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Abstract

Progressive vision loss and neurocognitive impairment are early and frequent presentations in
CLN3 disease. This highlights neurodevelopmental functioning as critical to the disease, but
limits the neuropsychological test repertoire. We evaluated the convergent validity of the Vineland
Adaptive Behavior Scales as a potential outcome measure. In a prospective observational study
of 22 individuals (Female:Male 11:11; 6-20 years-old) with a molecular diagnosis of CLN3,

we used generalized linear models and Spearman correlations to quantify the relationship of the
adaptive behavior composite (ABC) standard score with established outcomes of verbal 1Q (VIQ)
and disease severity (Unified Batten Disease Rating Scale, UBDRS) scores. We analyzed ABC
changes in 1-year follow-up data in a subset of the same cohort (n=17). The ABC and VIQ, both
standard scores, exhibited a strong positive correlation in cross-sectional data (r=0.81). ABC and
UBDRS scores were strongly and positively correlated in cross-sectional data (range=0.87-0.93).
Participants’ ABC scores decreased slightly over the 1-year follow-up period (mean change, 95%
Cl: -5.23, -2.16). The convergent validity of the Vineland-3 for use in CLN3 is supported by

its relationships with the established outcomes of VIQ and UBDRS. Future longitudinal research,
including replication in other cohorts and evaluation of sensitivity to change, will be important to
establish utility of the Vineland-3 for monitoring change in CLN3.
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1 INTRODUCTION

CLN3 disease (OMIM 204200) is an autosomal recessive, neurodegenerative, lysosomal
disorder resulting from pathogenic variants in CLAN3 (Anderson, Goebel, & Simonati, 2013;
Mole & Cotman, 2015). The disease is marked by childhood onset of vision loss and
progression to blindness, among other neurologic impairments (Adams, Mink, & University
of Rochester Batten Center Study, 2013; Preising, Abura, Jager, Wassill, & Lorenz, 2017).
While treatment development is underway (Johnson et al., 2019; Specchio et al., 2020),

a limited number of outcome measures, particularly focused on functioning over time
(Assessing Neurocognitive Outcomes in Inborn Errors of Metabolism, https://www.fda.gov/
media/96785/download), constrains research of the natural history, as well as efficacy
evaluations for potential therapies. Cognitive performance is a common outcome (Adams

et al., 2013; Augustine et al., 2019; Lamminranta et al., 2001), but at least a portion of the
IQ tests used to measure cognition are invalidated by vision loss. Frequently used IQ tests
have decreased sensitivity in the lower range (Farmer et al., 2020), limiting their use in the
setting of progressive neurocognitive decline in CLN3. Adaptive behavior, the collection of
skills required for age-appropriate functioning in one’s environment, is correlated but not
redundant with cognitive performance (Bolte & Poustka, 2002; Freeman, Ritvo, Yokota,
Childs, & Pollard, 1988; Hayes & Farnill, 2003; Keith, Fehrmann, Harrison, & Pottebaum,
1987). It is an important and real-world measure of neuropsychological functioning (Adams
etal., 2006).

The use of adaptive behavior is particularly applicable for early onset neurodegenerative
conditions (Assessing Neurocognitive Outcomes in Inborn Errors of Metabolism, https://
www.fda.gov/media/96785/download), due to both clinical relevance and the psychometric
properties of the instruments. Adaptive behavior deficits are a core symptom of intellectual
disability, and so measures are developed to be valid for most individuals, regardless of
physical disability or cognitive status. Few neurocognitive measures have been specifically
designed and validated for individuals with vision loss and intellectual disability, an issue
that limits their use in CLN3 disease. CLN3-specific test batteries emphasizing verbal
modalities have been implemented (Adams et al., 2013; Lamminranta et al., 2001), but the
progression of behavioral, speech, and neurocognitive dysfunction eventually renders them
inappropriate. Even using only the verbal standardized cognitive assessments, children’s
scores will likely continue to diverge negatively from those of their peers and cluster

at the lower, far less sensitive and reliable, end of the scale. For current therapeutic
approaches aimed at slowing, rather than reversing, neurodegeneration, outcome measures
that enable meaningful longitudinal comparisons of non-standardized scores (e.g., person
ability (Farmer et al., 2020)) would be more applicable for trials.

