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Purpose: To determine the prevalence of choroidal abnormalities (CAs) and Lisch
nodules (LNs) in children who met the clinical diagnostic criteria (CDC) alone and those
with a molecularly confirmed diagnosis (MCD) of neurofibromatosis type 1 (NF1), and to
ascertain any differences between the groups.

Methods: This was a cross-sectional observational study. All children who met the CDC
and/or had MCD of NF1 and underwent eye examination were included. At least two
CAs or LNs between the two eyes were set as a threshold to define the presence of either
abnormality. Frequencies alongside 95% confidence intervals (Cls) were calculated. The
relationship between patient age and the presence of LNs and/or CAs was estimated
using logistic regression.

Results: The study cohort included 94 patients; CAs (64%) were more prevalent than
LNs (41%) (0.22; 95% Cl, 0.08-0.36; P = 0.0023). The probability of the presence of LNs
was lower than that of CAs across all ages (odds ratio = 0.37; 95% Cl, 0.20-0.69; P =
0.00173). CAs were exclusively found in 37% of patients and LNs in 16%; 80% had either
CAs or LNs, or both. In the CDC group (n = 41), the difference in prevalence (CAs = 68%,
LNs = 51%) did not attain statistical significance (0.17; 95% Cl, —0.06 to 0.40; P = 0.18).
In the MCD group (n = 53), the difference in prevalence (CAs = 60%, LNs = 34%) was
significant (0.26; 95% Cl, 0.006-0.47; P = 0.023).

Conclusions: CAs were more frequent than LNs in pediatric NF1 patients regardless of
age and MCD status. Combining ophthalmological exams with near-infrared imaging
will increase the diagnostic reach in pediatric NF1.

Translational Relevance: CAs detected on near-infrared imaging are objective
biomarkersin NF1. They are more prevalent and detected earlier in the pediatric popula-
tion compared with LNs. Hence, the presence of CAs should be routinely ascertained in
children suspected with NF1.
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Introduction

Neurofibromatosis type 1 (NF1) is an autosomal
dominant multisystem disorder with tumor predis-
position caused by heterozygous pathogenic variants
in the neurofibromin gene (NFI, located on chromo-
some 17q11.2), which encodes for a tumor suppressor
protein.! Penetrance is virtually 100%, but expression is
highly variable. When the National Institutes of Health
(NTH) established the NF1 clinical diagnostic criteria
(CDC) in 1987,> they were largely based on underlying
involvement of the skin, bone, and nervous system. The
presence of two or more of the following criteria were
required for diagnosis: six or more café-au-lait macules
(CALMs), axillary or inguinal freckling, two or more
cutaneous neurofibromas or one plexiform neurofi-
broma, distinctive osseous lesions (pseudarthrosis,
sphenoid wing hypoplasia), optic glioma, two or more
iris Lisch nodules, and a first-degree affected relative.?-3
The identification of overlapping phenotypes has since
fueled research on diagnostic classification, and, in the
recently published NF1 International Revised Consen-
sus,* a recommendation was made to modify an exist-
ing criterion—from “first-degree relative with NF1” to
“a parent with NF1”—while adding two new crite-
ria: choroidal abnormalities observed on near-infrared
(NIR) imaging and the presence of a heterozygous
pathogenic NFI variant with a variant allele fraction of
50% in apparently normal tissue.* Further, in the 2021
recommendation, the presence of either two CAs or
LNs was assigned a diagnostic criteria point for NF1.#

CALMs are seen in virtually every patient with NF1
(frequency >99%) by 12 years of age, with the majority
(96.7%) manifesting more than six macules by 3 years
of age.’> The number and size of CALMs are known
to increase over the first 5 to 7 years of life.® Ocular
manifestations can be present in early childhood (e.g.,
optic pathway glioma, with a prevalence of up to 15%
but only 5% symptomatic)® or manifest in later child-
hood and adolescence as Lisch nodules (LNs). The
earliest onset of LNs (raised tan-colored iris hamar-
tomas) is thought to be around 3 years, and their preva-
lence increases with age. In children, LNs are reported
in 43% of those < 12 years old’ and 57% to 75% of
those < 15 years old®?; LNs are reported in >90% of
adults with NF1.? Similarly, the prevalence of all clini-
cal manifestations of NF1 are variable and may be age
related.?

