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Abstract

Background: Tuberous sclerosis complex (TSC) isarare genetic disorder caused by pathogenic variantsin the TSC1 or TSC2
genes. Apart from multisystem physical manifestations, most individuals with TSC experience TSC-associated neuropsychiatric
disorders (TAND). Little is known about how TAND severity changes over time and what factors may predict these changes.
Preliminary data suggest the presence of differential TAND severity trajectories. Caregiver well-being may act as a mediator of
TAND severity, and a well-being intervention designed for caregivers of children with developmental disabilities may improve
caregiver well-being.

Objective: The study aims are to (1) examine longitudinal trajectories of TAND severity in alarge sample of individuals with
TSC and to examine potential predictors of differential trgjectories, (2) evaluate the association between caregiver well-being
characteristics, TAND severity, and severity trajectories, and (3) adapt and evaluate the feasibility, acceptability, and potential
efficacy of abrief, online group—based well-being intervention for family caregivers.

Methods: For the first 2 aims, 500 individuals with TSC or their caregivers will be recruited in an accelerated longitudinal
design to document TAND severity at 5 time points over 12 months via a web-based app. At each time point, participants will
complete demographic, TSC characteristics, intervention, and well-being questionnaires. Datawill be analyzed using latent class
mixed and multinomial regression modeling (aim 1) and structural equation and mediation modeling (aim 2). Participatory
methods will be used to adapt an existing caregiver well-being intervention for the TSC community (aim 3). Thirty caregivers
will beinvited to participate in the adapted group-based online well-being intervention.

Results. This study was funded from July 2024 (HT94252410790 and HT94252410791), and ethics approvals were obtained
from the University of Cape Town (July 2024), Vrije Universiteit Brussel (November 2024), and the Department of Defense
Office of Human Research Oversight (December 2024). The TAND Toolkit app was adapted for longitudinal data collection
(aims 1 and 2). Recruitment started in December 2025 and will continue until 500 participants are enrolled (anti cipated December
2026). Primary outputs are expected by July 2028. For aim 3, experiential and adaptation workshops were completed in June
2025, the pilot intervention was delivered in November 2025, and data collection will continuetill May 2026. Outputs are expected
by December 2026.

Conclusions; Identification of differential longitudinal TAND trajectories and their correlates will stimulate research in TSC
and generate evidencefor the self-report quantified TAND checklist asaclinical outcome measure. Understanding the association
between caregiver well-being and TAND severity will provide support for targeted well-being interventions. A successful pilot
trial will provide preliminary data for larger-scale clinical trials, with the potential to support caregivers and improve TAND
outcomes. Together, the findings from the study will help close the gap in interventions for TAND.

Trial Registration: ClinicalTrials.gov NCT06879665; https://clinicaltrials.gov/study/NCT06879665

International Registered Report Identifier (IRRID): DERR1-10.2196/91726

(JMIR Res Protoc 2026;15:€91726) doi: 10.2196/91726
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Introduction

Overview

Tuberous sclerosis complex (TSC) is a rare genetic disorder
caused by pathogenic variants in the TSC1 or TSC2 genes,
leading to overactivation of the mammalian target of rapamycin
intracellular signaling pathway [1,2]. With a birth incidence
around 1:6000 [3,4], TSC is associated with multisystem
manifestations including tumor formation in the skin, heart,
kidney, and brain, high rates of epilepsy, and a wide range of
TSC-associated neuropsychiatric disorders (TAND) [1,5,6].
The term TAND refers to the broad range of behavioral,
psychiatric, intellectual, academic, neuropsychological, and
psychosocial difficultiesthat can occur in people with TSC[6].
While not all individuals with TSC experience every aspect of
TAND, the vast majority experience some TAND manifestations
across the lifespan and require targeted identification and
support [6,7]. TAND has been identified by TSC families as
one of the greatest burdens of the disease and highlighted as a
top priority for research [6,8,9]. In a Belgian participatory
project to identify research priorities, improving access to
treatment for TAND was identified as the top priority [10].