Here, we evaluate a broadly used measure of adaptive behavior, the Vineland Adaptive
Behavior Scales, 3™ Edition, for use as a trial outcome measure in CLN3-related disorders.
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We focused on the convergent validity of the scale, operationalized as its relationship to
established outcomes of verbal 1Q and disease state. Because CLN3 is a neurodegenerative
disorder, we also looked to the relationship of Vineland scores with age for evidence of
validity. For validity to be supported, we expected to see that 1) lower adaptive behavior
scores would be related to lower verbal 1Q and more severe Unified Batten Disease Rating
Scale scores and 2) adaptive behavior scores would be worse for older than younger
classically presenting participants. Given that CLN3 is a degenerative condition, adaptive
functioning should decrease over time, though relevant data from other outcomes suggest
that disease progression over childhood may take years (Kuper et al., 2019; Lamminranta
et al., 2001; Masten et al., 2020). This gave rise to a final, more exploratory expectation,
that 3) within classically presenting participants, worsening in adaptive functioning would
be observed over a one-year follow-up period.

2 PARTICIPANTS and METHODS

2.1 Ethics Statement

The Institutional Review Board of NICHD approved the protocol [Investigations of Juvenile
Neuronal Ceroid Lipofuscinosis (CLN3); NCT033007304]. We enrolled individuals of any
age or disease severity, with two #rans variants in CLN3, clinical symptoms consistent with
CLN3 disease [Juvenile Neuronal Ceroid Lipofuscinosis (JNCL); Batten disease; OMIM
204200], and ability to travel to the NIH Clinical Center without increased health risk.
CLN3variants were determined from reports from CLIA-certified laboratories. We obtained
consent from parents/guardians or individuals = 18 years of age, and assent from individuals
>7 years as developmentally appropriate. Participants from this study have a consistent
identifier (SP_._. ) across publications to facilitate data comparisons.

2.2 Disease Severity Assessment

We evaluated disease severity as measured by the Unified Batten Disease Rating Scale
(UBDRS, version 12/20/17) (Marshall et al., 2005). In the current analyses, we used

the UBDRS subdomain assessments of Physical (a 27-item exam of speech, vision, and
musculoskeletal functions), Capability given actual vision (a 5-item interview of daily living
abilities), and Clinical Global Impression of severity (CGI; a 7-item provider’s rating of
overall disease state). Higher Physical and CGI scores indicate more severe, whereas higher
Capability scores associate with less severe impairment. Out of the six UBDRS subdomains,
these three subdomains assess the actual overall disease state. Calculations of the weighted
UBDRS scores and the reason and comparisons for using the 7-item versus the single overall
CGl score are as previously described (Dang Do et al., 2021).

2.3 Neuropsychological Assessment

The neuropsychological evaluation utilized a tiered approach for 1Q testing, as in other
studies of CNS dysfunction (Dickson et al., 2011), including in this population. Either

the Wechsler Intelligence Scale for Children-Fifth Edition (W1SC-V) (Wechsler, 2014) or
the Wechsler Adult Intelligence Scale, Fourth Edition (\WAIS-1V) (Wechsler, 2008) was
administered, based on age of the participant. Similar to previous studies of CLN3 (Adams
et al., 2013; Lamminranta et al., 2001), verbal 1Q (V1Q) is reported since visual impairment
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precluded administration of the nonverbal 1Q in many participants. VIQ estimates could
not be obtained for three participants, due to language barriers (SP7.2.1 and SP11.2.4) or
neurologic state (SP17.2.1). VIQ is a norm-referenced score with a population mean of 100
and standard deviation of 15 (range 45 — 155 on the WISC-V and 50-150 on the WAIS-IV).

