
improvement in cerebral normalisation perfusion in the right MCA territory (arrowheads), with an overall perfusion score of 22. ‘Inflam-’;
Inflammatory medium—large vessel intracranial vasculitis with no supporting evidence of inflammation from additional testing

(IQR: 36,53), and three (50%) were women. This group
were less likely to have accompanying vascular risk 1
(17%), or prior evidence of immune dysfunction 2 (33%).
Vignette C describes a typical case.

A 48-year-old woman with a past medical history of coeliac
disease, hypothyroidism, lichen planus, a high body mass in-
dex and a left cervical level 6/7 radiculopathy, presented ini-
tially to the emergency department with sudden left lower
arm weakness and numbness which persisted for ~72 h.
Initial CT head, routine bloods and ECG were unremark-
able. However, an MRI of her brain showed a right thalamo-
capsular infarct. She had a tapering narrowing of the

intracranial portions of the right ICA, which had a thickened
and circumferentially enhancing wall along its intracranial
course, shown on her intracranial vessel wall MR, and pre-
sumed to be an inflammatory intracranial arterial vasculopa-
thy (Fig. 4). She had 'F-FDG PET MRI, LP, cardiac
echocardiogram and 24 h ECG monitoring which were all
unremarkable. The following tests were all negative or with-
in normal limits: thrombophilia screen, D-dimer, total
homocysteine, JAK 2 mutation analysis, viral serology
(including hepatitis B and C and HIV serology), ANA,
double-stranded DNA, ENA, ANCA, rheumatoid factor,
anti-citrullinated protein antibody, urea and electrolyte, liver
function, iron, B12, folate, calcium and vitamin D. She had
an MTHFR homozygous polymorphism which was not of
clinical significance in the context of a normal homocysteine
and serum folate levels. She did, however, have modestly ele-
vated CRP (18 mg/L), which was noted to be elevated to a
similar degree in the community. It is unclear the reason
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Figure 4 Presumed inflammatory intracranial arterial vasculopathy ‘Inflam-’ (Patient 8); Luminal, vessel wall and serial ASL imaging
in a 48-year-old female patient without sustained treatment. Baseline ToF MRA (A) demonstrates tapered narrowing of the intracranial portions
of the right ICA culminating in high-grade stenosis involving the right terminal ICA segment and T junction. Baseline axial VWI (B + C)

demonstrates concentric vessel wall thickening and pathological enhancement of the petrous (not shown), cavernous (B) and supraclinoid (C)
segments of the right ICA (double arrows). Baseline ASL (D) demonstrates mild ATAs over the posterior right middle cerebral artery territory,
with an overall ASL perfusion score of 26, with only minimal change at 6 months (E). ASL performed at | year, following no long-term

immunotherapy intervention, demonstrates worsening ATAs over the cortical territory of the right MCA, with a decline in overall perfusion score
to 21 (F). ‘Inflam-’; Inflammatory medium—large vessel intracranial vasculitis with no supporting evidence of inflammation from additional testing.

for her elevated CRP but her autoimmune co-morbidities
could offer a possible explanation. Her initial antiphospho-
lipid antibody serology was negative but she developed a
transiently positive anticardiolipin antibody, and a signifi-
cantly elevated Beta-2-glycoprotein-1 antibody (>100 U/L)
within the first 3 months; the latter persisted for several
months before antiphospholipid syndrome was diagnosed.
However, this did not fully explain the clinical picture.
Anticoagulation with warfarin was eventually commenced.
Within the first 3 months of high dose I.V. methylpredniso-
lone for presumed inflammatory intracranial arterial vascu-
lopathy, but the patient declined further intervention after
this. She remained free of focal symptoms. Over the course
of 1 year, her right intracranial stenosis, the corresponding
vessel wall enhancement and cerebral hypoperfusion of the
right middle cerebral artery territory had progressed without
treatment (Fig. 4).