Although more than 90% of individuals with TSC have a
lifetime history of TAND manifestations[11], very few receive
access to diagnostic or interventional services or support. To
reduce this gap, the 2012 Neuropsychiatry Panel coined the
term “TAND” (1) as an umbrella term for the wide range of
bio-psycho-social challenges seen in TSC and (2) to introduce
a shared language for clinical practice and research. TAND
includes 6 different “levels’ of investigation: behavioral,
psychiatric, intellectual, academic, neuropsychological, and
psychosocial [12]. At the request of TSC stakeholders, aTAND
checklist (TAND-Lifetime checklist [TAND-L])—a tool to
support clinicianswith asystematic screening for TAND across
these level s—was devel oped, pilot validated, and disseminated
in the TSC community [13,14].

One of the characteristics of TAND isits highly heterogeneous
nature. Some individuals with TSC have many and severe
TAND manifestations, while others may have very few
[6,11,12,15]. In an attempt to reduce this “overwhelming
uniqueness’ of TAND (thefact that everyonewith TSC seemed
to have their own unique TAND profile), data collected by the
TAND-L wereanalyzed using cluster analytic methodsin search
of natural “TAND clusters’ [16-18]. Ward's cluster analysis,
1000-fold bootstrapping, and exploratory factor analysis were
used to identify 7 natural TAND clusters—autism-like, eat/deep,
dysregulated behavior, mood/anxiety, neuropsychological,
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overactivelimpulsive, and scholastic clusters [16-18]. In a
next-step project, Alperin and colleagues [11] independently
confirmed these natural cluster profiles and extended the field
to examine “clusters-of-clusters” In a sample of >600
individuals with TSC, they described a group of individuals
who had difficulties in al 7 natural TAND clusters (“high
symptom burden”), a group with no cluster difficulties (“low
symptom burden”), and 5 groupingsin between these extremes.
These studies represented important steps toward reducing the
apparent heterogeneity of TAND with implications for clinical
practice and research.

Following the development of the TAND-L and identification
of natural TAND clusters, participatory research with the TSC
community identified the need for a TAND checklist that can
be self-reported by families and could quantify TAND severity.
Such a checklist could be used in clinical practice and in
research to monitor change in TAND over time and potential
outcomes from interventions. Family stakeholders asked for the
checklist to be built into a smartphone app and for a toolkit of
useful tips and information to use at home as “next steps’ for
action [16,19]. This was the basis for the TANDem-1 project
[19].

From TANDem-1to TANDem-2: Closing the Gap to
TAND Interventions Through Participatory Research

In TANDem-1, the TAND consortium (an international group
of TSC clinical research and lived experts with a focus on
TAND research [19]) converted the TAND-L to a self-report
quantified checklist (self-report quantified TAND checklist
[TAND-SQ]) that individualswith TSC or their caregiverscould
use to document and quantify TAND difficulties themselves
[20]. The TAND-SQ was feasible and acceptable to the TSC
community, particularly families, who are the primary intended
respondents for the TAND-SQ [20]. In the TAND-SQ, a 0-10
severity rating was added to all TAND cluster items, allowing
the quantification of TAND difficulties experienced over the
past month. Table 1 summarizes the range of TAND severity
scores that can be derived using the severity ratings from the
TAND-SQ, as proposed by the TAND consortium [21]: an
individual item severity score, a mean cluster severity score
(CSSiean), @ maximum cluster severity score, a mean tota
TAND severity score (TTSSean), and amaximum total TAND
severity score (TTSS,,,). The CSS;,eq, has been found to be
internally consistent and significantly related to relevant clinical
diagnoses and standardized behavioral measures. The TTSS e
has also been found to be avalid indicator of overall functioning
and behavior [21].
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Table 1. Tuberous sclerosis complex—associated neuropsychiatric disorders (TAND) severity scoresthat can be derived from the self-report quantified

TAND checklist.

