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MRI Patterns in Pediatric CNS Hemophagocytic
Lymphohistiocytosis
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“
ABSTRACT

BACKGROUND AND PURPOSE: Neuroimaging has an important role in detecting CNS involvement in children with systemic or
CNS isolated hemophagocytic lymphohistiocytosis. We characterized a cohort of pediatric patients with CNS hemophagocytic lym-
phohistiocytosis focusing on neuroradiologic features and assessed whether distinct MR imaging patterns and genotype correlations
can be recognized.

MATERIALS AND METHODS: We retrospectively enrolled consecutive pediatric patients diagnosed with hemophagocytic lympho-
histiocytosis with CNS involvement treated at 2 pediatric neurology centers between 2010 and 2018. Clinical and MR imaging data
were analyzed.

RESULTS: Fifty-seven children (40 primary, 70%) with a median age of 36 months (interquartile range, 5.5-80.8 months) were
included. One hundred twenty-three MR imaging studies were assessed, and 2 broad imaging patterns were identified. Pattern 1
(significant parenchymal disease, 32/57, 56%) was seen in older children (P = .004) with worse clinical profiles. It had 3 onset sub-
patterns: multifocal white matter lesions (21/32, 66%), brainstem predominant disease (5, 15%), and cerebellitis (6, 19%). All patients
with the brainstem pattern failed to meet the radiologic criteria for chronic lymphocytic inflammation with pontine perivascular
enhancement responsive to steroids. An attenuated imaging phenotype (pattern 2) was seen in 25 patients (44%, 30 studies) and
was associated with younger age.

CONCLUSIONS: Distinct MR imaging patterns correlating with clinical phenotypes and possible genetic underpinnings were recog-
nized in this cohort of pediatric CNS hemophagocytic lymphohistiocytosis. Disruptive mutations and missense mutations with
absent protein expression correlate with a younger onset age. Children with brainstem and cerebellitis patterns and a negative eti-
ologic work-up require directed assessment for CNS hemophagocytic lymphohistiocytosis.

ABBREVIATIONS: CLIPPERS = chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids; HLH = hemophagocytic

lymphobhistiocytosis; HSCT = hematopoietic stem cell transplant

ecent developments in our understanding of the underlying

molecular mechanisms of degranulation defects have revealed
hemophagocytic lymphohistiocytosis (HLH) to be a markedly het-
erogeneous disorder in which there is toxic uncontrolled immune
activation. This is often driven by genetic mutations occurring
along the perforin-dependent granule exocytosis pathway, termed
“primary HLH.”" Systemic inflammation and immunotherapies
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may also cause macrophage activation, frequently in the absence of
these genetic mutations, termed “secondary HLH.”

MR imaging in CNS HLH is a helpful adjunct in diagnosis but
does not form a part of the HLH-2004 diagnostic criteria (https://
onlinelibrary.wiley.com/doi/10.1002/pbc.21039). However, children
with CNS-restricted HLH or in whom CNS HLH precedes systemic
involvement often do not satisfy these criteria and have normal
blood counts and systemic inflammatory markers.> MR imaging
findings in these children overlap with infections, demyelination,
and other neuroinflammatory disorders, leading to a delayed diag-
nosis, thus affecting outcomes. Reports of potentially distinct
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neuroimaging patterns exist in the literature.>> However, their inci-
dence, clinical and genotype correlations, and impact on outcomes
remain unexplored.

We present clinical profiles, MR imaging findings, and out-
comes in a large pediatric cohort of HLH with CNS involve-
ment with the aim to define distinct MR imaging patterns and
correlate these with clinical profiles and explore possible geno-
type correlations.

MATERIALS AND METHODS

This retrospective cohort study recruited children with HLH and
CNS involvement presenting to Christian Medical College,
Vellore, India, and Great Ormond Street Hospital for Children,
London, UK, between 2010 and 2018. Institutional review boards
from both centers approved the study. The diagnosis of HLH was
defined using the HLH-2004 criteria (https://onlinelibrary.wiley.
com/doi/10.1002/pbc.21039),* and patients with both primary
and secondary HLH were included. The definition of CNS
involvement was based on the presence of CSF abnormalities
(proteinosis and/or pleocytosis) with or without neurologic
symptoms or imaging findings.* Children who satisfied the above
criteria with available MR images were included for data collec-
tion. Children with systemic HLH without CNS involvement
based on the above definition or no available MR imaging were
excluded from the study.

