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Focal Areas of High Signal Intensity in Children with
Neurofibromatosis Type 1: Expected Evolution on MRI

S. Calvez, ““R. Levy, “ZR. Calvez, "' C.-J. Roux, " D. Grévent, ‘=Y. Purcell, ““K. Beccaria, ““'T. Blauwblomme, **). Girill,
C. Dufour, “'F. Bourdeaut, ““F. Doz, ““’M.P. Robert, “N. Boddaert, and “*'V. Dangouloff-Ros
ABSTRACT

BACKGROUND AND PURPOSE: Focal areas of high signal intensity are T2WI/T2-FLAIR hyperintensities frequently found on MR
imaging of children diagnosed with neurofibromatosis type 1, often thought to regress spontaneously during adolescence or pu-
berty. Due to the risk of tumor in this population, some focal areas of high signal intensity may pose diagnostic problems. The
objective of this study was to assess the characteristics and temporal evolution of focal areas of high signal intensity in children
with neurofibromatosis type 1 using long-term follow-up with MR imaging.

MATERIALS AND METHODS: We retrospectively examined the MRIs of children diagnosed with neurofibromatosis type 1 using the
National Institutes of Health Consensus Criteria (1987), with imaging follow-up of at least 4 years. We recorded the number, size,
and surface area of focal areas of high signal intensity according to their anatomic distribution on T2WI/T2-FLAIR sequences. A
generalized mixed model was used to analyze the evolution of focal areas of high signal intensity according to age, and separate
analyses were performed for girls and boys.

RESULTS: Thirty-nine patients (ie, 285 MR images) with a median follow-up of 7 years were analyzed. Focal areas of high signal in-
tensity were found in 100% of patients, preferentially in the infratentorial white matter (35% cerebellum, 30% brain stem) and in
the capsular lenticular region (22%). They measured 15mm in 95% of cases. They appeared from the age of 1 year; increased in
number, size, and surface area to a peak at the age of 7; and then spontaneously regressed by 17 years of age, similarly in girls and
boys.

CONCLUSIONS: Focal areas of high signal intensity are mostly small (<15 mm) abnormalities in the posterior fossa or capsular len-
ticular region. Our results suggest that the evolution of focal areas of high signal intensity is not related to puberty with a peak at
the age of 7 years. Knowledge of the predictive evolution of focal areas of high signal intensity is essential in the follow-up of chil-

dren with neurofibromatosis type 1.

ABBREVIATIONS: FASI = focal areas of high signal intensity; HH = hippocampal hyperintensity; NFI = neurofibromatosis type 1

eurofibromatosis type 1 (NF1) is a relatively common
N neurocutaneous disorder, with an estimated prevalence of
1 in 3000-4000 individuals." The most common brain lesions in
patients with NF1 (60%-70% of children®’) identified on MR
imaging are T2WI hyperintensities, also termed focal areas of
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high signal intensity (FASI) or unidentified bright objects. FASI
are usually considered a benign process caused by increased
fluid accumulation in intramyelinic vacuoles.** Their clinical
significance remains largely unknown; an association between
clinical symptoms in NF1 and FASI has rarely been reported,
notably cognitive dysfunction when FASI involved the thalamus
and basal ganglia.®'°

To date, the literature suggests that these lesions can vary in

size and number with time, though published articles have variable
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follow-up duration (mean time interval generally <4 years''™'*)

or
a relatively small number of patients and/or MR imaging examina-
tions. Most studies suggested that FASI tend to decrease in size
during adolescence.>'"'>"'” However, these children may also de-
velop confounding MR images because they are at risk of develop-
ing low-grade gliomas within but also outside the optic pathways.
Therefore, knowing the expected growth and vanishing pattern of
FASI is essential to correctly assess abnormalities on MR imaging
in these children.

Moreover, previous studies reported signal change within
the hippocampi, which led to some discordance among
authors because some have described diffuse and bilateral
hyperintensities as a distinct lesion,'® while others have con-
sidered these hyperintensities to be FASL.>'®!'” Knowing the
characteristics and temporal evolution of these signal changes
in comparison with other FASI could help to conclude
whether they should be considered the same pathologic
entity.