Score name Description

Maximum score

Proposed purpose

Individual item severity

score (11SS) (eg, seep)

Mean cluster severity

score (CSSmean) TAND cluster (eg, autism-like cluster)

Maximum cluster
severity score (CSSyax)

The arithmetic sum of all severity scores
within a specific TAND cluster (eg, al 4
items in the scholastic cluster)

Mean total TAND

severity score across al TAND clusters

(TTSSmean)

Maximum total TAND  The arithmetic sum of all severity scores
severity score across al TAND clusters

(TTSSmax)

TAND severity score of an individual item 10

The arithmetic mean score of a specific 10

Maximum scoresvary by cluster,
given the varying number of
items per cluster

The arithmetic mean of all severity scores 10

3302

Most useful to track an individual TAND
manifestation of interest

Most useful to compare one mean cluster
score to another with the same maximum
score of 10

Most useful to track the total severity of a
specific cluster

Most useful to track or examine overall
TAND severity

Most useful to track or examine overall
TAND severity

#The maximum will be 290 if question 6 (difficultiesin school) is not completed for those of preschool age.

As part of the TANDem-1 study [19], the TAND-SQ was built
into a smartphone app for ease of access, along with a TAND
toolkit containing recommendations [22] on what additional
help families might seek for TAND, and practical
evidence-informed strategi esthey might implement themselves
a home. On conclusion of the TANDem-1 project, the
consortium acknowledged a number of scientific knowledge
gaps that could be pursued as next steps. These included the
need to consider how TAND severity may change over time,
how caregiver well-being may be associated with TAND
severity and severity trgjectories, and the need to generate an
evidence base to support the well-being of family caregiversin
the TSC community.

Longitudinal Trajectoriesof TAND Severity and Their
Potential Predictors

At present, there are almost no data about the natural trajectory
of the severity of TAND manifestations over time, and this has
been identified as an important area for TAND research [15].
There is a smal body of literature related to autism,
social-communication devel opment, and behavior in TSC, where
studies have investigated the 0-36 months age group in relation
to biomarkersfor autism [23-25]. In earlier studies, the Tuberous
Sclerosis Registry to Increase Disease Awareness (TOSCA)
consortium [26] examined TAND manifestations stratified by
age (children vs adults), and across 7 age bands [12]. Many
significant differenceswere observed with higher rates of TAND
manifestations in children vs adults [12]. However, on further
examination of age-based profiles in relation to intellectual
ability (IA)—known to be a strong correlate of many
neuropsychiatric features—results were significantly different
[27]. Once controlled for 1A, children had higher rates of
overactivity, but most behaviora difficulties were higher in
adults. At the psychiatric level, rates of
attention-deficit/hyperactivity disorder (ADHD) werehigherin
children, but anxiety and depressive disorders were higher in
adults. Controlling for |A, maleshad higher rates of overactivity
and impulsivity aswell as ADHD and autism. Importantly, no
genotype-TAND correlations were seen on any behavioral,
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psychiatric, or academic manifestations after controlling for 1A
[27]. Thesefindings were astark reminder of the limitations of
cross-sectional correlations of TAND and the need for a
standardized and quantified tool that can measure change in
severity over time.

Apart from the clear research evidence of high levels of
heterogeneity in TAND profiles between individualswith TSC,
thereisalso clinical evidence of significant interindividual and
intraindividual variability in those outcome patterns over time.
However, the majority of TSC studiesto date (including clinical
trialsin TSC) have“averaged out” those health outcomes across
study samples or in prespecified stratified subgroups of
individuals (eg, Examining Everolimusin a Study of Tuberous
Sclerosis Complex-1, 2, and 3) [28-31]. Therefore, describing
populations of individuals with TSC using averaged estimates
leadsto therisk of oversimplifying the complex interindividual
and intraindividual variability of rea-life TSC [32]. For
example, in any intervention, an assumption is typically made
that the outcome variable of interest is relatively stable over
time and that the statistical change observed will be attributable
to the “active ingredient” of the intervention. However, it is
likely that there will be naturalistic changes in many outcomes
over time. These changes may be associated with differential
trajectories of groups of individuals. In the case of TAND, itis
very important to consider changes in severity over time, given
that TAND severity is highly variable. While it may present a
stable "mean” trgjectory, it may be associated with differential
natural trajectories over time. Understanding the natural
longitudinal TAND severity tragjectory of individuals with TSC
and identifying differential trajectories of TAND severity over
time are fundamental aspects for TAND intervention research.