Demographic, clinical, and outcome data were reviewed.
Imaging data collection and pattern allocation (Online
Supplemental Data), blinded to the clinical data, was performed
by trained neuroradiologists (P.M., S.V.S., with 5-15 years’ expe-
rience) on separate MR imaging data-collection sheets with con-
sensus agreement. Any disagreement was resolved by a consensus
review with a third neuroradiologist (K.M., with 15 years’ experi-
ence). The supratentorial and infratentorial compartments were
further separately assessed for lesion number (single, few, multi-
ple), lesion type (diffuse or focal), level of white matter involve-
ment (subcortical, deep, periventricular), signal characteristics
(T2WI/FLAIR, DWI, and T1 postcontrast enhancement), and
overall imaging pattern (pattern definitions are elaborated under
Results). Flow cytometry data regarding protein expression (NK
cell perforin expression and cytotoxic lymphocyte degranulation
expression) were also collected and analyzed.

MR Imaging Lesion Definitions
MR imaging was performed on a 1.5T (Magnetom Avanto;
Siemens) or a 3T (Intera Achieva; Philips Healthcare) scanner.
Signal characteristics were assessed on spin-echo T2WT or FLAIR
spin-echo, TIWIL, T1 postcontrast, and DWI sequences. They
were designated T2 or FLAIR hyperintense when the signal was
more than that of normal gray matter, and as T1- and T2-hypoin-
tense when it followed the signal or was darker than the signal of
gray matter.>®

Diffuse and focal lesions were defined as any lesion involving
the gray or white matter measuring =2 and <2 cm, respectively.”
Some focal lesions had T2/FLAIR hypointensity and were further
characterized as “target lesions” or “target variants” on the basis
of T2/FLAIR and contrast characteristics. In target lesions, the T2
hypointense component formed a middle rim separating central
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and peripheral T2 hyperintense areas, giving target lesions a trila-
minar appearance. In target variants, the hypointense component
was present in the central core of the lesion and was surrounded
by hyperintense signal. Target lesions with enhancing middle
rims formed the ring-enhancing lesions.

Focal patterns of enhancement were termed “nodular” when
the enhancing component measured <10 mm and “homogene-
ous” when =10 mm.® The perivascular enhancement pattern was
defined as small continuous or near-continuous punctate (<3
mm) to nodular (<10 mm) foci of enhancement often merging8
or heterogeneous/unclassifiable if they did not satisfy the above
definitions.

Statistical Analysis

Data from the collected variables were assessed for normality
using the Shapiro-Wilk test. Means for normally distributed data
were compared using the Student # test, while the Mann-Whitney
U test was used for comparing non-normally distributed
unpaired groups. The x* and Fisher exact tests were used for
analysis of categoric data when necessary. All statistical tests were
2-sided, and statistical significance was assumed at P value of
<.05. SPSS Version 25 software package (IBM) was used for the
analysis.

RESULTS

Fifty-seven patients satisfied the inclusion criteria. The median
age of onset was 36 months with no sex predilection. Neurologic
symptoms were reported in 45 patients (79%) (Table 1); seizures
and encephalopathy were most common. Of the patients with
neurologic symptoms, 27/45 (60%) presented with systemic dis-
ease, and 18/45 (40%) following systemic involvement. CSF data
was available for 50/57 patients (88%), and 84% (n = 42) showed
abnormalities, with CSF proteinosis (>45mg/dL) being the most
common (64%). In 12 patients (21%), CSF abnormalities, either
pleocytosis or proteinosis, were present with no neurologic symp-
toms or only mild irritability. Thirty-five (61%) patients received
either HLH-1994 (etoposide, dexamethasone, with cyclosporine
at week 9) or the 2004 treatment protocol (early introduction of
cyclosporine along with dexamethasone and etoposide).”'® Of
the 35 children, 25 went on to receive hematopoietic stem cell
transplant (HSCT). The average follow-up in our cohort was
3.7 years ([SD, 3.9]; range 0-15 years). Nineteen of 57 (32%) chil-
dren died, including 4 from the HSCT group.

