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Distinction between acute disseminated encephalomyelitis and acute multiple sclerosis is often clinically difficult. Perivenous
demyelination is the pathological hallmark of acute disseminated encephalomyelitis, whereas confluent demyelination is the
hallmark of acute multiple sclerosis. We investigated whether perivenous demyelination versus confluent demyelination distin-
guishes acute disseminated encephalomyelitis from multiple sclerosis. Patients with perivenous demyelination (n=13; median
age 43 years, range 5-67) on brain biopsy and/or autopsy, ascertained retrospectively, were compared with a cohort with
confluent demyelination only (n=91; 84% multiple sclerosis, 16% isolated syndrome at follow-up; median age 39 years, range
10-69). Clinical presentation, course and the International Paediatric Multiple Sclerosis Study Group clinical criteria for acute
disseminated encephalomyelitis were assessed in both cohorts. Among the perivenous demyelination cohort, 10 patients had
only perivenous demyelination and three also had confluent demyelination. All but one patient with perivenous demyelination
only had a monophasic course, whereas two of three with both types had a relapsing course. The perivenous demyelination
cohort was more likely than the confluent demyelination cohort to present with encephalopathy (P<0.001), depressed level of
consciousness (P<0.001), headache (P<0.001), meningismus (P=0.04), cerebrospinal fluid pleocytosis (P=0.04) or multifocal
enhancing magnetic resonance imaging lesions (P<0.001). A distinct pattern of cortical microglial activation and aggregation
without associated cortical demyelination was found among six perivenous demyelination patients, all of whom had encephalo-
pathy and four of whom had depressed level of consciousness. This pattern of cortical pathology was not observed in the
confluent demyelination cohort, even in one patient with depressed level of consciousness. Clinical criteria were 80% sensitive
and 91% specific for pathologically defined acute disseminated encephalomyelitis (perivenous demyelination), but misdiag-
nosed acute disseminated encephalomyelitis among 9% of patients with confluent demyelination and multiple sclerosis diag-
nosis at last follow-up. Perivenous demyelination is associated with meningoencephalopathic presentations and a monophasic
course. Depressed level of consciousness is a more specific clinical criterion for pathologically confirmed acute disseminated
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encephalomyelitis than encephalopathy, which over-diagnosed acute disseminated encephalomyelitis among multiple sclerosis
patients. A distinct pattern of cortical microglial activation without cortical demyelination may be the pathological correlate of
depressed level of consciousness in acute disseminated encephalomyelitis. Although pathological evidence of perivenous
demyelination may be superior to clinical criteria for diagnosing acute disseminated encephalomyelitis, the co-occurrence of
perivenous and confluent demyelination in some individuals suggests pathogenic overlap between acute disseminated
encephalomyelitis and multiple sclerosis and misclassification even with biopsy.

Keywords: multiple sclerosis; magnetic resonance imaging; neuropathology; immune-mediated demyelination; demyelinating disease

Abbreviations: ADEM = acute disseminated encephalomyelitis

Introduction

A considerable proportion of children and adults with suspected
acute disseminated encephalomyelitis (ADEM) ultimately are diag-
nosed with multiple sclerosis. Clinical criteria which distinguish
monophasic ADEM from first presentations of relapsing multiple
sclerosis are needed since patients with multiple sclerosis may
benefit from early immunomodulatory or immunosuppressive
therapy to prevent continuing inflammatory disease activity,
whereas such therapies may not be warranted in those with
monophasic ADEM. Consensus clinical diagnostic criteria for
ADEM were recently proposed by the International Paediatric
Multiple Sclerosis Study Group (Krupp et al., 2007). These clinical
criteria diagnose ADEM in the setting of a first presentation of
idiopathic inflammatory demyelinating disease in children that
is acute or subacute, multifocal, polysymptomatic and marked
by encephalopathy; encephalopathy was proposed as the
factor best able to distinguish ADEM from a multifocal fulminant
presentation of multiple sclerosis. The authors recommended
prospective validation of these criteria in a multi-centre study
of children with idiopathic inflammatory demyelinating diseases.
Prior studies of clinically diagnosed ADEM were limited by
the lack of standardized criteria and a diagnostic gold standard
for ADEM (Dale et al., 2000; Hynson et al., 2001; Schwarz
et al.,, 2001; Tenembaum et al., 2002; Murthy et al., 2002;
Leake et al., 2004; Mikaeloff et al., 2004, 2006; Marchioni
et al., 2005). Furthermore, previously published ADEM studies
demonstrated considerable clinical overlap with first presenta-
tions of multiple sclerosis and have suggested ADEM may occur
in a relapsing or recurrent form that is distinct from multiple
sclerosis.

Pathological correlative data that might inform clinical distinc-
tion of ADEM from first presentations of acute multiple sclerosis
are lacking. ADEM is a central nervous system idiopathic
inflammatory demyelinating disease pathologically characterized
by the presence of sleeves of perivenous demyelination that
differ from the sharply demarcated confluent demyelinated
plaques typical of multiple sclerosis (Turnbull and MclIntosh,
1926; Van Bogaert, 1950; Lumsden, 1951; Uchimura and
Shiraki, 1957; Greenfield and Norman, 1971; Oppenheimer,
1976). Most early pathological childhood and adult ADEM series
were based on autopsy material from patients with fatal perive-
nous encephalomyelitis, with or without a prior history of infection
or vaccination (Van Bogaert, 1950; Greenfield and Norman, 1971;