In the current study, we retrospectively reviewed serial MR
imaging findings in a cohort of children with confirmed NF1
who had long-term MR imaging follow-up. We aimed to quantify
the temporal evolution of FASI according to their regional distri-
bution and sex, using a wide series of MR imaging examinations.
In addition, we examined hippocampal intensity on T2WT and
T2 FLAIR sequences.

MATERIALS AND METHODS

We followed the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines® for this retrospective obser-
vational study. Local institutional review board authorization was
granted (EDRACT 2014-A-00541-46), and the requirement for
written informed consent was waived.

Population and Procedures

We performed a retrospective review of the NFI data base of
Necker Enfants Malades Hospital, Paris, France, from January
2007 to December 2018. Inclusion criteria were the following:
children younger than 18 years of age at the time of their first MR
imaging, with a diagnosis of NF1, using the National Institutes of
Health Consensus criteria® and having undergone =2 brain MR
imaging examinations at least 4 years apart. To avoid bias in FASI
evaluation, we excluded children with a history of radiation ther-
apy or surgery involving the ROI due to the potential for major
posttherapeutic sequelae.

MR Imaging Acquisition

MR imaging equipment and techniques varied in the cases with
the longest follow-up, and some of the patients underwent brain
MR imaging at outside institutions before referral to our unit. All
MR imaging examinations at our institution (67% of the cohort)
were performed using a Signa HDxt 1.5T system (GE Healthcare)
and a 12-channel head-neck-spine coil.

Our older brain MR imaging protocol included 2D sequen-
ces acquired in the axial plane: T2WI spin-echo sequence (TR/
TE = 7522/117 ms, section thickness = 4mm, intersection
gap = 0.4 mm, voxel size = 1.3 mm, 2 excitations) and a T2-
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FLAIR spin-echo sequence (TR/TE = 9000/2250/150 ms, sec-
tion thickness = 4 mm, intersection gap = 0.4 mm, voxel size
= 1.2 mm, 2 excitations). All measurements were preferentially
made on the T2-FLAIR sequence unless it was of insufficient
quality.

In recent years, 3D sequences became standard practice in our
institution: 3D T2WI spin-echo sequences (TR/TE = 2500/102
ms, FOV = 512 x 512 mm?, section thickness = 1 mm, intersec-
tion gap = 0.5 mm, flip angle = 90°) or 3D-T2-FLAIR-weighted
spin-echo sequences (TR/TE = 8400/2234/166 ms, FOV = 512x
512 mm? section thickness = 1.2mm, intersection gap =
0.6 mm, flip angle = 90°).

Image Analysis

We used a medical image viewer. Two radiologists, a junior radiol-
ogist (S.C. with 4 years of experience) and an experienced neu-
roradiologist (R.L. with 7years of experience), analyzed each
case in consensus.

FASI were defined by visual inspection as areas of T2WI or
T2-FLAIR hyperintensity greater than normal gray matter,
without mass effect, contrast enhancement, or restriction on
DWI.

Counting and surface area measurements were performed
manually by 1 observer (S.C.) by drawing irregular ROIs in the
axial or coronal planes, with the resulting surface area com-
puted by the image viewer. If FASI were present on >1 contigu-
ous section, an individual lesion was measured once on the
section where it appeared the largest. FASI were categorized by
size, according to their maximal diameter (5 groups defined as
<5 mm; 5-10 mm; 10-15 mm; 15-20 mm; >20 mm) in each
anatomic region (7 clusters in infra- and supratentorial regions,
both left and right sides: capsular lenticular, caudate nucleus,
thalamus, corpus callosum, cerebral white matter, brain stem,
and cerebellum), reflecting the pattern of FASI distribution in
previous reports.

Each surface area (in square millimeters) represented the
addition of all FASI surface areas within a given anatomic region.
Total lesion number and surface area per region for each MR
imaging of all patients were recorded.

For the analysis of the hippocampi, a hyperintensity was
defined as an area of intensity higher than that of the cortex, as
assessed by the 2 readers in consensus. The presence of a hyperin-
tensity, its unilateral/bilateral location, diffuse/focal features, and
the parameters of the corresponding sequence (2D, 3D, T2WI,
T2-FLAIR) have been listed above.