Eight of eleven patients (73%) had immunosuppressive
treatment continued for more than 4 weeks. As a minimum,
this included high-dose corticosteroids in all treated cases.
Six received additional therapy, including methotrexate,
cyclophosphamide, or mycophenolate mofetil. Treatment
doses of intravenous antiviral therapy were given to those
with proven herpes viral infection. Preventative oral antiviral
therapy was often used alongside those taking more than one
immunosuppressive treatment. The proportion with im-
proved (reduced) wall enhancement in those treated with im-
munosuppressive therapy (with or without antiviral therapy)
compared to the proportion of those not treated with
immunosuppression with reduced wall enhancement
after 1 year, was not significant [6 (86%) versus 4 (50%)
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Table 3 Radiological and clinical outcome by treatment
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Improved intracranial

vessel wall enhancement
imaging at |-year interval

Improved cerebral
perfusion at |-year interval

Improved intracranial ToF
MRA at |-year interval*

Yesn=7 Non=4 Pvalue Yesn=6 Non=5 Pvalue Yesn=3 Non=8 P value

Immunosuppressive therapy with or without 6 (86) 2 (50)
antivirals n (%)
Immunosuppressive monotherapy n (%) 2 (29) 1 (25)

Immunosuppressive combined with antivirals n (%) 4 (57) 3 (43)

0201  6(100) 2(40) 0026 3(100) 5(63) 0214
0898 3 (50) 0 0064 1(33) 225 0782
030  3(50) 2(40) 0740 2 (67) 3(38) 0387

*Ten patients had stenoses and one (Patient 10) had dilatation of intracranial vessels on the baseline imaging. ToF, time of flight. Bold value indicates statistical significance.

(P=0.201)]. We showed improvement in cerebral perfusion
at 1 year using ASL sequence in patients taking immunosup-
pressive therapy for >4 weeks compared with those not re-
ceiving therapy [6 (100%) versus 2 (40%) P=0.026].
There was no appreciable change in intracranial ToF angio-
gram across the treatment groups at 1 year (Table 3). Only
one patient had a further clinical event. This patient was in
the ‘Inflam+’ group, and at the time of the second event,
the patient was not taking immunosuppressive treatment.

Discussion

We provide new evidence that non-invasive imaging of vessel
wall enhancement and cerebral perfusion might be helpful in
diagnosing and monitoring those with presumed inflammatory
intracranial arterial vasculopathy, due to a range of underlying
causes. In a case series of patients with presumed inflammatory
intracranial arterial vasculopathy affecting medium-large ar-
teries and followed up for 1 year, we used intracranial MR
with ASL perfusion to aid diagnosis and management. To
date, no detailed longitudinal clinical stroke series of this nature
using intracranial vessel wall MRI with ASL exist. Our cohort
describes a heterogenous aetiology, including infectious causes,
systemic vasculitis involving intracranial arteries and presumed
inflammatory intracranial arterial vasculopathy limited to the
brain. Moreover, vessel wall MRI with ASL limited the need
to progress to brain biopsy and strengthened our ability to
monitor disease activity and adapt our management strategy
once treatment was initiated.

We describe novel imaging findings in two rare causes of pre-
sumed inflammatory intracranial arterial vasculopathy, namely
HSV-2 and Takayasu arteritis. HSV-2 is a recognized cause of
meningitis but rarely causes stroke. First, we demonstrated a
progressive inflammatory intracranial arterial vasculopathy in
the context of both HSV-2 DNA CSF detection and evidence
of HSV-2 intra-thecal antibody production with clinical and
radiological improvement following specific antiviral and anti-
inflammatory therapy.”’ HSV-2 belongs to the alpha-herpes
virus family, which also includes VZV. VZV has the strongest
relationship with stroke among all the herpesviruses.”! A short
term increased risk of stroke following reactivation of an

ophthalmic zoster is the most convincing; the latter implicates
the trigeminal ganglion.”* Although HSV-2 classically estab-
lishes latency in the sacral ganglion, it can also occur in the tri-
geminal ganglion.”> The alignment of the clinical and
radiological features of the case makes it biologically plausible
that HSV-2 was causal, rather than a bystander.