Oppenheimer, 1976; Mizutani et al., 1977; Miller et al., 1993;
Hafler and Hedley-Whyte, 1995; Wang et al., 1996; Shintaku
and Matsumoto, 1998; Koch et al., 2005). The last large clinical
pathological series of patients with post-infectious perivenous
encephalomyelitis was published in 1975 (Hart and Earle, 1975).
Since then, only case reports and small series of patients with
clinically diagnosed ADEM have been described, accompanied by
limited pathological information (de la Monte et al., 1986; Miller
et al., 1993; Hasegawa et al., 1994; Kinoshita et al., 1994; Hafler
and Hedley-Whyte, 1995; Khan et al., 1995; Horowitz et al.,
1995; Dagher and Smirniotopoulos, 1996; Silver et al., 1997;
Shintaku and Matsumoto, 1998; Olivero et al., 1999; Dale et
al., 2000; Singh et al., 2000; Cohen et al., 2001; Tenembaum
et al., 2002; Ravin and Hedley-Whyte, 2002; Lim et al., 2003,
Leake et al., 2004; Tan et al., 2004; Mandrioli et al., 2004;
Ohtake and Hirai, 2004; Koch et al., 2005; Malveira et al.,
2005; Brinar and Poser, 2006). Few of these clinical pathological
series document whether perivenous demyelination was present,
nor distinguish between perivenous and confluent demyelination
(Miller et al., 1993; Hafler and Hedley-Whyte, 1995; Silver et al.,
1997; Shintaku and Matsumoto, 1998; Dale et al., 2000; Leake
et al., 2004; Koch et al., 2005). An ADEM diagnosis in many of
these reports is based on invalidated clinical criteria or the
presence of clinical characteristics that are atypical for multiple
sclerosis, rather than on pathology (Khan et al., 1995;
Maranhao-Filho, 1996; Tsai and Hung, 1996; Dale et al., 2000;
Unal et al., 2000; Hartel et al., 2002; Thomas and Hussain, 2004).
No study has compared patients with perivenous and confluent
demyelination.

We hypothesize that perivenous demyelination, the historical
pathological hallmark of ADEM (Van Bogaert, 1950) reliably
distinguishes monophasic ADEM from patients with confluent
demyelination, the pathological hallmark of acute multiple sclerosis
(Lumsden, 1951; Greenfield and Norman, 1971; Hart and Earle,
1975; Oppenheimer, 1976; Lucchinetti et al., 2005). To address
this hypothesis we (i) describe the clinical, cerebrospinal spinal
fluid and magnetic resonance imaging correlates of perivenous
demyelination demonstrated on brain biopsy or autopsy; (ii) com-
pare the clinical characteristics at presentation and follow-up of
the perivenous demyelination cohort with an established multiple
sclerosis cohort with biopsy proven confluent demyelination; and
(iii) retrospectively apply clinical criteria for ADEM (Krupp et al.,
2007) to both groups to assess their ability to distinguish ADEM
from multiple sclerosis, as determined pathologically.
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Materials and methods

Case ascertainment and data collection

This study was conducted under the Mayo Clinic Institutional Review
Board approved protocol IRB# 2067-99. Cases of perivenous demye-
lination were retrospectively identified by searching the Mayo Clinic
pathology database of patients who had a brain biopsy or autopsy at
Mayo Clinic or had a brain tissue sample referred for neuropathologi-
cal consultation between 1982 and 2006. Search terms were perive-
nous demyelination, ADEM, post-infectious encephalomyelitis and
post-vaccination encephalomyelitis.

Perivenous demyelination cohort

The inclusion criteria for the perivenous demyelination cohort were
(i) brain biopsy performed during diagnostic evaluation or autopsy;
(i) adequate tissue sampling to permit routine neuropathological
assessment, including the following stains: haematoxylin and eosin,
luxol fast blue or proteolipid protein immunostain for myelin,
neurofilament protein immunostain or silver impregnation for axons;
(iii) perivenous demyelination defined as limited circumferential
perivenous inflammation and demyelination with relative axonal pres-
ervation; and (iv) availability of presenting clinical and follow-up
information.

Patients were excluded when there was (i) pathological evidence of
viral inclusions, bacterial or fungal infection, primary haemorrhage or
infarction, neoplasm or other non-demyelinating disease; or (ii) retro-
spective clinical, laboratory or radiological evidence suggesting an
alternative diagnosis.

A flow diagram summarizing case ascertainment is presented in
Fig. 1. Of 26 possible cases, 13 were excluded because of no
follow-up after brain biopsy (n=6), insufficient tissue for pathological
analysis (n=2), no pathological evidence of demyelination (n=2), con-
fluent demyelination only (n=2), and probable lymphoma (n=1).
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Thirteen cases were included. A single brain biopsy was available for
nine patients; brain biopsy followed by autopsy in 2; and autopsy
alone in 2. The brain biopsies were performed either stereotactically
(n=9) or by open resection (n=2).

Confluent demyelination cohort

Patients were identified from a cohort of 780 cases of biopsied
confirmed central nervous system inflammatory demyelinating disease
with detailed pathological, retrospective and prospective clinical and
radiographic data and belonging to the Multiple Sclerosis Lesion
Project (NMSS RG3184-B-3-02). Inclusion criteria were: (i) brain
biopsy performed; (ii) confluent inflammatory demyelination consistent
with multiple sclerosis, confirmed by a neuropathologist (BWS/JEP/
CQ); and (iii) follow-up neurological examination and brain magnetic
resonance imaging. Cases of perivenous demyelination consistent with
ADEM (Hart and Earle, 1975), as well as Devic's neuromyelitis optica
defined based on published criteria (Wingerchuk et al., 1999, 2006)
were excluded from the confluent demyelination group. Ninety-one
cases were included. Approximately 75% of the brain biopsies were
performed stereotactically and 25% by open resection; no autopsies
were included. Precise calculation of the type of biopsy was not
possible because most were performed at a separate institution
(87%) and most operative reports were unavailable.

Neuropathological assessment

Specimens were fixed in 10-15% neutral buffered formalin and
paraffin embedded. Sections were stained with haematoxylin and
eosin, luxol fast blue-periodic acid-Schiff and Bielschowsky silver
impregnation. Immunohistochemistry was performed without modifi-
cation using an avidin-biotin or an alkaline-phosphatase/anti-alkaline
phosphatase technique as described earlier (Vass et al., 1986). The
primary antibodies were specific for myelin proteins (proteolipid pro-
tein, polyclonal; Serotec, Oxford, USA), astrocytes [glial fibrillary acidic
protein (Dako)], neurofilament protein (Dako), macrophages/microglial

Possible Biopsy
pathological confirmed CD
‘cases of ADEM without PVD
(n=26) (n=685)
e
Excluded {n=T7)
- no demyelination (n=2)
- probable lymphoma {n=1) Retrospective clinical
-CD only (n=2) PVD (n=19) and radiographic
- insufficient tissue (n=2) assessment +
4 d |
Lost to follow up {7=6) - :
Retrospective clinical Clinical examination and
and radiographic radiographic assessment
‘assessment and prospective follow up
[ Pww=13r | Vs. | cow=sn |

PVD = perivenous demyelination; CD = confluent demyelination; * three cases with both PVD and CD lesions

Figure 1 Case ascertainment.