Statistics
All analyses were performed using SAS software, Version 9.4 of
the SAS System for Windows (SAS Institute).

Descriptive analyses were performed by sex and overall for
the total number, total surface area, and number by size for each
of the 10 considered anatomic regions (overall, 2 zones [infra-
and supratentorial], 7 clusters). For each of the considered
regions and each of the 5 size classes, the total number in the class
was counted and descriptive qualitative analyses were performed
by sex and for the overall cohort.
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13.7 years at the first available brain
MR imaging examination (mean, 4.7
years; 95% CI, 3.8-5.6 years) and
5.4-18.8 years at the last available
MR imaging (mean, 12.1 years; 95%
CI, 11.0-13.3 years). They had
undergone between 2 and 22 MR
imaging examinations (mean, 7.3;
95% CI, 5.8-8.8) during a time inter-
val from 4 to 14.4years (mean, 7.4
years; 95% CI, 6.6-8.2 years).

From these 39 patients, 285 MR
imaging examinations were available
for review (female=186, 65.3%;
male = 99, 34.7%). Of these, there
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Total were 181 2D-T2WI sequences (63.5%),
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190 2D-T2-FLAIR sequences (67%),

FIG 1. The distribution of FASI on all MR imaging examinations in size classes by clusters.
Seventy-nine percent of FASI were <10 mm. FASI of > 20 mm appeared only for females (n =7
females, 2 of whom were outliers) and only in the capsular lenticular region, brain stem, and cere-

bellum clusters.

Due to the presence of outliers, some analyses were per-
formed with and without them (3 patients whose total surface
area was >750 mm?). Some analyses were performed including
a linear regression model between the number of lesions and
surface area, using a cubic B-spline to fit a smooth curve
through a scatterplot of age versus surface area, and some
regressions, stepwise or not, between patient age and the total
surface area.

A generalized linear mixed model (“proc mixed” in SAS) was
used to take into account the repetition of MRIs in patients and
the nonequally spaced time intervals between MR imaging
examinations (repeated statement with spatial power) including
effects for age, agez, age3, sex, and the 3 interactions, sex with age,
age’, age’. Each analysis was performed interactively as a stepwise
analysis: First, all effects were included in the model, and for each
subsequent step, the effect with the higher P value was excluded
and so on until all P values were <.05. The final model retained
is the model with the effects for age, age, age® (sex and all inter-
actions are not significant); and from the final regression model
with outliers, 2 ages of interest were calculated, the apex and the
nadir of the surface area.

RESULTS
Patients and MR Imaging
Of the 53 patients who met the inclusion criteria, 14 were
excluded because of surgical sequelae. No patient had a prior
history of radiation therapy. Among the included patients, 23
had an optic pathway glioma (optic nerve, n = 18; optic chiasm,
n=5). No patient had a tumor outside the optic pathways or
any mass effect or contrast enhancement outside the optic
chiasm.

This study included 39 pediatric patients (22 females and 17
males, 56% and 44%) with an age range from 11 months to

77 3D-T2WI sequences (27%), and 47
3D-T2 FLAIR sequences (16,5%).
Seventy-four percent (211/285) of
MRIs contained both T2WI and T2
FLAIR sequences. All patients had
at least 1 examination with contrast
media injection, but details of gadolinium molecule and dose were
not available due to the long retrospective follow-up.

Number and Size of FASI Overall in the Study
The frequency of patients with FASI was 100% in our cohort.
Among them, 4 patients had no FASI seen on one of their MR
imaging examinations (4 patients: 0.9 years, 1.5 years, 2.8 years,
and 15.0 years of age; 4/285 [1.4%] of studied MR images).
Overall, 3268 FASI were counted, 65.2% in the infratentorial
region, of which 35.0% were in the cerebellum; 30.3%, in the
brain stem; 21.5%, in the capsular lenticular region; 11.7%, in
the thalamus; 1.5%, in the corpus callosum; and none in the
caudate or white matter supratentorial clusters. Overall, 53.4%
were of 5-10 mm; 25.1%, <5 mm; 16.3%, 10-15 mm; 3.9%,
15-20 mm; and 1.3%, > 20 mm (Fig 1).