Choroidal neurofibromatosis was first character-
ized on histopathology by Wolter et al.'? in 1962 as
ovoid bodies of proliferating neoplastic Schwann cells
arranged in concentric rings around axons. Yasunari
et al.!! were the first to image choroidal neurofibro-
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matosis in vivo, and they described it as bright patchy
regions on infrared fundus examination. NIR imaging
is being increasingly used to identify these choroidal
abnormalities (CAs), most commonly, in the posterior
pole.”-® Despite a lack of histopathological correla-
tion, it is presumed that choroidal neurofibromatosis
is visualized as CAs on NIR imaging, possibly due to
(1) choroidal thickening and (2) an increase in number
of melanocytes in the area.®-'%!3 Further, two subtypes
of CAs have been described: (1) rounded, bright, well-
defined, and easily identifiable, and (2) patchy, dull,
irregular, and poorly defined.'* On spectral-domain
optical coherence tomography, these CAs show as
hyperreflective dome-shaped or hyperreflective placoid
formations, respectively.'*

In adult patient cohorts meeting the CDC for NF1,
the reported prevalence of CAs and that of LNs were
similar, ranging from 82% to 100% and 82% to 90%,
respectively.”-!:!* In pediatric cohorts that meet the
CDC, the prevalence of CAs (60%-100%) is presumed
to be higher than that of LNs (57%75%).”%-11:15
Further, inter-observer agreement for examinations is
higher for CAs than LNs (k = 0.857 for CAs’ vs. k =
0.1774 for LNs'®). In addition, CAs may be present
earlier in life than LNs%!3-17; if true, then using NIR
imaging to assess for the presence of CAs’-!8-2!
could accelerate diagnosis even when LNs are
absent.

Offering molecular testing to confirm the clini-
cal diagnosis has become the standard of care in
Mendelian disorders.? To the authors’ knowledge, the
prevalence of CAs and LNs in children with a molec-
ularly confirmed diagnosis (MCD) of NF1 is yet to
be determined. The primary aim of the study was
to determine the prevalence of CAs and LNs in a
cohort of children that met the CDC for NF1 and
those with MCD and to identify any difference between
the groups. The secondary aims of the study included
(1) reporting the probability of finding CAs or LNs
across all ages in the entire cohort; (2) reporting the
probability of solely finding CAs or LNs across the
cohort; (3) ascertaining the prevalence of these clini-
cal ocular signs in the cohort in accordance with the
latest diagnostic criteria*; and (4) reporting the genetic
variants identified and evaluate for any relationship of
the class of genetic variant to the prevalence of CAs or
LNs.

Materials and Methods

This was a retrospective cross-sectional observa-
tional study. The study protocol was approved by
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the Institutional Research Ethics Board at the Hospi-
tal for Sick Children, Toronto, and conducted in
accordance with the tenets of the Declaration of
Helsinki. All pediatric patients (<18 years of age)
were eligible if they met the CDC?? and/or had
a MCD of NFI and had undergone eye exami-
nation and NIR imaging at the Hospital of Sick
Children between January 2001 and February 2020.
Data were collected from electronic health records
(demographic information, family history, and details
of eye examination) and ancillary imaging. In patients
who were routinely followed, information from the
first visit with complete data was used for the
analysis.