We report here on standard scores from the Communication, Daily Living, and Socialization
domains and the Adaptive Behavior Composite (ABC) score of the Vineland Adaptive
Behavior Scales, Third Edition (Vineland-3) (Sparrow, Cicchetti, & Saulnier, 2016)
semi-structured caregiver interview version. The norm-referenced standard scores have a
population mean of 100, standard deviation of 15, and range of 20 — 160. We do not report
standard scores for the motor domain, since they are not available for children older than 9
years. The sub-domains are scored using scaled (v-scale; mean=15, SD=3) or person ability
(growth scale value, GSV; unitless) scores. Standard errors of the mean (SEMs) differ by
age and subscale, but approximate values can be used to help interpret changes relative

to measurement error: ABC (SEM~3), domain-level standard scores (SEM~4), subdomain
V-scale scores (SEM~1.5), and GSV (~3). Since GSV scores are available regardless of age,
Motor subdomain scores are included in GSV analyses.

Of note, the Vineland-3 manual reports limited normative data on a sample of individuals
with visual impairments; the ABC scores in this reference sample (M=86.8, SD=20.4) were
lower and more variable than the average reference sample (M=100, SD=15). While the
Wechsler tests excluded people with uncorrected visual impairments from standardization
samples, VIQ scores from these tests have been used in studies of CLN3 (Adams et al.,
2013; Lamminranta et al., 2001). Data on children with only visual impairments suggest
that they tend to score lower than their peers on some VIQ domains (i.e., comprehension,
similarity, and vocabulary), but may perform relatively better on working memory subtests
(Morash & McKerracher, 2017). Importantly, the Vineland-3 has a lower minimum value
than the Weschler scales (20 versus 45-50), which must be considered in any comparison
between the two assessments.

2.4 Data Analysis

Descriptive statistics for the phenotypic variables are presented for the total sample and by
genotype. We assessed the relationships among adaptive behavior (Vineland-3), cognitive
ability (VIQ), and disease severity (UBDRS) separately for baseline and follow-up.
Although correlation is the standard statistic associated with convergent validity, we initially
planned a generalized linear model, given the presence of four sibling dyads (SP5.2.1 and
5.2.2; SP10.2.1 and 10.2.5; SP12.2.1 and 12.2.2; SP16.2.1 and 16.2.2) in the data and the
possibility of non-linearity in the relationships. However, through exploratory data analysis
we found that the random effect of family was zero in all models, so we ultimately used the
DescTools package (Signorell & al., 2020) to calculate Spearman correlations and their 95%
ClI for all associations.

We also examined the reliability of the Vineland-3 ABC with VIQ, both of which are
measured on the same scale, by calculating the concordance correlation coefficient. Values
above 0.5 reflect at least some agreement, but to justify interchangeability, the CCC should
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approach 1.0. The cccrm package (Carrasco, 2015) was used to estimate the CCC and the
95% CI.

We explored the cross-sectional effect of age using a generalized linear model with age

as the lone fixed effect predicting Vineland score, and a random subject-level intercept

to account for repeated measurement. Because the goal of this specific analysis was to
produce evidence consistent with neurodegeneration, we excluded the two participants with
vision-only presentation.

We also looked for evidence of neurodegeneration in the subset of participants with follow-
up data (excluding those with vision-only presentation). We tested the hypothesis that
change from baseline to follow-up (approximately 1 year) in Vineland scores would differ
from zero, regardless of chronological age. This was accomplished using a generalized
model with fixed effects of measurement occasion (baseline or follow-up) and exact time-to-
follow-up, as well as a random subject-level intercept.

Through standard exploratory data analysis, we evaluated the tenability of the assumptions
of linearity, homoscedasticity, and normality of the model residuals. Following the current
guidelines of the American Statistical Association (Wasserstein, Schirm, & Lazar, 2019), we
do not categorize p-values as “statistically significant” and instead focus on the magnitude
and variability of the effects via parameter estimates and 95% CI. We used R version
4.0.0(R-Core-Team, 2020) for data analysis and visualization. The code for all analyses is
available upon request.