Number, Size, and Surface Area of FASI across Time

A linear relationship between the number of FASI and the total
surface area was observed with an R* of 0.83. The scatterplots of
number and surface area of FASI (Fig 2 and On-line Figure)
show an appearance of FASI starting at 1 year, followed by an
increase until the apex at about 7years of age, followed by a
decrease until the nadir at about 17-18 years of age (Fig 3). The
mean age of the patients at the individual peak of FASI surface
area was 7.2 years (Fig 4).

Among the 9 children younger than 2 years of age at first MR
imaging, 3 did not have FASI (mean age, 1.7years). These
appeared in the time interval before the second MR imaging, per-
formed at a mean age of 3.5 years.

The interpretation of the results for the group 16-19 years of
age must be made with caution because only 7 MRIs for 5 patients
were available (female = 1, male = 4). Contrary to the impression
given by the curve, these patients showed a further decrease in or
stability of their number of FASI/FASI surface areas, with the
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FIG 2. Temporal evolution of scatterplots of the total FASI number of all MRIs (A) and total FASI
surface area of all MRIs (B). Uppercase letters are for females, and lowercase letters are for males.
The regression curve is 3°. The x-axis represents age, the y-axis represents the number of FASI (A),
and the surface area is in square millimeters (B). Female and male regression curves are

descriptive.

apparent statistical increase being explained by the disappearance
of patients with lower lesion load in the cohort.

The shapes of the regression curves were similar for the
infratentorial region and flatter for the supratentorial region.
From the complete regression model, no effect of sex was
observed (P = .76). The same analysis without outliers (3
patients with total FASI surface area of >750 mm?®) showed
very similar results with an apex of 6.6years and a nadir of
16.5 years. The same analysis performed on all MRIs for each
anatomic region led to the same interpretation: The apex varied
between 6.4 and 7.5years, and the nadir, between 16.0 to
18.8 years.

Hippocampal Analysis
Of the 39 patients, 23 had a hippocampal hyperintensity (HH) on
at least 1 MR imaging. The 23 patients included in this subgroup
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pear on follow-up MR imaging with
2D sequences, including after 11 years
of age.

Of the 163 MRIs, 112 MRIs
included a 2D-T2-FLAIR sequence, of
which 84 (75%) showed HH and 24
included a 3D-T2-FLAIR sequence, of
which 2 (8%) showed HH. One hundred MRIs comprised both
2D-T2WI and 2D-T2-FLAIR sequences, of which 75 (75%)
showed HH only on the 2D-T2-FLAIR sequences.

DISCUSSION

We report the neuroimaging findings in a large MR imaging
study with long-term follow-up of children with NF1 and dem-
onstrate the evolution pattern of FASI with time.

The frequency of patients with FASI was 100%, which is
greater than all previously published results in the literature,
probably because of the inclusion criterion of a 4-year follow-up
period and also because our institution is a neurosurgical tertiary
referral center with a probable selection bias toward symptomatic
patients.

The spatial distribution of FASI in our series is in agreement

2,12,13,17,22-24

with that of previously published data, involving, in



order of decreasing frequency, the cerebellum, brain stem, capsu-
lolenticular region, and thalamus. Some reports did not specifi-
cally identify involvement of the thalamus but combined it with
other anatomic regions."'> Because FASI were not frequently
observed in the caudate nucleus, corpus callosum, or supratento-
rial white matter, the occurrence of T2 hyperintensities in these

FIG 3. Temporal evolution of FASI on T2-FLAIR-weighted images.
Axial T2-FLAIR sequences show capsular lenticular (A) and infratento-
rial white matter (C) FASI in a 6-year-old patient, then follow-up MR
imaging in a 10-year-old patient with almost complete disappearance
of these FASI (B and D).

o _
-

Number of patients

localizations could be a red flag for an atypical lesion, including a
tumoral lesion, not a classic FASI.