336 | Brain 2010: 133; 333-348

cells [CD68; KP-1, PGM-1 (Dako), KiM1P (Dr. Radzun, University of
Gottingen, Germany)]. For immunohistochemistry, the primary anti-
bodies were omitted in controls. All antibodies were incubated at
4°C overnight.

The pattern of demyelination was defined as perivenous when
circumferentially restricted around vessels; coalescent when perivenous
demyelination overlapped between adjacent vessels; and confluent
when demyelination extended beyond a thin rim around the vessel.
Stage of demyelinating activity was defined as active or inactive, based
on the presence or absence of myelin degradation products within
macrophages. Pathological data regarding number and distribution of
demyelinating foci, type of demyelination (perivenous, coalescent,
confluent), stage of demyelinating activity (active or inactive), compo-
sition of the inflammatory infiltrate (lymphocytes, granulocytes,
macrophages) and the presence or absence of haemorrhage, necrosis,
meningeal inflammation and cortical involvement were recorded. The
cortex was further assessed for the presence and pattern of demyeli-
nation (perivenous, confluent or subpial) and inflammation, including
microglial activation.

Clinical data collection

Clinical information was collected and evaluated blinded to patholog-
ical interpretation. Clinical and follow-up information was collected
(NPY) on perivenous demyelination patients via retrospective chart
review (n=13) and telephone follow-up with patient (n=6) or
surviving family member (n=2). Clinical data on the confluent
demyelination cohort were obtained (CFL) by face-to-face clinical
evaluation (n=91). The following information was recorded: demo-
graphics, neurological symptoms prior to and at the time of brain
biopsy or autopsy, treatment and response, symptoms of relapse,
clinical course, medical co-morbidities, and laboratory data to evaluate
for mimics and cerebrospinal fluid analysis. We evaluated for historical
features associated with ADEM including encephalopathy, depressed
level of consciousness, seizure, meningismus, prior infection or vacci-
nation and headache. Encephalopathy was defined as a confusional
state lasting >24h (impaired attention, concentration, memory or
other cognitive function) excluding isolated aphasia and post-ictal
delirium improving <24h. Depressed level of consciousness was
defined by change in level of arousal requiring a painful stimulus to
maintain wakefulness, mechanical ventilation or coma. Both the
perivenous and confluent demyelination cohorts were analysed for
whether they met individual ADEM clinical criteria according to the
International Paediatric Multiple Sclerosis Study Group (Krupp et al.,
2007) at initial presentation: (i) multifocal magnetic resonance imaging
lesions (>1cm); (i) polysymptomatic; with (iii) encephalopathy.

Magnetic resonance imaging data were collected on the perivenous
demyelination cohort based on retrospective review of images at initial
presentation (n=8) or written radiologist interpretation when images
were not available (n=4). Imaging data were unavailable for one
patient. Neuroimaging data included the following: size, number,
location of lesions; presence of cortical or deep grey matter T, lesions;
pattern of enhancement, whether the margins were well-defined or
ill-defined, the combination of sole presence of well-defined lesions
and ovoid lesions perpendicular to the corpus callosum (KIDMUS
criteria) reported to be predictive of relapsing course in paediatric
patients with first attacks of idiopathic inflammatory demyelination
(Mikaeloff et al., 2004), and evolution of lesions on follow-up
imaging. In the confluent demyelination cohort, magnetic resonance
images obtained at the time of first attack (not time of brain biopsy)
were reviewed for presence of multifocal T, lesions, multifocal
gadolinium enhancing lesions and KIDMUS criteria.
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Statistical analysis

Presenting clinical, cerebrospinal fluid, neuroimaging and follow-up
variables were compared between the perivenous and confluent
demyelination cohorts. The ADEM clinical criteria were applied to all
first attacks in both cohorts. The sensitivity and specificity of the
ADEM clinical criteria were calculated using perivenous demyelination
demonstrated on brain biopsy or autopsy as the diagnostic gold
standard. Continuous variables are reported as medians and or
ranges. Associations between nominal variables were analysed using
Fisher's exact test. Differences between continuous measures were
analysed using Wilcoxon rank-sum tests. All tests were two sided.

Results

Neuropathological findings in
perivenous demyelination cohort

The findings in individual cases are presented in Table 1. The
median time from onset of symptoms to biopsy was 8 days
(range 3 days to 22 months) and to autopsy was 23.5 days
(range 6-50 days). The median number of tissue blocks analysed
per biopsy was 3 (range 1-5), and for autopsies, 18 (range 8-24).
White matter was available for analysis in all 13 included cases.
The number of demyelinating lesions assessed per block ranged
from <10 (n=10), 10-50 (n=6) and >50 (n=3).

White matter pathology

All 13 cases demonstrated perivenous demyelination (Fig. 2A),
macrophage infiltration and mild to moderate perivenous lym-
phocytic predominant infiltrates with occasional plasma cells,
eosinophils and polymorphonuclear cells. Multiple perivenous
lesions coalescing into larger areas of demyelination were
observed in five cases (Fig. 2B), with three cases demonstrating
evidence of both perivenous and confluent demyelinated lesions
(Fig. 2C). Active demyelination was noted in 12 of 13 cases, with
all lesions from a given case demonstrating a uniform stage of
demyelinating activity. Haemorrhage, ranging from remote as
evidenced by the presence of haemosiderin laden macrophages
or acute and gross haemorrhage, was observed in six cases.