The patients were divided in two subgroups. Group
A included patients who met the CDC (according to
the NIH criteria®® without genetic testing), and group
B included those who, in addition to meeting the CDC,
had a MCD, defined as those carrying a pathogenic
or likely pathogenic variant in NFI identified in
a Clinical Laboratory Improvement Amendments—
certified laboratory. Best-corrected distance visual
acuity (BCVA) was collected from each eye and
converted to logarithm of the minimum angle of
resolution (logMAR). Patients who could only count
fingers, had light perception, or had no light percep-
tion were assigned logMAR values of 2.6, 2.8, and
2.9, respectively.’> The average BCVA of the two eyes
was used for analysis. Documentation of iris LNs
was obtained from slit-lamp examinations, external
photographs, or clinic notes. To quantify LNs, we used
the scale described by Makino et al.>* (summed number
of iris nodules found among the two eyes). In this
study, the presence of two or more LNs, or Makino
I1, was considered to be the cutoff for the presence
of LNss.

The CAs were defined on NIR imaging as (1)
rounded and well-defined; (2) patchy, dull, and poorly
defined; or (3) a combination of both. NIR imaging
was performed with either the Cirrus 4000 (820-nm
wavelength; Carl Zeiss Meditec, Jena, Germany) or
the SPECTRALIS OCT (815-nm wavelength; Heidel-
berg Engineering, Heidelberg, Germany). The presence
of CAs was determined by counting the number of
these lesions in an area within the 30° (and 55° when
available) of the retina centered on the fovea follow-
ing mydriasis. In the literature, the cutoff for clinical
significance has been described as 1.5 CAs, between the
two eyes.’ In this study, we considered the presence of
at least two hyperreflective choroidal spots between the
two eyes as the threshold to define the presence of CAs.
All of the images were analyzed in a blinded manner
by two independent investigators (M.E.P., A.V)) to
improve accuracy.
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Statistical Analysis

Data were analyzed for the entire cohort and
then separately for those patients who met the CDC
alone (group A) and those with MCD (group B).
Demographic characteristics, age, and BCVA were
summarized using descriptive statistics. All statistical
analyses were undertaken using the R Language for
Statistical Computing.** The proportions of patients
with CAs and LNs were calculated and are reported
alongside 95% confidence intervals (Cls). To determine
if the proportion of patients with CAs was higher than
the proportion of patients with LNs, we used a paired
t-test to compute the risk differences, adjusting for CAs
and LNs being measured in the same patients. Logistic
regression was used to explore the relationship between
the patients’ age and the presence of CAs and/or LNs
in the different diagnosis groups and plotted with 95%
predictive intervals.”> P values of 0.05 or less were
considered statistically significant. Finally, Benjamini—
Hochberg correction was used to control the family-
wide error rate across the secondary and subgroup
analyses.”®

Entire Cohort

A total of 94 patients met the study criteria and
included 56 females (60%) and 38 males (40%). Ages
ranged from 3 to 18 years (median, 10 years; mean +
SD, 10.25 £ 4.15 years). The mean BCVA in the cohort
was 0.21 + 0.36 logMAR (range, 0-2.8). Seventy-nine
patients (82%) had a BCVA > 0.3 logMAR (or 20/40).
All 15 patients with BCVA worse than 0.3 logM AR had
coexisting optic pathway glioma.

All patients underwent slit-lamp examinations and
NIR imaging (74 on the SPECTRALIS and 20 on the
Cirrus); 34 patients (36%) additionally had anterior
segment photos. The proportion of patients with CAs
was 64% (95% CI, 0.53-0.73) versus patients with LNs,
which was 41% (95% CI, 0.32-0.52). This difference
was statistically significant: 0.22 (95% CI, 0.082-0.36;
P = 0.0023). The probability of LNs was lower than
that for CAs across all ages (odds ratio = 0.37; 95%
CI, 0.20-0.69; P = 0.00173), with the predictive inter-
vals overlapping for younger and older patients (shown
as dashed lines in Fig. 1). In this entire group, 37%
presented with CAs only, whereas 16% of the patients
had LNs only. Further, 79.79% of patients had either
CAs or LNs, or both. On the other hand, 20.21% of
patients had neither CAs nor LNs. Figure 2 demon-
strates three case examples with CAs and/or LNs. Most
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The probability of observing the abnormality
across different ages
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Figure 1. Probability of CAs and LNs observed across age groups.