The patient with Takayasu arteritis was a woman aged 53
years old, who had a confirmed stroke following a brief inter-
ruption of her immunosuppressive treatment for Takayasu
arteritis. Given her age, the presence of a vascular risk factor,
and the association with Takayasu and elevated lipopro-
tein,”* it was initially thought possible that the stroke was
caused by atherosclerosis. Stroke is rare in Takayasu arteritis
and is often attributed to premature atherosclerotic dis-
ease.”>>® However, in our case, evidence of focal inflamma-
tory intracranial arterial vasculopathy affecting the middle
cerebral artery on intracranial vessel wall MRI with a
corresponding striatocapsular infarct and hypoperfusion of
the respective hemisphere on ASL, indicated an active
inflammatory vasculopathy and redirected her management
to intensive immunomodulatory therapy with effect.

The current recommendations for investigating medium-—
large vessel intracranial vasculitis manifesting with stroke
have considerable limitations. First, while MRA, CTA and
US imaging (including transcranial doppler) might allow
diagnosis of luminal narrowing and non-invasive monitoring
of arterial injury, they remain limited in their ability to
confirm inflammation and monitor disease activity.”
Intracranial vessel wall MRI looks beyond the lumen at the
vessels, and thus provides added value.'*'® It also helps dis-
tinguish tramline or circumferential vessel wall enhancement
(depending on the orientation of the vessel to the imaging
plane), which is typical for non-atherosclerotic inflammatory
vasculopathy from atherosclerosis where the enhancement is
eccentric.'>'® It is important to note that all our patients in
Category 3 (radiological evidence of inflammation with no
supporting evidence from additional testing) demonstrated
circumferential or tramline enhancement and not an en-
hancement pattern characteristic of an active arteriosclerotic
plaque. Although gadolinium-based perfusion could theoret-
ically be used to assess the cerebral haemodynamics instead of
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ASL, it requires more post-processing, including a deconvo-
lution analysis and selection of arterial input function, which
in the presence of intracranial stenosis can lead to less reliable
results due to problems with delay and dispersion.?” While
18E_FDG PET CT/MRI has value in demonstrating inflamma-
tion systemically in the large vessel vasculitides; it is insensi-
tive for detecting focal inflammatory intracranial arterial
vasculopathy affecting the medium-large arteries, as shown
in our series. Novel, more specific and sensitive PET tracers
may prove helpful in the future, but currently, this remains
a limitation. Intracranial vessel wall MR with black blood se-
quences and ASL is a recent technique which holds promise in
the diagnosis and differential diagnosis of inflammatory
intracranial vasculopathy.'® Here we demonstrated its po-
tential in monitoring disease activity.

Second, the rapid flow of patients through the stroke path-
way and the requirement for immediate use of antiplatelet
therapy limits obtaining rapid investigations such as an LP
or brain biopsy. A high index of suspicion is required to jus-
tify these investigations. Only 56% of our cohort had any
evidence of systemic inflammation, showing that evidence
on routine investigations for an underlying inflammatory
pathology is often lacking in confirmed cases. Moreover, in
our series even when an LP is performed, we found that
just under one-third have evidence of pleocytosis and thus
normal cerebrospinal fluid does not exclude an inflammatory
intracranial arterial vasculopathy.

Third, while brain biopsy demonstrating inflammatory in-
filtrates and fibrinoid necrosis of vessel walls remains the
gold standard for diagnosing intracranial arterial vasculitis,
there are several disadvantages, including significant rates
of false negatives and the invasiveness of the procedure lead-
ing to cerebral haemorrhage or infection.>** Furthermore,
given the skipped or focal pattern of stenosis in medium—
large vessel inflammatory intracranial vasculopathy, there
is a possibility of non-diagnostic biopsies, with a limited sen-
sitivity of only 53-63%.%® We have shown in the current ser-
ies that the use of intracranial vessel wall MRI with ASL
supports the diagnosis of presumed inflammatory intracra-
nial arterial vasculopathy in suspected cases and potentially
avoids the need for brain biopsy.