Cortical pathology

Cerebral cortex was available for analysis in 10 of 13 perivenous
demyelination cases (77%). Multifocal, patchy cortical pathology
was observed in six cases, including all four autopsies. The spec-
trum of cortical lesions included perivenous demyelinating
intracortical lesions (Fig. 3A), and subpial demyelination (n=3)
(Fig. 3B). A distinct pattern of microglial activation characterized
by multifocal microglial aggregates, un-associated with cortical
demyelination, was scattered throughout the sampled cortex in
six cases (Fig. 3C), or was typically concentrated in cortical layer
three, adjacent to large pyramidal neurons (n=3) (Fig. 3D). The
pattern of cortical microglial activation with aggregates dispersed
throughout the cortex, often independent of any evidence of
cortical demyelination, was not observed in the confluent
demyelination cohort.



Perivenous demyelination

Brain 2010: 133; 333-348 | 337

Table 1 Pathological assessment of perivenous demyelination cohort

Pattern/location of demyelination

Cortical Other

Case Sample PVD CcD WM GM Subpial CMA Haemorrhage Necrosis Meningitis
1 A + + + + + + - - +

2 A + - + + - + + + +

3 B/A + - + + - + + + +

4 B/A + - + + + + + + +

5 B + - + - - - + + -

6 B + - + NA NA NA - - NA
7 B + - + NA NA NA - - NA
8 B + - + + + + + + +

9 B + - + - - - - - -
10 B + — + — — — + + +
1 B + = + = = = = = =
12 B + + + + = + = = +
13 B + + + NA NA NA - - NA

A =autopsy; B =biopsy; PVD = perivenous demyelination; CD = confluent demyelination; WM = white matter; GM = grey matter; CMA = cortical migroglial activation;

NA = adequate tissue not available.

A

Figure 2 Representative brain biopsies illustrating the observed patterns of demyelination. (A) Perivenous sleeve of inflammation
and demyelination (20x); (B) three coalescing perivenous lesions (60x); and (C) extensive region of confluent demyelination with areas of
perivenous demyelination in the periplaque white matter (4x). Luxol-fast blue periodic acid-Schiff myelin stain (A-C).

Presenting symptoms

The presenting symptoms among the perivenous demyelination
cases are summarized in Table 2 and comparisons with the con-
fluent demyelination only cohort are summarized in Table 3. There

was no difference in median age at presentation, occurrence of
preceding infection or vaccination, or the time from symptom
onset to biopsy or autopsy between the perivenous and confluent
demyelination cohorts. Patients with perivenous demyelination
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Figure 3 Patterns of cortical pathology in perivenous demyelination cohort. (A) Perivenous intracortical demyelinated lesion (20x);
(B) subpial demyelination (arrows) (4x); (C) multifocal aggregates of cortical migroglial activation (4x); (D) macrophage/microglial
activation concentrated in cortical layer 3 (arrows) (4 x). Immunocytochemistry for proteolipid protein (A/B) and KiM1P (C/D).

were more likely than those with confluent demyelination to
present with encephalopathy (P<0.004), depressed level of
consciousness (P<0.001), headache (P<0.001), meningismus
(P<0.005), seizure (P<0.05) or bilateral optic neuritis (P<0.04).
The distinct pattern of cortical microglial activation and aggrega-
tion observed in a subset of perivenous demyelination patients
was present in 6 of 10 perivenous demyelination patients who
presented with an encephalopathy, of whom four additionally
had depressed level of consciousness. An additional perivenous
demyelination case demonstrated a similar pattern of cortical
pathology in a patient presenting with an isolated seizure and
post-ictal depressed level of consciousness lasting <24 h, whereas
a single perivenous demyelination case with depressed level of
consciousness lacked this pattern of cortical pathology.
Depressed level of consciousness was only observed in one of
the 91 patients with confluent demyelination, occurring in the
setting of confounding sepsis and benzodiazepine use.

Assessment of ADEM clinical criteria

Patients with perivenous demyelination were more likely to
satisfy all ADEM clinical criteria at presentation than patients

with confluent demyelination (77% versus 9%; P<0.001). The
ADEM clinical criteria were 80% (95% Cl 0.44-0.96) sensitive
and 91% (95% Cl 0.83-0.96) specific (Fig. 2) for a pathological
diagnosis of ADEM (perivenous demyelination alone; excluding
those with both perivenous demyelination and confluent demye-
lination) and 77% sensitive (95% Cl 0.46-0.94) and 91% spe-
cific (95% ClI 0.83-0.96) for perivenous demyelination with or
without coexistent confluent demyelination (Table 4). Both
patients with perivenous demyelination alone, not meeting the
clinical criteria, presented without encephalopathy apart from
brief post-ictal deliium and had focal brain magnetic resonance
imaging lesions.

When applied to the confluent demyelination cohort (n=91),
individual components of the ADEM clinical criteria at initial
presentation were frequently satisfied: multifocal brain magnetic
resonance imaging lesions (61%), polysymptomatic presentation
(75%) and encephalopathy (22%). At the time of last follow up
in the confluent demyelination cohort [median 2.9 years
(0.1-18.8)], eight of eight adult patients with confluent demyeli-
nation initially meeting all ADEM clinical criteria at presentation
eventually fulfilled McDonald criteria for multiple sclerosis;
including one patient with a single attack (2.7 years follow up),
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Table 3 Comparison of clinical and MRI characteristics in perivenous versus confluent demyelination cohorts
Clinical and MRI characteristics PVD (n=13) CD (n=91) P?
Median age, years (range) 44 (5-68) 39 (8-69) 0.24
Female:male 10:3 47:44 0.14
Preceding infection/vaccination, n (%) 4 (31) 14 (15) 0.09
Multifocal T, MRI lesions, n (%) 10 (77) 54 (63) 0.18
Multifocal enhancing MRI lesions, n (%) 4 of 10 (40%) 25 (27) <0.001
Polysymptomatic, n (%)® 11 (85) 67 (74) 0.51
Encephalopathy, n (%)° 10 (77) 23 (25) <0.001
Depressed level of consciousness, n (%) 8 (62) 1 (1)° <0.001
Bilateral optic neuritis, n (%) 2 (15%) 1(1) 0.04
Headache, n (%) 8 (62) 8 (9) <0.001
Meningismus, n (%) 2 (15) 1(1) 0.04
Seizure, n (%) 3(23) 5 (6) 0.06
Cerebellar, n (%) 3(23) 31 (34) 0.54
Brainstem, n (%) 2 (15) 25 (27) 0.51
Cognitive, n (%)° 10 (77) 35 (38) 0.01
Motor, n (%) 7 (54) 47 (52) 1.00
Sensory syndrome, n (%) 4 (31) 36 (40) 0.76
KIDMUS MRI criteria, n (%)¢ 0 (0) 15 (17) 0.35
Absence of any KIDMUS MRI criteria, n (%) 7 (64) 23 (26) 0.01
Median days symptom onset to biopsy/autopsy (range) 27 (3 days to 1.9 years) 45 (4 days to 27.6 years) 0.13
Cerebrospinal fluid
White blood cells/mm?, median (range) 19.0 (1.0-540.0) 3.0 (0.0-1250.0) 0.04
Protein, median mg/dl (range) 40.9 (10.0-215.0) 40.5 (15.0-175.0) 0.92
Elevated immunoglobulin G synthesis rate, n (%) 1 (14) 17 (40) 0.66
Oligoclonal bands, n (%) 1 of 7 (14) 12 of 54 (22) 1.0
Follow up
Duration, median (range) 9.6 (1.4-16.5) 2.9 (0.1-18.8) 0.25
EDSS at presentation, median (range) 9 (0-9.5) 3 (0-9) 0.003
EDSS last follow up (living patients), median (range) 3.5 (0-7) 2.5 (0-8) 0.53