The pink line represents LNs, and the green line represents CAs. The
confidence intervals are shown in interrupted dashed black lines.

8 Case 92 (9yr)
A

Figure 2. Three representative cases. (A, B) Case 92, a 9-year-old
child with MCD who had CAs but no LNs. (C, D) Case 26, a 15-year-
old with CDC who had LNs only. (E, F) Case 49, a 16-year-old with
MCD who had both LNs and CAs.
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patients in this cohort had a MCD (group B, n =
53), and 41 patients met the CDC (group A). Table 1
shows the general characteristics and prevalence of
CAs and LNs in the study population. As the confi-
dence intervals overlapped (Table 1), there was no
significant difference in age between the groups (P =
0.15). Figure 3 shows the patient age distribution in the
two groups.

Group A. Children Meeting Clinical
Diagnostic Criteria

Among the 41 patients in this group, 23 were females
(56%) and 18 were males (44%). Ages ranged from 5 to
18 years (median, 10 years; mean + SD, 10.17 4+ 4.08
years). The prevalence of CAs was higher than that of
LNs, but the difference did not attain statistical signif-
icance: CA prevalence, 68% (95% CI, 0.52-0.81); LN
prevalence, 51% (95% CI, 0.35-0.67); and difference,
0.17 (95% CI, —0.06 to 0.40; P = 0.18).

Group B. Children with Molecularly
Confirmed Diagnosis

Fifty-three patients had a confirmed molecular
diagnosis (33 females, 62%; 20 males, 38%). Ages
ranged from 3 to 18 years (median, 10 years; mean =+
SD, 10.24 4+ 4.14 years). The prevalence of CAs was
higher than that of LNs, and the difference was statis-
tically significant: CA prevalence, 60% (95% CI, 0.46—
0.73); LN prevalence, 34% (95% CI, 0.22-0.48); and
difference, 0.26 (95% CI, 0.0062-0.47; P = 0.023).

Genetic Variants

The pathogenicity of all the variants reported
across the years (2001-2020) was reanalyzed using
the 2015 American College of Medical Genetics
and Genomics (ACMG) guidelines.?’-*® All but one
patient (case 30) had variants classified as pathogenic
or likely pathogenic. Table 2 shows all the genetic
variants with their ACMG classifications. Case 30
had a synonymous variant, c.987A>G/p.(Lys329=),
conserved across major vertebrates and flies (phast-
Cons?: 1 [0-1], phyloP?’: 2.38 [—14.1 to 6.4]) and
predicted to activate an alternative donor site upstream
to the natural donor site in exon 9 (87 = >99 [0-
100] for position 987 in Splicing Sequences Finder,*"
new donor scores 4.52 [0-12], 0.58 [0—1] for position
982 in MaxEntScan?! and NNSPLICE,?? respectively).
Missense variants were most frequently identified (14
patients), followed by stop (12 patients) and frameshift
(10 patients) variants. Five of the variants were novel
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Table 1. General Characteristics and Prevalence of Ocular Findings Among the Study Population

Entire Cohort Group A. CDC Group B. MCD

(N=194) (n=41) (n=>53)

Age (y), mean = SD 10.25 +4.15 10.17 +4.08 10.24 +4.14
Male/female, n (%) 38 (40)/56 (60) 18 (44)/23 (56) 20 (38)/33 (62)
Choroidal abnormalities, n (%) 60 (64) 28 (68) 32(60)
Lisch nodules, n (%) 39 (41) 21 (51) 18 (34)
Choroidal abnormalities + Lisch nodules, n (%) 25(27) 4 (34) 11(21)
Choroidal abnormalities or Lisch nodules or both, n (%) 75 (80) 35(85) 40 (75)
Optic pathway glioma, n (%) 25(27) 11 (27) 14 (26)
BCVA (logMAR =+ SD), mean + SD 0.21+0.36 0.20 + 0.36 0.22 +0.35

Patients age distribution by group

Number of patients
»
-
»

Age (years)
-e-GroupA:CDC -+ -Group B: MCD

Figure 3. Scatterplot showing age distribution in the two
subgroups. Group A patients satisfied the CDC, and group B patients
additionally had a MCD. The age distribution was similar in the two
groups.

and included two missense and two frameshift variants
and one whole gene deletion (involving new genomic
coordinates). Table 3 shows the different class of
variants and the prevalence of CAs and LNs in each
mutation class; across most mutation classes, the preva-
lence of CAs was higher than or similar to that of LNs.