There are no randomized controlled trials to guide the treatment
of cerebral vasculitis, and management is extrapolated from
trials from systemic vasculitis and observational studies.****°
Limited evidence in PCNSV suggests immunosuppressive drugs
cross the blood-brain barrier and may be effective.*® Despite the
difference between the current presumed inflammatory intra-
cranial arterial vasculopathy patients and those with classical
PCNSV, and the heterogeneous use of immunosuppressive ther-
apy in our cohort, we were still able to observe a significant im-
provement in cerebral perfusion after 1 year. Importantly, those
with seemingly inactive (Inflam-) medium-large vessel inflam-
matory intracranial arterial vasculopathy progressed without

L. A. Benjamin et al.

immunosuppressive therapy (Fig. 4), suggesting an urgent
need for the identification of additional biomarkers. Among
the two infection-related vasculopathies, antiviral agents were
given but both required adjunctive immunosuppressive therapy
to facilitate complete resolution. Our series has demonstrated
the value of intracranial vessel wall MRI with ASL perfusion
measurements in monitoring the effectiveness of immunosup-
pressive treatment and monitoring disease progression and
remission.

Our study had important strengths. First, we were able to util-
ize a novel imaging technique in a stroke pathway to establish
the diagnosis of an inflammatory intracranial arterial vascu-
lopathy affecting medium-large arteries that were otherwise
delayed or could have been missed. Second, we closely mon-
itored disease activity by performing interval intracranial ves-
sel wall MRI with ASL, at 6 months and 1 year, providing
novel data in patients presenting with acute stroke symptoms.
This has advanced our diagnosis and ability to monitor dis-
ease activity in the brain among patients with presumed in-
flammatory intracranial arterial vasculopathy or those with
biopsy-proven vasculitis. Third, we used predefined standar-
dized radiological diagnostic criteria, with review (blinded to
clinical details) by two neuroradiologists. Finally, the cases
referred to our dedicated clinic were all identified following
application of routine arterial imaging as standard of care
for assessment of stroke and TIA by the clinical service and al-
lows estimation of the incidence (~4%) of such cases in a
metropolitan stroke/TIA patient cohort.

Our study also has limitations. Although all patients
met the radiological consensus agreement of a medium-
large inflammatory intracranial arterial vasculopathy, the
underlying aetiology varied, this could have underpowered
our observation, especially when exploring the impact of
treatment on vessel wall enhancement and degree of stenosis.
A notable improvement in cerebral perfusion was observed
and may have contributed to a favourable clinical outcome.
However, this requires further investigation. We acknowledge
that intracranial vessel wall MRI requires comparison to the
gold standard histology for diagnosing intracranial vasculitis.
However, access to the target regions (i.e. an inflamed me-
dium-large artery) could prove hazardous. Alternative meth-
odologies such as randomized clinical trials that demonstrate
a beneficial effect on stroke outcome may need to be sought in
parallel. The numbers we were able to include were limited by
the condition’s rarity and follow-up was limited to 1 year.
Furthermore, due to the scope of the study, we were unable
to determine false-negative results. We accept that some of
our cases did not always fulfil the definition of cryptogenic
stroke. However, in the ‘real world situation’, these diagnoses
are rarely established in the hyperacute and acute phase of the
stroke admission. Therefore, at discharge from these loca-
tions, all our cases had been labelled as cryptogenic stroke,
and in these scenarios, intracranial vessel wall MRI could re-
present a valuable screening tool to rapidly identify those that
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have a ‘non-conventional’ cause for their stroke. As vessel wall
MRI develops, so will understanding the interpretation of the
obtained imaging. For example, experience with these se-
quences to date recommends that although active and symp-
tomatic atherosclerotic plaques can enhance on vessel wall
MR, there are radiological features that can help distinguish
lesions with this pathology from classical inflammatory vascu-
lopathy. Further work to formally compare the vessel wall im-
aging characteristics of different causes of intracranial artery
injury is necessary and is planned by our group and others.'®

Conclusion

In our longitudinal case series, we have demonstrated the
utility of intracranial vessel wall MRI combined with ASL
in the detection and monitoring of disease activity of patients
with presumed inflammatory intracranial arterial vasculopa-
thy or histologically proven intracranial vasculitis presenting
with stroke symptoms, limiting the need to progress to brain
biopsy in the former. This provides the necessary foundation
to evaluate the burden formally and support vital trials to es-
tablish optimum therapeutic approaches to demonstrate a
beneficial effect on stroke outcome.
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