PVD = perivenous demyelination; CD = confluent demyelination; EDSS = Expanded Disability Status Scale.
a The Wilcoxon rank sum test was used to compare continuous measures and Fishers exact test for discrete measures.
b Three major International Paediatric Multiple Sclerosis Study Group ADEM criteria (IPMSSG) criteria for patients presenting with first attacks of idiopathic inflammatory

demyelination.
¢ Confounded by benzodiazepine and urosepsis.
d Cogpnitive includes depressed level of consciousness.

e Sole presence of well defined lesions AND ovoid lesions perpendicular to the long axis of corpus callosum.

multiple brain magnetic resonance imaging lesions and oligoclonal
bands. Five patients in the confluent demyelination cohort had
initial attacks that did not fulfil ADEM clinical criteria, which
were followed by subsequent attacks with multifocal lesions and
polysymptomatic presentation including encephalopathy that
would have fulfilled ADEM clinical criteria had they been first
attacks.

Cerebrospinal fluid

Cerebrospinal fluid was assessed in 8 of 13 (62%) patients in the
perivenous demyelination cohort and 62 of 91 (68%) in the con-
fluent demyelination cohort with results summarized in Table 3.
The perivenous demyelination group had a higher median
cerebrospinal fluid white blood cell count than the confluent
demyelination group (median 19; range 1-540 mm?; interquartile
range 3-43; P=0.04). There was no difference in total protein or
abnormal immunoglobulin G synthesis rate. Although the presence
of supernumerary oligoclonal bands was not different between
groups, a difference could not be excluded because of small sample

sizes. The only patient having oligoclonal bands in the perivenous
demyelination cohort also had confluent demyelination.

Presenting MRI correlates of perivenous
demyelination

Brain magnetic resonance imaging abnormalities found in the
perivenous demyelination cohort are summarized in Table 5 and
representative examples illustrated in Fig. 4.

T, abnormalities

Multifocal, bilateral (Fig. 4A) or unilateral (Fig. 4B), supratentorial
T, lesions involving the white matter (n=10) predominated, but
single supratentorial (n=1; Fig. 4C) or brainstem (n=1; Fig. 4D)
lesions were observed. Lesions extended into the juxtacortical
white matter in eight cases. Deep grey matter involvement
was uncommon (n=1; Fig. 4F). Two cases had multiple
uni-hemispheric lesions (i.e. the contralateral hemisphere appeared
normal). One patient had a normal brain magnetic resonance
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Table 4 Sensitivity and specificity of ADEM clinical
criteria in perivenous demyelination

Gold standard

PVD (+/- CD)

ADEM Clinical
Criteria

- o m -+

Sensitivity 77% (95% Cl 0.46-0.94)
Specificity 91% (95% CI 0.83-0.96)

PVD = perivenous demyelination; CD = confluent demyelination.

imaging at presentation but at 21 months, a repeat study revealed
a single ill-defined non-enhancing supratentorial lesion. The T,
signal abnormalities were usually ill-defined (n=7) and >1cm
(n=8). However, well-defined, discrete lesions were observed in
two patients, one of whom had a single well-defined ‘open ring’
(Masdeu et al., 2000) enhancing supratentorial mass lesion (4.cm)
with surrounding vasogenic oedema (Case 8, Fig. 4C) and another
had a brainstem lesion (Case 13, Fig. 4D) with a mixture of
enhancement at the edge of demyelination and punctate
enhancement centrally. Case 3 presented with innumerable small
(<1cm), ill-defined, non-enhancing lesions perpendicular to the
corpus callosum (Fig. 4E) that increased in number over the
subsequent weeks (Fig. 4F).

Gadolinium enhancement

Gadolinium enhancement was present in six of nine cases (33%)
with perivenous demyelination. The presence of enhancement was
not associated with the interval between symptom onset to
imaging. The patterns of enhancement were faint and punctate
(n=5) (Fig. 4G and H) and ring/arcs (n=3) (Fig. 4C and 1) with an
overlap of both patterns observed in two patients. Although there
was no difference in the frequency of multifocal T, magnetic
resonance imaging lesions between cohorts (77% perivenous
demyelination, 63% confluent demyelination), patients with peri-
venous demyelination more frequently had multifocal enhancing
lesions at first presentation of demyelinating disease compared
with the confluent demyelination cohort (P<0.001). However,
the perivenous and confluent demyelination cohorts were equally
likely to present with multiple lesions with and without enhance-
ment. Enhancement of all lesions was not found in any patient
with perivenous demyelination, contrary to common expectation
for a monophasic demyelinating syndrome.