Comparison Between Group A and Group B

There was no statistically significant difference in
the prevalence of CAs among the patients with a clini-
cal (68%) or molecularly confirmed (60%) diagnosis
(—0.079; 95% CI, —0.30 to 0.13). Although a larger
proportion of those in group A were found to have
LNSs (51% vs. 34%), this difference was not statistically
significant (—0.17; 95% CI, —0.39 to 0.05).

Discussion

This study is the largest pediatric cohort to describe
CAs and its relationship with LNs in molecular
confirmed neurofibromatosis 1; CAs were found to be
more prevalent than LNs in our genetically confirmed
cohort. Further, these CAs were more prevalent than

LNs across all age groups regardless of their diagnosis
status (CDC or MCD). Nearly 80% of children in
this study met the latest NF1 diagnostic guidelines,
which added CAs in addition to LNs,* counting for
one point toward the diagnostic criteria. Moreover,
in this cohort, there was a trend for CAs to present
earlier than LNs, a finding not reported previously, to
the best of our knowledge.

Prevalence of CAs Is Higher Compared to LNs

In the current study (entire cohort), CAs were found
more frequently in patients with NF1 than were LNs
(64% vs. 41%). The prevalence of CAs was similar
between the two subgroups (68% in CDC and 60% in
MCD), but the prevalence of LNs was more variable
between the CDC and MCD subgroups (51% and 34%,
respectively). The variability in the prevalence of LNs
may be attributed to the variable expressivity of LNs
in NF17-? and to the subjectivity of slit-lamp exami-
nations (as reported in the literature).'® The reported
prevalence of CAs in the pediatric NF1 literature has
ranged from 60.5% to 78.9%,”-%:12:15 higher than the
prevalence of LNs (43%—62%),7-812:15 similar to our
results. However, a few study results are different.®33
Parrozzani et al.® reported a similar prevalence for CAs
(60.5%; n = 129) and LNs (62.5%; n = 119). At the
end of a 6-year prospective study of predominantly
pediatric cohort, Chilibeck et al.>} reported a lower
prevalence of CAs (70%) than LNs (80%); further, at
the final exam, patients < 5 years of age had LNs more
frequently than CAs (28.8% vs. 15%).

CAs Appear Earlier Than LNs

In the current study, the presence of CAs and LNs
increased with age, as previously described.”-'® 2! This
highlights the importance of examining for both CAs
and LNs in NF1 patients. Further, in our cohort, there
was a trend for CAs to present earlier than LN, a novel
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Table 3. Molecular Variants and Prevalence of CAs and LNs

Patients, n Type of Variant Age (y), Range CA Prevalence, % (n) LN Prevalence, % (n)
14 Missense 3-17 64 (9) 29 (4)
12 Stop mutation 5-18 67 (8) 25(3)
10 Frameshift 5-16 60 (6) 50 (5)
8 Splice-site mutation 4-12 62 (5) 12 (1)
4 Whole gene deletion 5-17 25 (1) 50 (2)
3 In-frame deletion 13-17 100 (3) 100 (3)
2 Exon deletion 4-5 0(0) 50 (1)

finding not reported in the literature. In this cohort,
the youngest patient who demonstrated CAs was 4
years old, whereas the youngest with LNs was 5 yeas
old.