In agreement with a previous report,'* FASI size was generally
<10 mm. Other authors noted that FASI were 15mm™ or that
the maximum lesion diameter was 25 mm.>* Therefore, in the set-
ting of larger FASI, while they may correspond to a confluence of
many FASI, an underlying tumoral process cannot be excluded
and should be followed up.

No FASI displayed a mass effect or contrast enhancement,
and none eventually developed into a glioma. This finding may
be explained by our exclusion criteria, which included surgery
involving the ROI at any time during the study period.
Radiologists should exercise caution when the presence of a
mass effect, with or without contrast enhancement, is detected
in relation to a FASI because these features can correspond to
low-grade or even high-grade gliomas outside the optic path-
ways in patients with NF1.2%*’

Our results confirm the findings from previous studies that
FASI are transient and dynamic abnormalities. First, in our
cohort, FASI appeared from 1 year of age. Among the studies that

included children younger than 4years,>'>***

none specified
the age at the appearance of FASL

Second, we found that an increase in size or de novo appear-
ance of lesions is expected in young patients, with growth of char-
acteristic FASI occurring until 7 years of age. The absence of such
findings in other studies may reflect differences in methods
because we did not have any predefined age group. In fact, most
authors have studied patient groups consisting of age classifica-

13,22,24

tions with arbitrary thresholds, such as 10 years, or 4 and

7 or 15years.”!" Other authors'® analyzed brain MR

12 years,
imaging from children in age groups, particularly 4.0-6.9 and
7.0-9.9 years, and showed that most
children accumulate FASI before 7
years of age, with a tendency toward
FASI stabilization after that age (in
the age range of 7.0-9.9 years).
Furthermore, the larger size of our
cohort and the longer follow-up of
individual patients may better explain
the age accuracy in our results.
Finally, after reaching the apex,
FASI decrease until adulthood (nearly
17years). Some authors concluded
that FASI decrease from the beginning
271216 or that they

increase in number and size until

of adolescence

12 years of age.” However, our results
did not show such an association with
puberty because we found that FASI

tend to decrease earlier in childhood
and are not correlated to sex. Some

-

o T f T

2 4 6 8 10 12 14
Age

FIG 4. Age of the patients at the time of the peak of FASI surface. The mean age at the peak was
7.2 %= 2.8 years. The 3 patients with a peak age after 13 years had their first MR imaging after the

age of 7 years (7.5, 13, and 13 years).

12:16 children older

than 8years of age, directly after the

studies included

16 18

apex in our study, corresponding to
the period when FASI have already
started to decrease in number and
size. Our data provide evidence of
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FIG 5. Hippocampal hyperintensity on T2 FLAIR image. Coronal T2
FLAIR sequence shows the diffuse homogeneous and symmetric
hyperintensity of both hippocampi. FASI are also seen in the globus
pallidus on both sides.

dissociation between the evolution of FASI and puberty. These
findings indicate the necessity to evaluate the relationship
between this evolution pattern and clinically determined
pubertal status.

We did not find any difference between the evolution of ana-
tomic regions and clusters, contrary to a previous report'' that
concluded that FASI in the cerebellum decreased earlier than
those in the brain stem and basal ganglia. Likewise, 2 distinct pat-
terns have been reported,12 a linear decrease of FASI in the cere-
bellar hemisphere of adolescents and a nonlinear appearance/
regression in the basal ganglia region, with an increase again in
late adolescence.

Given the high frequency and specificity of the presence of
FASI in NF1, some authors™*’ recommended the inclusion of the
presence of FASI as a diagnostic criterion for NF1 in children. It
has been reported that the differential diagnosis for high-signal
foci found in the cerebral white matter of 1.9% of healthy
patients®® versus those found in patients with NF1 should not be
a problem because they have different characteristics and differ-
ent anatomic predilections.'* Because we demonstrate the tempo-
ral evolution of FASI, using them as a diagnostic criterion could
be of interest for patients between 4 and 12 years of age but would
not be very useful for early childhood or adolescence.