To begin exploring this question, we performed preliminary
analyses of TAND severity over time using data from the
TAND-SQ validation study [21], which included 21 repeat
completions of the TAND-SQ. The checklists were completed
with amean age of 9.7 (SD 3.63; range 4-15) months apart. A
tota of 18 checklists were completed by caregivers of
individuals with TSC reporting on their child (aged <18 years,

JMIR Res Protoc 2026 | vol. 15 | €91726 | p. 4
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS

n=12), or adult (aged >18 years, n=6) dependents, and 3 were
individuals with TSC reporting for themselves. For analysis of
changein TTSS,,4, We used thetime of the second observation
as integer months since the first observation (Table 1). Linear
mixed-effects model fit by restricted maximum likelihood,
including subject-specific random effects, showed that the mean
TTSSa Was 100.5 (SD 64.2) at baseline, and that it changed
by —1.05 units per month, equating to a 1% decline per month
(20 units over 10 months or 12 units over 12 months). These
findings therefore showed a “group-based” finding of gradual
decline in the TTSS,,,, over time (Figure 1A), suggesting
improvement in TAND severity over time. To explore the
possibility of latent classes of change trajectories, we set a
10-unit change asaclinical marker of meaningful change (given
that 10 units is the total of 1 severity quantification range per

de Vrieset d

item). We grouped the 21 sets of observations into 3 groups
based on whether trends between the 2 time points showed a
decrease of >10 units, stayed within 10 units, or showed an
increase of >10 units. Wethen regressed the TTSS,,,, per month,
allowing for interaction with the 3 classes (stable, increasing,
and decreasing). Results (Figure 1B) showed that 5 (24%)
participants remained within 10 units from a relatively low
baseline (T, mean TTSS,,, 52.6, SD 46.6), 5 (24%) participants
had scores that increased by >10 units from a higher baseline
(To mean TTSS,,,c 77.4, SD 70.0), and 11 (52%) participants
had scores that reduced by >10 units from a high baseline (T,
mean TTSS,, 133.1, SD 63.2). These preliminary findings
support the hypothesis of potential differential tragjectories in
TAND severity over time.

Figure 1. Preliminary data showing differential tuberous sclerosis complex—associated neuropsychiatric disorders (TAND) severity trgjectoriesin 21
participants over a period of 12 months. (A) The overall group maximum total TAND severity score (TTSSyax) trajectories over the 12-month period

with an average decline of 1% per month in TTSSy5 over time. (B) Three different TAND severity trajectories with decreasing TTSSya in 52%

(12/21) of participants, increasing TTSSy,a iN 24% (5/21) of participants, and stable TTSSy4¢ in 24% (5/21) of participants.

A

max
max

100

\

Average TTSS
Average TT55

B

Increasing (24%)

Decreasing (52%)

>—<

Stable (24%)

Months

A range of individual factors have been identified that relate to
TAND severity, including age, |A, genotype, and seizure
characteristics, among others. While the impact of seizuresand
intellectual disability on TAND outcomes is widely accepted,
neither seizures nor any of the other previously examined
individual factors have been shown to be necessary or sufficient
to cause any specific TAND manifestations or TAND clusters
[5,25,33-35]. It is possible that the identification of differential
TAND severity trajectories may help to clarify therole of these
previously identified predictors; specifically, predictors may
play different rolesin different trgjectory pathways. Thisisan
important research question in TSC with direct relevance to
clinical disease tracking and to inform pharmacological and
nonpharmacological intervention studies of TAND.