Etiology

Seventy percent (n =40) of the patients had primary HLH, with a
pathogenic genetic mutation identified in 31. PRFI (familial
HLH-2) and UNC13D (familial HLH-3) mutations were the most
common genetic defects, seen in 35% (14) and 20% (8), respec-
tively. Of these 31 patients, data regarding genetic variants were
available for 25 patients (Online Supplemental Data). Within
these 25 patients, 35 genetic variants were identified. Compound
heterozygous (11/25, 44%) and homozygous (11/25, 44%) muta-
tions were nearly equally present, while monoallelic/hemizygous
mutations were rare (n = 3). Missense (12/17, 71%) and frame-
shift (8/12, 67%) mutations were the most common in FHLH2
and FHLH3, respectively. In the secondary HLH cohort (n =17),
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Table 1: Clinical, treatment, and outcome profiles®

Profiles
Age
Age at onset (median) (IQR) (mo) 36 (5.5-80.8)
Age at CNS presentation (median) (IQR) (mo) 49.2 (11-96)
Male/female (ratio) 34:23 (1.41)
General symptoms
Fever 45/56 (80)
Hepato-/splenomegaly 46/56 (82)
Abdominal distension 14/56 (25)
CNS symptoms 45/57,79%
Seizures 28 (62)
Decreased sensorium 22 (49)
Meningismus 13 (29)
Gait ataxia 12 (27)
Hypotonia 11 (24)
Minimal symptoms (mild irritability) or clinically 12 (21)
silent patients (no symptoms with CSF
abnormalities)
CSF findings
CSF analyzed at presentation 50/57 (87)
Abnormal CSF 42/50 (84)
CSF pleocytosis (>10 leucocytes/uL) 25/50 (50)
CSF proteinosis (>45 mg/dL) 32/50 (64)
Treatment
HLH 1994/2004 35/57 (61)
IT methotrexate 17 (30)
HsCT 25 (45)
Outcome profiles
Death 19 (32)
Death before 8 weeks 7
Death after 8 weeks 12
Alive at last follow-up 36 (63)
Lost to follow-up 2

Note:—IQR indicates interquartile range; IT, intrathecal.
*Total (n=57). Data collected are both continuous and categorical, and the anal-
ysis method used has been referred to under statistical analysis heading.

infections (10, 59%) and autoimmune etiologies (6, 35%) were
the most common.

Imaging Pattern Definitions

We reviewed 123 MR imaging studies from the 57 included
patients. On the basis of a pattern-recognition approach, 2 broad
imaging patterns were defined (pattern 1 and pattern 2).

Pattern 1, the significant parenchymal disease group, con-
sisted of patients with parenchymal lesions. 93/123 studies (76%
of studies; 32/57 patients, 56%) were grouped under pattern 1.
The supratentorial and infratentorial compartments were further
separately assessed for lesion number, signal, and enhancement
characteristics.

Pattern 2 had an attenuated imaging phenotype with no
parenchymal lesions at onset and follow-up (if available) and had
nonspecific MR imaging findings, isolated cortical atrophy, or
normal imaging findings.

Thirty of 123 (24% of studies; 25/57 patients, 44%) studies
belonged to pattern 2. These included 10 studies with normal
findings, 15 studies with only cerebral atrophy with or without
cerebellar atrophy, 3 studies with central tegmental tract T2-
hyperintensity as an isolated finding, 2 studies with nonspecific
findings (small pons, underopercularization, germinal matrix

cysts, and periventricular hemosiderin staining attributable to a

remote or perinatal event).

Imaging Findings in Pattern 1

Lesion Type Incidence and Distribution. A near-equal incidence
of cerebral and cerebellar involvement was seen, 77/123 (63%) and
71/123 (58%), respectively (Online Supplemental Data). Deep gray
nuclear and thalamic involvement was seen in 35/123 studies
(28%) and was commonly bilateral and asymmetric (24/35, 68%).
Brainstem involvement with a predilection for the dorsal pons was
seen in 34/123 (28%), variably extending to involve the midbrain
(32/34 studies) and medulla (9/34 studies). Cranial nerve involve-
ment was seen as bilateral nodular enhancement involving multi-
ple nerves in 5 studies. Severe optic nerve swelling, enhancement,
and diffusion restriction (Online Supplemental Data) were noted
in one. Short-segment enhancing cord lesions were seen in 3 stud-
ies, along with cauda equina thickening in one.

Enhancement Characteristics. Enhancement was present in more
than half of the studies with cerebral and cerebellar lesions, 52% and
60%, respectively. Both the diffuse (77%) and focal (80%) cerebellar
lesions showed a higher proportion of enhancement than their cere-
bral counterparts (26%, 60%, respectively). Diffuse lesions showed a
perivascular pattern of enhancement most commonly, while focal
lesions most commonly showed nodular/homogeneous enhance-
ment. Target lesion and target variants were seen in 6 studies with
supratentorial lesions and 4 studies with infratentorial lesions. None
of the target lesions or variants showed diffusion restriction.