N. P. Young et al.

Follow-up magnetic resonance imaging

No monophasic-surviving patient developed additional lesions
on brain magnetic resonance imaging (median interval to repeat
imaging 5 vyears; range 1-11; median number of studies 5,
range 1-6). The initial T, lesions decreased in size but did not
completely resolve (Fig. 4)J and K) in all monophasic-surviving
patients. A follow-up study was performed in 2 of 3 relapsing
perivenous demyelination patients and both developed new
non-enhancing T, lesions in the periventricular white matter
(Case 13, Fig. 4L), as well as subcortical white matter and deep
grey matter (Case 11). Follow-up data were unavailable for one
relapsing patient (Case 12) and three patients with a monophasic
fatal course. Multifocal lesions were found in 86% of patients
in the confluent demyelination cohort.

Treatment in perivenous
demyelination cohort

Initial treatments included 1g intravenous methylprednisolone
for 3-5 days (n=8), intravenous dexamethasone (n=2), oral
prednisone (n=1) and no treatment (n=2). The response to initial
treatment was complete (no residual deficit; n=2), partial
(improved but residual deficit; n=7) and no response (all to
5 days of intravenous methylprednisolone; n=3). The three
patients who did not improve after 5 days of 1g intravenous
methylprednisolone were treated with plasma exchange; two
died from the neurological illness (Cases 1 and 3) and one who
was neurologically improving during plasma exchange died of
cardiac arrest (Case 2). Case 11 had a complete initial response
to intravenous methylprednisolone maintained on oral prednisone,
then partially responded to intravenous methylprednisolone at
relapses occurring at 6 and 8 months, but did not respond to
intravenous methylprednisolone followed by plasma exchange at
a nine month relapse and died 10 months after onset. Case 4 died
6 days after onset before any treatment. Case 7 spontaneously
improved without treatment and had a mild residual non-disabling
sensory deficit.

Clinical course

Perivenous demyelination cohort

The clinical course is summarized in Table 6. The median duration
of clinical follow-up among the entire perivenous demyelination
cohort (onset to last contact among surviving patients) was
9.6 years (range 1.4-16.5). The median Expanded Disability
Status Scale score among surviving patients at last follow-up
was 3.5 (range 0-7). The clinical course was monophasic in
10 patients (77%; six non-fatal and four fatal outcomes) and
relapsing in three (23%; two eventually fatal). Among the three
patients with a relapsing clinical course, there was pathological
evidence for overlap of perivenous and confluent demyelination
in two; both cases developed new T, lesions on follow-up brain
magnetic resonance imaging and fulfilled criteria for multiple scle-
rosis. One patient was a 5-year-old male (Case 12) who presented
with a syndrome initially meeting ADEM clinical criteria. The third
patient (Case 1) presented with a fulminant attack meeting ADEM
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Figure 4 Magnetic resonance imaging correlates of perivenous demyelination. (A) Coronal fluid attenuated inversion recovery (FLAIR):
multifocal large ill-defined supratentorial and brainstem lesions without enhancement; (B) axial T,: large ill-defined non-enhancing
uni-hemispheric lesion; (C) T, with gadolinium: single large open ring enhancing mass with surrounding oedema; (D) axial FLAIR: large
brainstem lesion with (H) punctate central and peripheral rim of enhancement; (E and F) sagittal FLAIR: numerous multifocal bilateral
non-enhancing T, lesions in subcortical white matter, basal ganglion, cerebellum; (G) coronal T4 with gadolinium: numerous

bilateral enhancing subcortical white matter lesions; (I) T4 with gadolinium: faint rim of enhancement of large ill-defined lesion with mass
effect; J) coronal FLAIR; residual confluent signal change crossing the corpus callosum; (K) axial FLAIR: residual signal change oriented
perpendicular to corpus callosum becoming confluent; (L) new non-enhancing periventricular white matter lesions in patient with both

perivenous demyelination and confluent demyelination.

Table 6 Clinical course

PVD (n=10) PVD +CD (n=3) CD (n=91)
Median time to last follow up or death, years (range) 3 (6 days to 16.5 years) 1.5 (27 days to 7 years) 2.9 (0.1-18.8)
IPMSSG criteria ADEM presentation 8 (80%) 2 8 (9%)
IPMSSG criteria for monophasic ADEM last follow up 7 (70%) 1 (fatal) 0
Criteria multiple sclerosis McDonald/probable poser 0 11 69/7
IPMSSG criteria recurrent ADEM 1 (10%) 0 0
Monophasic, focal, without encephalopathy 2 (20%) 0 9 (10%)

PVD = perivenous demyelination; CD = confluent demyelination; IPMSSG = International Paediatric Multiple Sclerosis Study Group clinical ADEM criteria.

clinical criteria followed by death 20 days after the onset; at
autopsy, perivenous and confluent demyelinating lesions were dis-

seminated throughout the brain stem.

Patients with perivenous demyelination alone were more likely
to have a monophasic clinical course compared with patients with

only confluent demyelination (90% versus 33%, P<0.001). All six
perivenous demyelination monophasic patients who survived
had a short interval between symptom onset to maximal deficit
(2-3.5 days); two presented with first seizure; six with one
or more symptoms of meningoencephalitis (headache, seizure,
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encephalopathy), four with depressed level of consciousness, and
all six had large (>2cm), ill-defined T, brain magnetic resonance
imaging lesions that were either unifocal or mainly involved one
hemisphere. Four fatal cases with perivenous demyelination alone
had extensive multifocal bilateral hemispheric involvement on
magnetic resonance imaging (Cases 2—-4 and 11).

Confluent demyelination cohort

The median duration of clinical follow-up of the confluent demye-
lination cohort (onset to last contact) was 2.9 (0.1-18.8) years.
The median Expanded Disability Status Scale score at last
follow-up was 2.5 (range 0-8). Thirty of 91 patients in the con-
fluent demyelination cohort had a single clinical attack, only two
of which met ADEM clinical criteria (both eventually met
McDonald Criteria for multiple sclerosis). At last follow-up, 76 of
91 individuals fulfilled multiple sclerosis criteria [McDonald
(n=69); probable Poser (n=7)], and 15 patients (16%) had an
isolated inflammatory demyelinating syndrome (median follow-up,
7.1 years). Clinical course and diagnosis at time of last follow-up
for the 76 patients with multiple sclerosis were as follows: 54
(73%) relapsing remitting multiple sclerosis, 9 (12%) secondary
progressive multiple sclerosis, 1 (1%) primary progressive multiple
sclerosis, 7 (9%) monophasic (all probable or laboratory supported
multiple sclerosis), 3 (4%) progressive-relapsing multiple sclerosis
and unknown for two (3%) patients.