3 RESULTS

From October 2017 — April 2019 we enrolled 22 participants with CLN3-related disorders
from 18 families (i.e., four sibling pairs) (Supplemental Table). The cohort includes
participants from 6 — 20 years old (mean =11 years 7 months, SD = 4 years 4 months),

of equal sex distribution (Female:Male 11:11). Participants reported white non-Hispanic
(n=14), white Hispanic/Latino (n=3), multiple (n=3), and Asian non-Hispanic (n=2) race/
ethnicity. Ten participants were homozygous and five were compound heterozygous for the
common 1-kb deletion (c.461-280_677+382del) variant. The genotype and presentation of
sibling pair SP5.2.1/5.2.2 were at the time consistent with a vision-only CLN3 phenotype.

Based on parental reports, all participants had visual impairments at baseline visit (mean

age at symptom onset 6 years 5 months, SD = 1 years 11 months). Estimated visual acuity
showed 20/22 qualifying for legal blindness (i.e., < 20/200) status. Other symptoms included
caregiver reported changes in neurocognitive ability (n=17, onset mean=6 years 7 months,
SD=4 years 4 months), behavioral or psychiatric symptoms (n=21, onset mean=7 years 5
months, SD=2 years 5 months), seizures (n=12, onset mean=9 years 11 months, SD=3 years
7 months), and motor impairments (n=11, onset mean=9 years 10 months, SD=4 years 8
months).

Fourteen participants had in-person one-year follow up evaluations including Vineland
and UBDRS by January 2020; three additional participants completed a remote interview,
yielding additional Vineland data (Supplemental Table). The two participants with vision-
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only phenotype were excluded from some analyses (leaving n = 15; Participants and
Methods). VIQ data were obtained for 19 participants at baseline and eight participants

at one-year follow-up. Descriptive statistics for the neuropsychological and disease severity
scores are provided in Table 1. Mean verbal 1Q and adaptive behavior scores and median
UBDRS scores are not different between participants homozygous for the 1-kb deletion and
those with other genotypes (excluding the 2 vision-only participants).

The cross-sectional relationships between the Vineland-3 ABC scores and VIQ and UBDRS
scores are graphically depicted in Figure 1. Spearman correlations with 95% CI are shown
in Table 2. Vineland-3 scores were strongly correlated with VIQ at both baseline (n=19;
l'range=[0.73 — 0.86]; Figure 1A, Table 2) and follow-up (n=8; rrange=[0.65 — 0.77]; Table 2).
However, reflecting a large mean difference in scores (at baseline, the sample average ABC
score was 62.0 + 26.8, while the sample average VIQ was 78.6 + 20.2), the concordance
correlation coefficient was moderate (CCC =0.72, 95% CI=[0.47, 0.86]) and the 95% CI
included values in the poor range (<0.50). A consistent result was obtained in the 1-year
follow-up data, though the sample size was small: CCC = 0.52 [-0.08, 0.84]. Only one
participant (at Time 1) scored at the floor of the VIQ test, so it seems unlikely that this is
explained by the lower floor of the Vineland-3.

At baseline, Vineland-3 ABC scores were very strongly related with UDBRS scores (n=22).
Correlations were negative for both the Physical (r=—0.90, [-0.96,-0.77]; Figure 1B)

and CGI (r=-0.87, [-0.94,-0.70]; Figure 1D), and positive for the Capability (r=0.93,
[0.83,0.97]; Figure 1C) subdomains. All of these relationships were replicated in the
subsample evaluated at 1-year follow-up (n=17; Table 2).

Vineland-3 norm-referenced (standard) scores were lower in older participants (n=20; Figure
2A). For each additional year of age, the expected difference in Vineland-3 score was
(-3.69 [-5.23, —2.16]) points on the standard scale for the ABC, and similar differences
across age were observed for the domains (Communication: —4.13 [-6.10, —2.16], Daily
Living Skills: —4.49 [-5.84, —3.14], Socialization: —3.09 [-5.20, —0.98]). A consistent
trend was observed within-participant in the subset with 1-year follow-up data (n = 15),
such that average within-subject change over one year in ABC was —3.66 [-7.13, —0.20]
(Figure 2B, Supplemental Figure). The Communication domain (specifically the Written
subdomain) and the Domestic and Interpersonal subdomains showed the most decrease at
1-year follow up. While the magnitude of these changes was within the range attributable to
the measurement error of the instrument, the consistent decrease in normative scores across
domains supports the interpretation that they are true declines.