Other Findings. Thirty-two of 123 studies had cortical atrophy
along with parenchymal lesions. Eighteen studies showed bloom-
ing on SWI within the white matter lesions, representing either
microhemorrhages or calcifications. Nineteen studies had ventri-
culomegaly, which was obstructive due to cerebellar edema in 3.

Subpatterns in Pattern 1

Three onset subpatterns were identified within pattern 1 using an
algorithmic approach (Online Supplemental Data) and were di-
vided and assigned to 3 subgroups, 1.1, 1.2, and 1.3.

Subgroup 1.1: Multifocal Cerebral/Cerebellar White Matter
Lesions. Patients in subgroup 1.1 showed involvement of cerebral
and cerebellar white matter with variable numbers and signal
characteristics of the lesions. This subpattern was the most com-
mon, identified in 21/32 patients (66%) at onset (Online
Supplemental Data). On follow-up, this was again the largest sub-
pattern (21, 37%), with 2 patients of subpattern 1.2 and 4 of sub-
pattern 1.3 evolving into subpattern 1.1.

Subgroup 1.2: Brainstem Predominant Lesions. Subgroup 1.2 pat-
tern was defined as numerous (>3) punctate to nodular enhanc-
ing lesions involving the pons with variable extension into the
cerebellum, mesencephalon, and deep cerebral white matter and
was reminiscent of the radiologic pattern seen in chronic lym-
phocytic inflammation with pontine perivascular enhancement
responsive to steroids (CLIPPERS)."" These were further assessed
for radiologic criteria proposed for CLIPPERS, including the size
of the largest T1-enhancing nodule, T2 signal extension beyond
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FIG 1. Findings of 4 patients with subpattern 1.2 (brainstem—predominant pattern). Axial T2WI (Al-D]) and axial postcontrast TIWI (A2-D2) at the
level of the pons show multiple punctate (dashed white arrow, B2, D2) to nodular (solid white arrow, A2 and C2), enhancing foci and extension
of the T2 signal abnormality (black arrow, A1-DI) beyond the enhancement in all cases.

the T1 enhancing nodule (T2-T1 mismatch), and symmetric or
asymmetric involvement of the pons."

This subpattern was seen in 5/32 patients (15%) at the onset of
CNS HLH (Online Supplemental Data). In 1 additional patient
(patient 47), this pattern was noted on follow-up with the preced-
ing studies showing multifocal white matter lesions. In 2 of these 6
patients, CNS involvement preceded or was within 2 weeks of sys-
temic HLH onset. The underlying genetic defect was variable.
Clinically, all had signs of brainstem and/or cerebellar dysfunction
along with a variable presence of encephalopathy and seizures. T2
signal abnormality always extended beyond the enhancing nodule
(6/6), and in almost all (5/6), the size of the largest T1-enhancing
nodule was >3 mm. Four of 6 patients showed an asymmetric
involvement of the pons at the middle cerebellar peduncle level
(Fig 1). Four of 6 children died (3 received an HLH therapy proto-
col; one received a steroid-based regimen, and one also received
HSCT). For 4 patients, a follow-up imaging was available, and 3/4
developed multifocal white matter lesions.

Representative cerebellar biopsy (patient 57, Online
Supplemental Data), obtained before a genetic diagnosis, showed
chronic inflammation and nonspecific histologic changes.

Subgroup 13: Diffuse Cerebellar Involvement/Cerebellitis.
Subgroup 1.3 pattern was defined as diffuse cerebellar cortical
swelling/edema with diffuse effacement of cerebellar folia, with or
without cerebellar white matter signal change (Fig 2). Mass effect
in the form of tonsillar descent, fourth ventricular outflow
obstruction, and hydrocephalus was assessed additionally.

This subpattern was seen in 6/32 patients at onset (19%, sum-
marized in the Online Supplemental Data). In these patients,
there was diffuse cerebellar edema and effacement of cerebellar
folia and/or cerebellopontine cisterns. This was often severe
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enough to be associated with tonsillar descent (5/6) and proximal
hydrocephalus (3/6). In 4/6 children, this was the first manifesta-
tion of HLH and preceded systemic involvement. Cerebellitis was
the only finding in most, barring 2 children in whom additional
white matter lesions were also present. Clinically, all had signs of
cerebellar dysfunction and varying degrees of encephalopathy
and seizures. The cerebellar edema responded to steroids in all
children. Two children had recurrent episodes of cerebellitis.
PRF1 and UNCI3D mutations were present in 2 patients each.
On follow-up, cerebellar edema resolved and evolved into multi-
focal white matter lesions in all.