CAs Found in Significant Proportion of
Pediatric NF1 Patients Without LNs

In the present study, 37% (n = 35) of the patients
had CAs only, which was similar among the CDC
(34%; n = 14) and MCD (39%; n = 21) subgroups.
This occurrence is higher than reported by Vagge et
al.,'? Viola et al.,” and Parrozzani et al.,® who reported
24%, 21%, and 18%, respectively, and is much higher
than what was reported by Chilibeck et al.>* (5%).
Given the subjectivity and lower occurrence of LNs
in children, the presence of CAs exclusively in one-
fifth to one-third of pediatric patients highlights the
diagnostic value of NIR in NFI1. Further, Parroz-
zani et al.® concluded that the presence of CAs had a
positive predictive value of 0.98 and a negative predic-
tive value of 0.46 in children with a clinical diagnosis
of NF1.

LNs Found in Lower Proportion of Pediatric
NF1 Patients Without CAs

In the current study, 16% (n = 15) of the patients
had LNs only, which was similar between the CDC
(17%; n = 7) and MCD (15%; n = 8) subgroups. This
occurrence was similar to the findings of Chilibeck
et al.** (15%) and Parrozzani et al.® (19%) but higher
compared to Viola et al.” (9%) and Vagge et al.'? (4%).
Chilibeck et al.** reported that those patients who did
not have CAs in their first examination did not develop
any over the course of the 6-year study period. Taken
together, examining patients with suspected NF1 for
LNs continues to be of diagnostic importance.

Inclusion of CAs in NF1 Criteria Increases
Diagnostic Reach of Ophthalmic
Manifestations

In our entire cohort, 26.6% (n = 25) showed both
LNs and CAs; our results differ from those of other
pediatric studies, which have reported a higher concur-
rent occurrence of both ocular signs (42.86%—65%).8
However, 79.79% (n = 75) of our patients presented
with one of the signs (CAs or LNs) or both, similar
to reports in the literature ranging from 74.42% to
92.63%.7-8:12:15 Further, 37% (n = 35) of our patients
had CAs alone. The recent diagnostic criteria for NF1
assign a criteria point for the presence of either two
CAs or two LNs, whereas previous criteria did not
include CAs.>* Our results further support that the
inclusion of CAs in the diagnostic criteria will increase
the diagnostic reach of ocular findings in patients with
suspected NF1. Although the presence of a bright
choroidal patch mimicking CAs has been reported
in two cases of Legius syndrome, neither of those
cases had more than one lesion'®; hence, the diagnostic
cutoff of two CAs for NF1 seems adequate.

Limitation of CAs and LNs in Diagnosis of NF1

In our cohort, 20.21% (n = 19) had neither CAs
nor LNs; in the literature, this value has ranged from
16.25% to 26.58%,7-8:12:15 with one outlier reported at
7.37%.7 This is a key reminder that about one-fifth of
pediatric patients may not present with these ocular
signs.

Genetic Variants Identified in Patients with
CAs or LNs

In group B, a disease-causing variant was found in
all 53 patients. Next-generation sequencing techniques
have increased the molecular detection rate for NF1
diagnosis to 95% to 97%.* Inactivating (loss of
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function) variants are described in >80% of those
who meet NIH clinical criteria.** Our study results are
similar; missense variants were identified in 26.4% of
patients, whereas severe mutations (stop, frameshift,
whole gene deletion, exon deletion, in-frame deletion,
and splice-site) were identified in the majority (73.6%).
Further, CAs appeared to be more common in most
mutation classes; however, the number of patients in
each category was too low for statistical analysis to be
conducted.

Conclusions

The prevalence of CAs was similar between
pediatric patients with MCD and those with clinical
diagnosis only. The prevalence of CAs was significantly
higher than that of LNs in the same population regard-
less of age; CAs tended to present at an earlier age.
Further, the presence of either CAs or LNs, or both,
was found in nearly 80% of the patients with NF1,
highlighting the diagnostic utility of an eye exam in
children with NF1. Future studies may ascertain if CAs
are noticeable during infancy or early childhood (<3
years).
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