Importantly, normative scores can decrease within subject because of skill loss, failure

to gain skills at the age-expected rate, or both (Figure 2A,B). To discriminate amongst
these, we evaluated the within-subject change in growth scale values (GSV) for each
subdomain (Figures 2C,D). Average GSVs were stable for most sub-domains, reflecting
equal proportions of participants with meaningful increases and decreases, indicating that
decreases in norm-referenced scores were likely driven by both skill loss and slower-than-
expected gains. Written Language declined between baseline and 1-year follow-up for

Am J Med Genet A. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dang Do et al. Page 7

almost all participants, indicating that the decrease in norm-referenced score was likely due
to loss of skills.

4 DISCUSSION

We evaluated the validity of the Vineland Adaptive Behavior Scales for use as an outcome
measure in trials involving CLN3, using data from a prospective natural history study. At
baseline, Vineland-3 Adaptive Behavior Composite (ABC) scores were quite variable, but
were on average more than 2.5 standard deviations below the normative population mean,
and more than one standard deviation below the values reported for a visual impairment
reference sample in the Vineland-3 manual. This suggests that other factors related to

CLN3 disease are impacting adaptive functioning. The validity of the Vineland-3 ABC was
supported by strong and positive correlations with the established outcomes of verbal 1Q and
disease state as measured by the UBDRS. VIQ tended to be higher than ABC, supporting the
idea that adaptive functioning is distinct from cognitive ability and is differentially affected
by symptoms of the disorder. Consistent with the expected course of a neurodegenerative
disease, older participants had lower Vineland-3 scores than younger participants, and small
but widespread decreases were observed among the small sample of participants with 1-year
follow-up data. Analysis of the person ability scores indicated that decreases over this
relatively short follow-up period were caused by general plateauing rather than loss of
skills, with the exception of a few specific subdomains (e.g., written) which may have been
more directly affected by vision loss. Overall, these results support the application of the
Vineland-3 adaptive behavior assessment (ABC) as an outcome measure in CLN3, but not
its exchangeability with VI1Q.

Therapeutic development for ultrarare pediatric disease faces scarcity of affected individuals
for randomized controlled study designs and paucity of feasible and accessible outcome
measures that account for development (Assessing Neurocognitive Outcomes in Inborn
Errors of Metabolism, https://www.fda.gov/media/96785/download; Dickson et al., 2011,
Shapiro et al., 2016). These challenges are compounded in pediatric neurodegenerative
diseases, particularly those involving loss of functioning in multiple neurologic and sensory
domains. One clinical outcome measure used and accepted by the U.S. Food and Drug
Administration is cognitive ability assessment using standardized and validated methods
such as 1Q (Augustine et al., 2019; Krivitzky et al., 2009; Peters et al., 2004). Limitations
such as floor effects relating to applicability in populations with significant intellectual
disability and those with other concomitant disabilities, and in longitudinal assessment, are
well recognized (Delaney et al., 2014; Dickson et al., 2011; Hessl et al., 2009; Janzen,
Delaney, & Shapiro, 2017; Kronenberger, Harrington, & Yee, 2021; Shapiro et al., 2016).
Adaptive behavior has therefore been proposed as an outcome measure as well and shown
to be clinically relevant for therapeutic clinical trials in multiple conditions affecting
neurocognitive status (Bolte & Poustka, 2002; Delaney et al., 2014; Freeman, Del’Homme,
Guthrie, & Zhang, 1999; Hessl et al., 2009).