Pattern Analysis for Clinicoradiologic Correlation

Patterns 1 and 2, along with the subpatterns, were assessed for clin-
ical and outcome differences. Children with pattern 1 were signifi-
cantly older (median age, 55.5 versus 16 months, P value = .004)
and had a worse symptom profile for most symptoms (Table 2).
Both patterns 1 and 2 had a high incidence of CSF abnormalities
(90% and 75%, respectively); significant pleocytosis was noted in
pattern 1 (P value = .04). Pattern 1 was associated with nearly
twice the incidence of mortality and a lower deficit-free survival,
though this was not statistically significant (P value = .06). These
parameters were not statistically different across the subpatterns.

Genotype Correlations

To analyze possible genotype correlations, we pooled patients
with at least 1 disruptive mutation (nonsense, frameshift, or dele-
tion) and missense mutations with absent protein expression to-
gether (pooled mutation group) and compared them against
children with missense mutations and residual protein expression
(Online Supplemental Data). We also assessed the purely disrup-
tive mutation group separately for the same variables.
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FIG 2. Findings of subpattern 1.3 (cerebellitis). Axial T2WI at the level of the fourth ventricle (A1-CI), lateral ventricles (A3—C3), and midline sagit-
tal TIWI (A2—C2). Onset MR imaging (December 2016) shows severe cerebellar edema and expansion (white arrow, Al) with mass effect on the
brainstem, effacement of the prepontine cistern (dashed white arrow, A2), and foramen magnum crowding (white arrow, A2). Lateral ventricular
dilation (asterisk, A3) and transependymal CSF seepage (dashed black arrow, A3) are also noted. Mild reduction in cerebellar edema and mass
effect (dashed arrow, B2) with new cerebellar (white arrow, Bl), parieto-occipital (dashed arrow, B3), and deep gray nuclei (black arrow, B3)
hyperintensities were found in June 2017. Last MR imaging in November 2017 shows cerebral (white arrow, C3) and cerebellar (white arrows, Cl—
2) atrophy, diffuse white matter hyperintensities, and ventriculomegaly (asterisk, C3).

The age of onset of disease was significantly younger in the
purely disruptive mutation group (median age, 3 versus 20 months
in children without purely disruptive mutations, P value = .03) and
in the pooled mutation group (median age, 4.7 versus 74.4 months

in children with missense mutations with residual protein expres-
sion, P value = .03). A higher proportion of patients with pattern 2
belonged to the pooled mutation group (13/13) in comparison
with pattern 1 (9/12, 75%), with trends toward significance (P
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Table 2: Pattern characteristics and analysis®

Subpatterns
11 12 13 P Value Pattern 1 Overall Pattern 2 P Value

Median age at onset (mo) 454 66 80.5 5 55.5 16 .004
Symptoms

Seizures W21(52%)  4/5(80%)  4/6 (67%) 5 19/32 (59%) 9/25 (36%) 08

Encephalopathy 11/21(52%) 1/5 (20%) 4/6 (67%) 3 16/32 (50%) 6/25 (24%) .04

Gait ataxia 5/21(24%)  3/5(60%)  3/6 (50%) 08 12/32 (34%) 0 .001

Limb weakness 6/21(29%)  1/5(20%)  1/6 (17%) 8 8/32 (25%) 1/25 (4%) 03

Dysarthria 0 2/5(40%) /6 (17%) 01 3/32 (9%) 1/25 (4%) 4

Diplopia 01/21 (5%) 2/5(40%)  2/6 (33%) 06 5/32 (16%) 0 03
Abnormal CSF 18/20 (90%)  4/5(80%)  5/5 (100%) 6 27/30 (90%) 15/20(75%) 2
Proteinosis 13 (65%) 4 (80%) 4 (80%) 5 21(70%) 11 (55%) 3
Pleocytosis 10 (50%) 4 (80%) 5 (100%) 08 19 (63%) 6 (30%) .04
Pooled mutation group 4/6 (67%)  2/3(67%)  3/3(100%) 32 9/12 (75%) 13/13 (100%) 09