Hippocampal Analysis
There are few data on hippocampal abnormalities in NF1.
Hippocampal hyperintensities have been described as bilateral
and diffuse, present in 80% of 1 cohort!® and easier to see on T2
FLAIR. Our study revealed diffuse, bilateral, and symmetric hip-
pocampal hyperintensities in nearly 60% of patients.

Because we found no correlation between the temporal evolu-
tion and the number of FASI and that the total surface area of
FASI was lower in patients with HH, our results would suggest
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that hippocampal hyperintensity is a separate entity from FASI,

contrary to other studies™'®"?

that considered the hippocampi as
an anatomic region affected by FASL

These signal abnormalities seem to depend on the technique
used because the hyperintensity appears more frequently on the
2D-T2-FLAIR sequences compared with the 3D-T2-FLAIR and
2D-T2WI sequences. Moreover, the disappearance of these
hyperintensities seems to be related to the change of technique
and not to the age of the patients. 3D-T2-FLAIR seemed to be in-
ferior to 2D-T2-FLAIR in terms of lesion contrast and conspicu-
ity in the hippocampus, such as in patients with hippocampal
sclerosis.*® This feature could be explained by the higher signal of
the normal hippocampus on 3D-T2-FLAIR; radiologists should
be aware of this finding. FASI should not have this pitfall because
3D-T2-FLAIR has been shown to be equal or superior to 2D-T2-
FLAIR for other gray or white matter lesions.*® The subjectivity of
these diffuse and symmetric signal changes and the dependence on
the technique used may limit the clinical impact of this feature in
patients with NF1. A potential link with clinical findings and the
underlying pathophysiology remains to be demonstrated.

Limitations

Our study has some limitations, including selection bias. Our
institution is a tertiary referral center that receives a high propor-
tion of symptomatic or atypical patients. Furthermore, a mini-
mum follow-up of 4 years increases the frequency of MR imaging
findings. Patients with a history of surgery were excluded; there-
fore, our evolution criteria do not apply to them.

All of our data pertain to brain MR imaging at 1.5T, which
limits the applicability of our results to MR imaging at 3T. It
seems unlikely that this would have modified the longitudinal
variations of FASI, but the analysis of hippocampal hyperinten-
sity may be different at 3T.

Most patients underwent a combination of both 2D and 3D
MR imaging sequences during the course of their follow-up,
which could affect the variability of surface area measurements.
However, we were unable to analyze this effect because the
patients did not have 2D and 3D sequences at the same time. The
surface area measurements of FASI were similar between T2WI
and T2 FLAIR sequences. Because of the low number of 3D
sequences, we were unable to use volumetric measurements for
follow-up (instead of surface area), which could have been a
more accurate way to measure FASI. 2D section thickness was
high (4 mm), possibly hampering the accuracy of measurements
of FASI using these sequences. Because our inclusion criteria
mandated a long-term follow-up period and due to the larger size
of our cohort, the inclusion of multiple different MR imaging
techniques was unavoidable. As imaging becomes ever more sen-
sitive, it will be increasingly important to define a standardized
imaging protocol for brain MR imaging in the setting of NF1.

CONCLUSIONS
Our study, based on a large sample of MR imaging examinations
with long-term follow-up of patients with NF1, provides a more
complete view of FASI evolution.

Having demonstrated a predictable pattern of longitudinal
variation of FASI in children with NF1, we suggest that FASI are



not related to puberty or adolescence because they decrease at an
earlier age, from 7 years, and there is no significant difference
according to sex. However, we did not assess pubertal status at
the time of each MR imaging examination, precluding drawing
any strong conclusions about this potential correlation. These
results should be subject to future prospective studies with larger
sample sizes and knowledge of pubertal status, which could lead
to an improved understanding of FASI pathophysiology.

We also found that hippocampal hyperintensities frequently
seen in patients with NF1 are not correlated with FASI evolution,
supporting the hypothesis of a different process, which still needs
to be elucidated.

We are convinced that a better understanding of FASI could
have positive practical implications. A “watch and wait” approach
could be implemented until the age of apex, provided no atypical
imaging sign is present (mass effect, contrast enhancement).
Knowledge of the predicted evolution allows more accurate prog-
nostic advice to be conveyed to the referring physician and family
during follow-up.
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