Caregiver Well-Being and TAND Severity

There is a growing evidence base for the psychosocial burden
of TSC and TAND on individualswith TSC and their caregivers
[9,36-39]. For this reason, the recent evidence-informed
consensus recommendationsfor theidentification and treatment
of TAND [22] included a new “wraparound psychosocial
cluster” in addition to the 7 natural TAND clusters previously
identified [16-18]. However, the association between the

https://www.researchprotocol s.org/2026/1/€91726

Months

psychosocial and other TAND clusters has received little
attention in research to date. For this reason, the TAND-SQ
included a question that contains 7 items on psychosocial
difficulties experienced by the individual with TSC (question
8.1) and by their caregiver (question 8.2). Items enquire about
low self-esteem, stressin the family, stressin relationshipswith
siblings, parent-child relationship difficulties,
parent-to-parent/partner relationship difficulties, stressleading
to difficulty for the family to connect with others in their
community, and career progress [20].

As part of the development of the TAND-SQ, data were
collected through the TSC Alliance el ectronic self-report portal .
Thisportal was added as asubstudy to theexisting TSC Alliance
Natural History Database which allowed familiesor individuals
to report on their own health outcomes [40,41]. TAND-SQ
responses from 51 caregivers showed very high rates of
psychosocial burden (Table 2). Notably, nearly 80% (40/51) of
caregivers reported very high levels of stressin the family, and
the mgjority reported very high parent-to-parent (26/51) and
parent-child stress (28/51), aswell as very high levels of stress
making it difficult for the family to connect with othersin the
community (26/51).
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Table 2. Proportion of participants endorsing items related to caregiver psychosocia burden (question 8.2) on the self-report quantified tuberous
sclerosis complex—associated neuropsychiatric disorders checklist (TAND-SQ; n=51).

TAND-SQ question 8.2 items

Values, n (%)

Low self-esteem

Very high family stress

Very high sibling stress

Very high parent-child stress

Very high parent-parent stress
Difficulty connecting in the community

Difficulty progressing in career

20 (39)
40 (78)
15 (29)
28 (55)
26 (51)
26 (51)
23 (45)

In the TSC community, caregiver burden has, to date, been
conceptualized as a consequence of the severity of their family
member’s physical TSC manifestations and TAND prdfile.
Interventions have therefore been recommended to support
improvement in TAND directly, both to reduce the severity of
TAND and therefore caregiver burden. To a lesser extent,
interventions to support caregivers and improve their coping
skills have been recommended. However, there have been no
investigations of the impact of caregiver well-being factors on
the TAND severity of their family member with TSC, or to
consider whether caregiver factors may mediate TAND severity

outcomes (Figure 2A). A mediator is a variable that explains
theimpact of anindependent variable (eg, intellectual disability)
on a dependent variable (in this case, TAND severity). The
implication of understanding caregiver well-being asamediating
factor is that interventions to support family caregivers
well-being may have animpact not only on the caregiver directly
but also indirectly on the TAND severity of their family
members with TSC, thus making caregiver well-being factors
“active ingredients’ in the pathway toward closing the gap to
treatment for TAND.

Figure 2. Proposed tuberous sclerosis complex (TSC)—associated neuropsychiatric disorders (TAND) caregiver mediation model. (A) The proposed
TAND caregiver mediation model. (B) Summary of the structural equation modeling results (n=51), where caregiver well-being was shown to mediate
40% of the relationship between intellectual disability and TAND severity. TAND-SQ: self-report quantified TAND checklist; TTSSya: maximum

total TAND severity score.