Mortality 9/20 (45%)  3/5(60%)  2/6 (33%) 3 14/31 (45%) 5/24 (21%) 06

Deficit-free at follow-up 8/20 (40%)  1/5(0%)  1/6(17%) ] 10/31 (32%) 13/25(52%) 06

*Data collected are both continuous and categorical, and the analysis method used has been referred to under statistical analysis heading.

value = .09, Table 2). After an age-based subpattern analysis
(Online Supplemental Data), we further noted that patients in the
pooled mutation group who presented after 12 months had either
posterior fossa patterns 1.2 and 1.3 or pattern 2 (3/6 each). All chil-
dren with missense mutations with residual protein expression pre-
sented after 12 months of age with pattern 1.1 (3/3).

All recurrent mutations in our cohort belonged to the pooled
mutation group (Online Supplemental Data) with predominance
of pattern 2 except c.50del(p.Leul7Argfs*34, which also had pat-
terns 1.1 and 1.3.

DISCUSSION

CNS HLH, a genetically heterogeneous entity, is neuroradiologi-
cally characterized by multifocal parenchymal lesions and atro-
phy as its most common manifestations. Anecdotal evidence
suggests that atypical MR imaging patterns exist; however, these
remain unexplored in larger cohort studies. Through our retro-
spective cohort study, we describe 2 broad MR imaging patterns
comprising parenchymal lesions (pattern 1, 32/57 patients, 56%)
and an attenuated phenotype with normal-to-nonspecific find-
ings (pattern 2, 25/57 patients; 44%). The
phenotype (pattern 2) affected younger children (16 months, P

attenuated

value = .004), had a better symptom profile and a higher deficit-
free survival (52%, P value = .06). Significant parenchymal
disease (pattern 1) was more common in older children
(55.5months) and had 3 distinct imaging subpatterns at onset:
multifocal white matter lesions (21/32, 66%), a brainstem-
predominant pattern (5/32, 15%), and cerebellitis (6/32, 19%).
We summarize their radiologic features, evolution and highlight
possible genotype correlations related to these patterns.

CNS involvement in HLH is an independent, poor prognostic
factor in children and is associated with significant morbidity and
mortality.">'* A consensus agreement on a standardized defini-
tion of CNS HLH in the literature is lacking, and variable impor-
tance has been attached to clinical and imaging findings.*'>'°
Previous studies have stressed the importance of rigorously evalu-
ating clinical, CSF, and MR imaging findings in assessing CNS
involvement.'” Because MR imaging findings can precede clinical

and CSF abnormalities,'”” we used a comprehensive definition,
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including CSF, clinical, and imaging findings.*'® Imaging find-
ings are highly variable, ranging from normal, isolated cortical at-
rophy to parenchymal lesions. Cortical atrophy is common in
CNS HLH'®'”" but must be viewed with caution when present
in isolation, especially in the background of steroid administra-
tion.'” To address this issue, we used a pattern-recognition
approach and segregated the parenchymal lesion group (pattern
1) from patients with nonspecific findings, normal imaging, and
isolated cortical atrophy (pattern 2).

Consistent with previous studies, multifocal white matter
lesions were the most common finding,”*® and frequent cerebral
and cerebellar involvement was noted. Multifocal lesions, tume-
factive lesions, optic neuritis, and spinal cord lesions can be seen
in CNS HLH and overlap with pediatric acquired demyelinating
While distinct clinico-
radiologic syndromes have been described in acquired demyeli-

syndromes and infiltrative disorders.”!

nating syndromes,”" such phenotypes remain elusive in CNS
HLH. We identified 3 distinct MR imaging subpatterns, 2 of
which were seen in children with an acute-to-subacute brainstem
and/or cerebellar dysfunction. These subpatterns include multifo-
cal white matter lesions, brainstem-predominant disease, and
cerebellitis.