Discussion

This study is the first to test the hypothesis that perivenous
demyelination may be a pathological gold standard for ADEM
by defining and comparing cohorts based on pathological criteria
for ADEM (perivenous demyelination) and multiple sclerosis
(confluent demyelination). It is the largest clinical-radiological-
pathological correlative study of perivenous demyelination since
1975 (Hart and Earle, 1975) and the first to assess the ADEM
clinical criteria proposed by the International Paediatric Multiple
Sclerosis Study Group using a hypothetical pathological gold
standard of perivenous demyelination.

Spectrum of pathology associated with
perivenous demyelination

Similar to prior autopsy series of patients with fatal post-
infectious encephalomyelitis (Hart and Earle, 1975), we observed
a characteristic spectrum of pathological abnormalities including
perivenous inflammation and demyelination (all by definition),
cortical microglial pathology (n=6 of 10), microscopic or gross
haemorrhage (n=6 of 13) and a mild lymphocytic meningeal
infiltration (n=7 of 10). The presence of haemorrhage was not
restricted to fatal cases, although the findings resembled those
described in acute haemorrhagic leukoencephalitis (Hurst
Disease) which is considered to be a severe lethal variant of
ADEM.
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Unique cortical pathology may
be the pathological correlate of
depressed level of consciousness
in ADEM

We observed a multifocal pattern of cortical microglial activation
in non-demyelinated cortex within the perivenous demyelination
cohort (n=6 of 10), but not in the confluent demyelination
cohort. KIM1P macrophage staining was essential for detecting
cortical microglial activation that would not have been detected
using routine histological stains. In three cases, we observed a
unique specificity of microglial activation concentrated around
pyramidal neurons in the third cortical layer, of uncertain
significance. Absence of cortical abnormalities in some cases with
perivenous demyelination and those with confluent demyelination
may result from sample available from biopsies targeting white
matter lesions, sampling bias or absent pathology. Viral inclusions
were absent in all cases. The pattern of cortical microglial we
observed may be a non-specific reaction to the white matter
process with secondary retrograde neuronal injury (Kutzelnigg
et al., 2005). However, our finding of a unique pattern of micro-
glial activation independent of cortical demyelination characterized
by scattered microglial aggregates involving non-demyelinated
cortex occurred in a subset of cases with perivenous demyelina-
tion, and was not observed among the confluent demyelination
cohort. Interestingly, this pattern was over-represented among
perivenous demyelination cases with a history of depressed level
of consciousness. We therefore hypothesize that this diffuse
pattern of microglial activation in perivenous demyelination
patients may represent the pathological substrate of depressed
level of consciousness. Whether cortical microglial activation
reflects a truly unique pathogenic response operating in ADEM,
possibly against a neurotropic virus or other infectious trigger, is
speculative but merits further investigation.

Rare co-occurrence of perivenous and
confluent demyelination

Both perivenous and confluent demyelination were found in three
cases. Although there was no statistically significant difference in
time of symptom onset to biopsy between the perivenous and
confluent demyelination cohorts, the sample sizes are small and
therefore we cannot exclude the possibility that perivenous
demyelination is an early stage of a subset of lesions which will
eventually become confluent. These cases are consistent with the
rare ‘transitional’ cases demonstrating both ADEM (perivenous
demyelination) and multiple sclerosis (confluent demyelination)
pathology at autopsy associated with both a monophasic
and relapsing course (Van Bogaert, 1950; Uchimura and
Shiraki, 1957; Seitelberger et al., 1958; Oppenheimer, 1976;
Mizutani et al., 1977; Prineas et al., 2002). Although pathological
sampling error may be a limitation of case ascertainment in this
and other studies, the three patients with both perivenous
demyelination and confluent demyelination in this series were
derived from a pool of ~780 cases of biopsy or autopsy proven
demyelinating disease examined at our institution as part of the
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Multiple Sclerosis Lesion Project. Thus co-occurrence of perivenous
and confluent demyelination in a pathological sample is an uncom-
mon phenomenon, an observation consistent with prior reports
(Greenfield and Norman, 1971; Oppenheimer, 1976). Therefore,
sampling error is unlikely to be a major limitation of assessing
patterns of inflammatory demyelination. This contention is further
supported by two cases in the series in which a brain biopsy was
followed by an autopsy, which revealed the same pattern of
demyelination (Cases 3 and 4). Whether co-occurrence of
perivenous and confluent demyelination in rare cases indicates
pathogenetic overlap between ADEM and multiple sclerosis or
the existence of relapsing or recurrent ADEM is still uncertain
(Van Bogaert, 1950; Hartung and Grossman, 2001; Garg, 2003;
Dale and Branson, 2005). The rarity of overlap cases suggests that
some patients are coincidentally found to have simultaneous
evidence of two separate diseases (Oppenheimer, 1976; Prineas
et al., 2002).

Clinical course is associated with
pattern of demyelination

Unlike prior clinical-pathological series and case reports
that described fatal cases (Turnbull and Mcintosh, 1926;
Van Bogaert, 1950; Hart and Earle, 1975), our series includes
patients with perivenous demyelination alone who survived the
initial attack. These patients are potentially informative with
respect to the risk of relapse in ADEM. Long-term follow-up
increases our confidence that this presumed monophasic illness
does not ultimately prove to be relapsing. A monophasic course
was observed in six of seven patients with perivenous demyelina-
tion alone who survived the initial attack (mean follow up
9.3 years; range 2.5-16.7). One patient with perivenous demye-
lination alone had a relapsing and ultimately fatal course over
10 months; no autopsy was performed therefore whether the
perivenous demyelination pattern persisted or became associated
with confluent demyelination is unknown.