Previous assessment of adaptive behavior in children with CLN3 using the Scales of
Independent Behavior-Revised (SIB-R) showed lower norm-referenced scores and floor
effects for activities of daily living (Adams et al., 2006). Similar to the SIB-R, Vineland-3
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is amenable to data collection from adult caregivers and includes norm references for
infants to adults with broad ability range (Fletcher, 2014). In addition, the Vineland-3

offers the ability to collect data remotely, is more amenable to collection of data from non-
English speaking participants (where interpreters were able to be used), and includes person
ability scores, which directly indicate changes in ability rather than relative to age-based
expectations (Farmer et al., 2020). This latter scoring option addresses the limitation of
standardized scores to track stabilization or improvement in a pediatric neurodegenerative
process (Farmer et al., 2020; Kronenberger et al., 2021). Results from this study showed that
adaptive behavior scores obtained from the Vineland-3 should be considered as an outcome
measure for neurodevelopmental functional assessment in CLN3, as its scores correlate
strongly with UBDRS and VIQ scores. As shown in this study, however, adaptive behavior
and VIQ are not interchangeable assessments.

At the individual level changes in Vineland-3 scores are heterogeneous at the one-year
interval, suggesting that this duration is insufficient to capture significant progression

as measured by these clinical parameters. Longitudinal trends of a slow decline in 1Q,
especially over one year, in CLN3 participants have been observed previously (Lamminranta
et al., 2001). Small number of affected individuals and difficulty with longitudinal
participation have limited calculations of annualized rate of changes for 1Q in CLN3 to

data from 5-year duration or cross-sectional cohorts (Kuper et al., 2018; Lamminranta et

al., 2001). Comparisons of annualized rate of change for UBDRS scores derived from
cross-sectional and longitudinal data suggested good agreement (Kwon et al., 2011). Further
development of the UBDRS into a clinically meaningful disease staging tool proposed an
average of 4-5 years separating the stages (Masten et al., 2020). Taken together, the findings
from this and previous studies argue against CLN3 clinical trials as short as one to two years
in duration due to limited changes in functioning in this natural history.

Limitations of this study include a bias of the enrollment of participants stable and healthy
enough to travel and complete the visit. The trends in outcome measures reported here are
based on a relatively small number of individuals with CLN3 disease. As our natural history
study continues, additional longitudinal data and an increase in number of participants will
provide insight into the reproducibility, applicability, and sensitivity of the reported findings.

In summary, data from this cohort show decreased adaptive behavior scores in individuals
with CLN3, with meaningful concurrent correlations to verbal 1Q and disease state. Thus,
adaptive behavior is an applicable measure to be considered in future clinical trials. While
this trend is also seen in a subset of participants at one-year follow-up, within participant
changes were variable. The limited longitudinal data provide additional support for the
Vineland-3 as continuing to track with disease severity. In addition, longitudinal changes in
adaptive behavior show disease progression cannot be sufficiently measured over a one-year
interval in cohorts similar to the one included in this study, a factor to be considered in the
design of future therapeutic trials. It will be important to investigate how adaptive behavior,
as well as other factors, change as children with CLN3 age and as the disease progresses.
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Relationships of the Vineland-3 Adaptive Behavior Composite scores in CLN3 disease.
ABC scores strongly correlate withestablished measures, VIQ (A) and UBDRS sub-

domain scores (B-D) and. VIQ is a standard score; UBDRS scores are weighted.

Circles: Participants with classic CLN3 phenotype. Squares: Participants with vision-only
phenotype. Black line: linear regression. Shaded gray area: 95% Cl. ABC: adaptive behavior
composite. CGlI: clinical global impression. UBDRS: Unified Batten Disease Rating Scale.

VIQ: verbal intelligence quotient.
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curve for CLN3. Circles: individual data points. Shaded area: 95% CI. B. Model-estimated
mean within-subject change over 1-year follow-up in Vineland-3 domain (standard) and
subdomain (V-scale) scores (n=15, excluding vision-only participants). ABC: adaptive
behavior composite. C. Within-subject change over 1-year follow-up in Vineland-3 growth
scale values in CLN3 disease (n=15, excluding vision-only participants). Change scores
were compared to the manual-based average SEM for each subdomain, and values that
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exceeded 2*SEM are shaded pink. D. Model-estimated mean within-subject change over
1-year follow-up in Vineland-3 growth scale values in CLN3 disease (n=15, excluding
vision-only participants). Score of zero represents no change in ability; negative scores
indicate a decrease in ability.
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