CLIPPERS, a steroid-responsive immune-mediated predomi-
nant T-cell perivascular brainstem infiltrative process, has been
described mainly in the adult population, and its distinct brain-
stem radiologic pattern enables identification in the presence of
typical features.>'' In 2017, clinical, radiologic and pathologic
diagnostic criteria were proposed to distinguish CLIPPERS from
its mimics,'> which have been validated in few subsequent stud-
ies.® Systematic studies evaluating CLIPPERS in pediatric cohorts,
however, remain lacking due to differences in disease burden.
There is increasing evidence to suggest that unlike in adults, chil-
dren with a clinicoradiologic phenotype of CLIPPERS have a more
aggressive clinical course and higher disability scores on follow-
up.”>” Pediatric CNS HLH resembling CLIPPERS has been
described in the literature (Table 3)2’24; however, the radiologic cri-
teria have not been methodically explored. The brainstem—
predominant pattern in our cohort was reminiscent of CLIPPERS,
though there were important differences (Online Supplemental
Data). None of our patients satisfied all the radiologic criteria



Table 3: Relevant literature review of CNS HLH cases with brainstem or cerebellitis patterns with available MR imaging and genetic

data
Literature Imaging Age of Onset, Relation to
Review Pattern Genetic Variants Systemic HLH Imaging Findings
Benson et al’® Brainstem— 1disruptive, 2 with missense 5-7 yr, all 3 CNS-restricted HLH CLIPPERS MR imaging
3 cases predominant  mutations and absent protein criteria NA
pattern expression
(CLIPPERS- Pt 1: PRF1 c.452A>T (p.HI51L) and
like) c.666C>A (H222Q), Perforin
expression 0%
Pt 2: PRF] c.443C>G (p.A148G) and
c.666C>A (H222Q), Perforin
expression 0%
Pt 3: UNCI3D c.2346_2349delGGAG
(p.R782fs), c.2588G>A (p.G863D)
Taieb et al?® Brainstem— 4 cases, all with missense mutations ~ Adults (4273 yr), all had CNS-  Three-fourths had
4 patients predominant and retained-but-decreased restricted HLH atypical MR imaging
pattern protein expression CLIPPERS features
(CLIPPERS- Pt 1: PRF1 c.272C>T(p.A91V) (confluent contrast-
like) homozygous, perforin expression enhancing lesions)
38%
Pt 2: UNCI3D c.919C>T (p.Q307%)
and ¢.2038C>T (p.R680W), not
applicable
Pt 3: PRFT cTI6C>A (p.P39H) and
c.272C>T (p.A9WV), perforin
expression 25%
Pt 4: PRF1 ¢.82C>T (p.R28C) and
c.272C>T (p.A9WV), perforin
expression 38%
Bhoopalan et al*®  Cerebellitis 1 patient with compound 8 yr, CNS-restricted HLH Cerebellitis, tonsillar
1 patient heterozygous PRFI gene mutations herniation, no
with at least 1 disruptive mutation multifocal lesions
PRFT: c.50delT (p.L17fs) and
€.527G>A(p.C176Y))
Khan et al*’ Cerebellitis 1 patient with homozygous missense 2 yr 7 months, systemic HLH Cerebellitis, tonsillar
1 patient mutation c. 173T > C (p.L58P) in already present herniation, diffuse-to-
STXITI (syntaxin 1) gene multifocal lesions
already present
Astigarraga et al*  Cerebellitis 1 patient with compound 3yr, preceded systemic HLH Recurrent cerebellitis,
1 patient heterozygous missense PRF tonsillar herniation,
mutations PRFT: c.643C>A (p.L215I) subsequently multifocal
and c.785C>A (p.Ala262Asp) lesions
(perforin expression data NA)
Taieb et al*® Cerebellitis Patient 3's (in CLIPPERS series) Not specified, self-limited NA
1 patient brother’s; granddaughter, CNS-restricted presentation
monoallelic PRFI mutation (genetic
variant NA)
Chiapparini et Cerebellitis 1 patient with homozygous missense 13 yr, preceded systemic HLH Cerebellitis, tonsillar

al®

1 patient

PRF1 mutation c.673C>T (p.
Arg225Trp) (perforin expression
data NA)

herniation followed by
multifocal lesions

Note:—NA indicates not available; Pt, patient.

for CLIPPERS, and extension of T2 signal change beyond the
enhancing nodule was present in all (6/6). Nodular enhance-
ment (5/6) and asymmetric involvement of the pons (4/6)
were frequently seen as well. Demyelination work-up, includ-
ing myelin oligodendrocyte glycoprotein antibody-associated
disease,”” returned negative results, and poor-to-partial
responsiveness was noted in those who received steroids.
While all cases in literature had CNS-restricted HLH (Table 3),
in most (4/6) of our patients, systemic HLH signs were present.
After a negative etiologic work-up in this brainstem pattern,
CNS HLH evaluation remains imperative in children due to

differences in treatment strategies in comparison with other
neuroinflammatory disorders.