Two of three patients with both perivenous demyelination and
confluent demyelination ultimately developed a relapsing course
and met criteria for multiple sclerosis. In addition to experiencing
clinical relapses, both patients developed new areas of T, signal on
follow-up magnetic resonance imaging. The third patient with
perivenous and confluent demyelination died 20 days after the
onset of symptoms; thus, it is unknown whether a relapsing
course would have followed had the patient survived. These
cases, along with the high frequency of relapsing cases in the con-
fluent demyelination cohort, suggest that the finding of confluent
demyelination, even with perivenous demyelination, may be pre-
dictive of relapse and a subsequent diagnosis of multiple sclerosis.

Multifocal magnetic resonance imaging
alone does not reliably distinguish
monophasic ADEM from multiple
sclerosis

Similar to the findings in clinically defined series of ADEM, 9 of
13 (69%) patients in this study presented with large, ill-defined
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T, lesions that involved the white matter and extended to grey
matter. Gadolinium enhancement, when present, was variable and
occurred in several patterns, but no patient with ADEM presented
with enhancement of all lesions. Although multifocal magnetic
resonance imaging lesions have been emphasized in the ADEM
clinical criteria and in prior clinical studies of ADEM, this series
and others (Lucchinetti et al., 2008) report multifocal findings in
the majority of patients at first presentations of multiple sclerosis
as well. Thus, the presence of multifocal magnetic resonance
imaging lesions alone is not a reliable criteria distinguishing
ADEM from multiple sclerosis at presentation. Furthermore, we
describe cases of ADEM (defined by perivenous demyelination)
with single focal and unilateral lesions as well, suggesting there
is a spectrum of overlapping magnetic resonance imaging imaging
patterns in both ADEM and multiple sclerosis.

Magnetic resonance imaging KIDMUS
criteria are specific but not sensitive
in confluent demyelination

No patient with perivenous demyelination in this series presented
with the magnetic resonance imaging KIDMUS criteria (‘sole
presence of well-defined lesions and lesions perpendicular to the
corpus callosum’) (Mikaeloff et al., 2004). The proportion of
patients meeting KIDMUS criteria in the confluent demyelination
cohort (16%) was similar to the defining study (Mikaeloff et al.,
2004) and a subsequent study (Callen et al., 2008), which found
that the combination of findings was 100% specific but insensitive
(20-29%) predictor of future relapse and final diagnosis of multi-
ple sclerosis in paediatric patients with first presentations of
demyelinating disease. This study suggests that the KIDMUS
criteria. may also be useful for predicting future relapse and
diagnosis of multiple sclerosis in adult patients, which is further
supported by the association with confluent demyelination
pathologically. Because of small sample sizes, this study does not
exclude the possibility that patients with perivenous demyelination
may present with KIDMUS criteria.

Clinical criteria over-diagnose ADEM
in a pathologically defined multiple
sclerosis cohort

Eight of ten individuals with perivenous demyelination alone met
the ADEM clinical criteria. Seven patients had a monophasic
clinical course and one patient developed a relapsing course meet-
ing criteria for recurrent/multiphasic ADEM (Case 11). Among the
perivenous demyelination cohort, only two patients were paedia-
tric (aged 5 and 17 years). These findings suggest that the ADEM
clinical criteria, although developed for paediatric ADEM, may also
be appropriate for diagnosing ADEM in adults. However, we
caution that the current ADEM clinical criteria may erroneously
classify patients as ADEM who have pathology and clinical course
most consistent with relapsing multiple sclerosis (9% in this study)
because of the liberal use of encephalopathy as a criterion. The
ADEM clinical criteria recognize that, rarely, ADEM may present
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with a focal lesion as we have found. Interestingly, the patients
with focal lesions and perivenous demyelination in our series did
not present with encephalopathy apart from a single individual who
experienced a brief post-ictal delirium. Therefore the requirement
of encephalopathy may not always capture patients with focal
presentations of ADEM. In this group of patients, distinguishing a
first presentation of multiple sclerosis from monophasic ADEM may
be particularly challenging. The presence of encephalopathy
broadly defined may overdiagnose ADEM in patients with more
severe presentations of multiple sclerosis who may benefit from
early immunomodulatory treatment. Depressed level of conscious-
ness is a more specific criterion for ADEM that reliably distinguished
patients with ADEM from multiple sclerosis in this study in which
only one patient with multiple sclerosis presented with depressed
level of consciousness in the setting of concomitant urosepsis and
benzodiazepine treatment. If otherwise unexplained depressed
level of consciousness rather than encephalopathy was a prerequi-
site for an ADEM clinical diagnosis, then fewer patients would
have satisfied ADEM clinical criteria (n=6; four fatal) in our
series, and no patient with multiple sclerosis would have fulfilled
these criteria. Relying on more restrictive criteria for ADEM would
have increased specificity to 100% at the expense of reducing
sensitivity to 46% when perivenous demyelination is used as the
standard. However, the harm of failing to diagnose monophasic
ADEM is probably less than missing a diagnosis of aggressive
multiple sclerosis at an early point before the diagnosis can
be confirmed based on standard criteria. Depressed level of
consciousness is also likely to be more specific than using other
criteria such as ‘atypical clinical symptoms of multiple sclerosis’
(including alteration, hypersomnia,
encephalopathy, aphasia, severe motor deficit and bilateral optic
neuritis) recently proposed based on a retrospective analysis of
60 adults presenting with fulminant demyelinating disease
(de Seze et al., 2007).

consciousness seizures,

Perivenous demyelination may be a
pathological gold standard for ADEM

The clinical history, neuroimaging, clinical course and distinctive
neuropathology in the patients with perivenous demyelination
alone suggest they represent a clinicopathological entity distinct
from multiple sclerosis and that brain biopsy may be useful in
selected cases with diagnostic confusion. Although biopsy-
confirmed perivenous demyelination may help distinguish ADEM
from multiple sclerosis, such an invasive procedure is rarely
considered or justified unless alternative aetiologies (especially
neoplasm) cannot be excluded otherwise. Prospective studies
applying proposed ADEM clinical criteria to children and adults
combined with long-term follow-up and correlation with patterns
of demyelination demonstrated on rare biopsies and autopsy
may determine whether pathology is the appropriate standard
for diagnosis of ADEM. Pathological confirmation of the clinical
diagnosis of ADEM, even in rare cases, may help to refine and
strengthen ADEM clinical criteria which are needed in clinical
practice.
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