A
Caregiver well-being
Mediator
V N’
TSC
characteristics N TAND severity

Independent variable Dependent variable

In conditions outside rare genetic disorders such as TSC,
findings are emerging about the fundamental role of caregivers
and caregiver factors as mediators of the severity of their family
members neuropsychiatric profile [42-44]. There have been
no investigations of the impact of caregiver well-being factors
on the TAND severity of their family members with TSC to
consider whether caregiver factors may mediate TAND severity
outcomes. A preliminary test of this hypothesiswas conducted
using data from the 51 participants from the TSC Alliance in
the TANDem-1 project mentioned earlier. Structural equation
modeling (SEM) was used to determine whether caregiver
well-being mediated the rel ationship between the known TAND
severity predictor of intellectual disability and overall TAND
severity. Caregiver well-being was measured using the sum of
items endorsed in question 8.2 of the TAND-SQ. IA was
measured by question 5 of the TAND-SQ and coded as present
or absent based on the caregiver's view (question 5c), and
overall TAND severity was quantified by the TTSS, ... Findings
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B

Caregiver well-being
(TAND-SQ item 8.2)

a=215 b=15.012
(SE 0.65; P=.001) (SE 3.84 P<.001)
Indirect effect = 32.33 (SE 12.78; P=.01)
Total effect = 80.26 (SE 20.35; P<.001)

Percentage mediated = 40%

Intellectual disability

(present or absent item
5c TAND-5Q)

TAND severity
(TTSS

—_—

c'=4793
(SE 19.66; P=.01)

max]

are shown in Figure 2B and indicate that the presence of
intellectual disability directly predicted both TAND severity
(c'=47.93, SE 19.66; P=.01) and caregiver well-being (a=2.15,
SE 0.65; P=.001). In addition, caregiver well-being was shown
to mediate theimpact of intellectual disability on TAND severity
(b=15.02, SE 3.84; P<.001). Findings showed indirect effects
of 32.33 (SE 12.78; P=.01) and atotal effect of 80.26 (SE 20.35;
P<.001), suggesting that caregiver well-being explained
approximately 40% of the variance in TAND severity. This
model acknowledges the potential role of individual factors (as
independent variables), such as age, sex, genotype, age of
seizure onset or control, in the pathway to TAND severity
(Figure 2A, path ¢'), and accepts the need for direct and targeted
interventionson TAND. However, the novelty of the hypothesis
lies in the introduction of a mediation model via caregiver
well-being (Figure 2A, path a and path b) to TAND severity
and to different trajectories of severity. These findings provide
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the first preliminary support for a possible “TAND caregiver
mediation model” and the need for further research in thisarea.

Strengthening Caregiver Well-Being

Thereisagloba emphasison policiesand programsthat support
caregiver skills to promote the development of their children
and family members with developmental disabilities [45,46].
However, to date, very little attention has been paid to the
capacity of caregivers to care [47]. With alimited capacity to
care, it is difficult for caregivers to incorporate or implement
new knowledge, skills, or techniques, often worsening a
caregiver’'s sense of competence [48,49].

Inthe context of these findings and given the highlighted burden
of caring for an individual with TSC [9,36,37] (and possible
mediation effect of caregiver well-being and TAND severity),
we propose a creative solution to improve caregiver capacity
to care. Acceptance and commitment therapy (ACT, pronounced
as “act”) is an established process-based cognitive behavioral
therapy designed to promote psychological flexibility [50].
Psychological flexibility has been defined as “one’s ability to
fully attend to the present time, think with openness, and work
to advance one'slifein personally meaningful ways’ [51]. Tools
such as metaphors and experiential exercises are used to help
individuals learn how to make healthy contact with difficult
thoughts, feelings, memories, and physical sensationsthat they
may have feared or avoided in the past. Participants learn how
to make a nonjudgmental space for these painful thoughts,
feelings, and memories while developing greater clarity about
their personal values and committing to small changes in
behavior in line with these values [50]. A growing body of
evidence suggeststhat ACT interventions can result in positive
changes in psychologica flexibility and, in turn, in the
psychosocial well-being of caregivers of children with arange
of psychological and physical difficulties, including autism,
chronic pain, and significant health needs[52-57]. Thefindings
of these studies and reviews support ACT as a transdiagnostic
intervention and suggest that even very brief interventions can
have psychosocial benefits for caregivers [58,59]. In TSC, no
studies to date have examined the potential feasibility of ACT
to support caregiver well-being.