We also describe 6 children
Supplemental Data) with cerebellar dysfunction and diffuse cere-
bellar edema on MR imaging (subpattern 1.3). All children,
except 1, presented with this subtype as the first CNS manifesta-

in our cohort (Online

tion, and it preceded systemic HLH involvement in most (4/6).
In all children, the findings of the diagnostic work-up for cerebel-
litis were negative, and cerebellar edema responded to steroids.
Five similar children with imaging showing cerebellar swelling at
the onset of primary HLH have been described previously (Table
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3).2262% Cerebellitis preceded systemic involvement or was fol-

lowed by CNS-restricted disease in 4 cases. An unfamiliarity with
this pattern led to diagnostic delays, and these children subse-
quently developed multifocal white matter lesions on follow-up.
Thus, cerebellar edema and cerebellar dysfunction can be the
only finding at the onset of CNS HLH.

Pattern 1 had an older age of onset, worse symptomatology,
and trends toward poorer outcomes. The role of hypomorphic
missense mutations with residual protein expression is being
increasingly recognized in late-onset HLH forms.””” To
understand the relationship between onset age and differential
brain involvement, we explored possible genotype correlations
in our cohort. Consistent with prior studies,”’ both purely dis-
ruptive and pooled mutation groups (consisting of children
with at least 1 disruptive mutation or missense mutations with
absent protein expression) had a younger age of onset. All
patients with missense mutations with residual protein expres-
sion (hypomorphic mutations) presented after 12 months of
age (3/3).

The pooled mutation group also had a higher proportion of
patients with pattern 2 (100% versus 75% with pattern 1, P
value =.09), potentially explaining the younger age of onset
with this pattern. This association did not reach statistical sig-
nificance (P value =.09), and we attribute this to the fact that
some patients in the pooled mutation group indeed presented
after 12 months of age. Interestingly, up to half of the patients
with late-onset and disruptive mutations presented with poste-
rior fossa patterns 1.2 and 1.3 (3/6, Online Supplemental Data).
Similarly, all patients in the hypomorphic mutation group pre-
sented with the more typical pattern. 1.1 (3/3, Online
Supplemental Data). We noted many similarities with cases
reported in literature. All 8 children with reported MR imaging
patterns 1.2 or 1.3 presented after 12 months, between 3 and 13
years of age (Table 3).2326:27:29 7| patients with pattern 1.2 (3/
3) had at least 1 disruptive mutation or missense mutations
with absent protein expression.2 Most patients with pattern 1.3
had either disruptive or missense mutations (4/5), but the data
regarding protein expression in cases with missense mutations
was not available (Table 3). The small number of genetically
confirmed patients in the subgroups limits our interpretation.
However, the tendency of disruptive mutations and missense
mutations with absent protein expression to present with atypi-
cal brainstem or cerebellitis patterns in young children after 12
months of age requires further exploration. A CLIPPERS-like
pattern has been reported in adult-onset HLH with hypomor-
phic missense mutations with residual protein expression.”®
This association, thus, may possibly be limited to young chil-
dren, and there may be other age-related factors, extrinsic trig-
gers, and susceptibility loci influencing MR imaging pattern
presentations.

We acknowledge the inherent limitations of our study due
to its retrospective nature. Standardizing MR imaging proto-
cols during the 8-year period from which the patients’ records
were recruited was difficult, and imaging parameters could
have differed during this period and between institutions.
Interpretation of the genotype correlation analysis remains
limited due to small number of patients in the subgroups.

2084 Malik Nov 2021 www.ajnr.org

CONCLUSIONS

We systematically described MR imaging findings in a pediatric
cohort of CNS HLH. Older children more commonly had a sig-
nificant parenchymal disease pattern, which was associated with
a worse clinical profile and 3 distinct subpatterns. We confirm a
genotype correlation between disruptive mutations and a
younger age of presentation and expand the same to an attenu-
ated imaging pattern (pattern 2). Larger studies are needed to
examine a possible age-related tendency of late-onset disruptive
mutations or missense mutations with absent protein expression
to present with atypical MR imaging patterns. Finally, because
CNS manifestations can precede systemic signs and even remain
restricted to the CNS, HLH should be considered in patients with
atypical imaging presentations such as brainstem lesions or cere-
bellar edema and negative findings on work-up for other etiolo-
gies because this may be the only finding heralding the onset
of HLH.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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