The World Health Organi zation (WHO) drafted aprepublication
stand-alone Caregiver Well-being module as part of the WHO
Caregiver Skills Training Program for caregivers of children
with developmental delays, disabilities, or disorders [60,61].
The module consists of three 2-hour sessions where 2 trained
facilitators meet once a week with a group of about 10
caregivers. Facilitators use a manualized facilitator guide to
deliver the intervention. In partnership with the WHO,
researchers in South Africa used a participatory approach to
perform the first adaptation and evaluation of the Caregiver
Well-being module with South African families with children
who had a range of developmental disabilities. The work
resulted in the novel “Well-Beansfor Caregivers’ intervention,
whichwasdelivered in alow-resourced rural community inone
of the South African provinces to 10 caregivers, including 1
with a child who had TSC [62]. A specialist facilitator led the
intervention, cofacilitated by a nonspecialist (the mother of a
child with autism and employee of the national autism nonprofit
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organization in South Africa). Caregivers had a mean age of
41.27 (SD 11.07) years, ailmost al of them were single parents,
and had no tertiary education. Their children were an average
of 8 (SD 2.36; range 4-11) years of age, with diagnoses
including autism, intellectual disability, ADHD, epilepsy, and
TSC. Almost half had developmenta delays in motor
milestones, recapitulating a profile very similar to that seenin
TSC. Feasibility was evaluated with attendance tracking,
completion rates of digital data collection forms, feasibility
evaluation of group sessions, and competence of the specialist
facilitator (rated by nonspecialist facilitators and observers).
Acceptability was evaluated through acceptability ratings of
group sessions by caregivers, facilitators, and observers.
Potential efficacy was evaluated using 6 standardized and
validated measurement tools, including the Acceptance and
Action Questionnaire |1, ameasure of psychological flexibility
[63], the Patient Health Questionnaire-9 (PHQ-9), a measure
of parental depression [64], the Generalized Anxiety Disorder
7-item scale (GAD-7) [65], the Multidimensional Scale of
Perceived Social Support (MSPSS), a measure of caregiver
perception of community support [66], the Family Impact of
Childhood Disability Scale (FICDS), ameasure of positive and
negative appraisal of disability [67], and the Brief Measure of
Parental Well-being [68].

Results showed very high attendance rates for each of the 3
sessions (session 1: 9/10, 90%; session 2: 10/10, 100%; session
3: 9/10, 90%), and form completion was 100%. The feasibility
of group sessions was rated as very high for facilitator
competency (mean 92.67, SD 6.43) and training of others (mean
93.33, SD 4.5). Acceptability of the groups was rated as high
by the caregivers, facilitators, and observers. Despite the small
sample size, pre-post efficacy measures showed medium to
large effect sizes (r, where r=Z/N is the nonparametric effect
size) on 7 of the 10 measures, and large effect sizes (r>0.5) on
5 measures, including the PHQ-9 (r=0.52), GAD-7 (r=0.56),
MSPSS Total (r=0.58), and FICDS (positive impact, r=0.64).
These preliminary data showed strong early-phase evidence to
proceed to the next step in the clinical trials pipeline [62].

In summary, there is a clear need in the TSC field to build on
the findings of the TANDem-1 project and current TAND
literature by exploring longitudinal trajectories of TAND
severity and what personal factorsand TSC characteristics may
predict these trgjectories. This is important to inform clinical
care and make prognostications about TAND severity. Research
isalso needed to better understand caregiver well-beingin TSC
and how it may act as amediator of TAND severity and TAND
Severity trajectories. Elucidating theserelationshipsisimportant
for identifying targets of treatment for TAND severity. Finally,
it is of utmost importance to learn more about how to support
caregiversin their chronic caregiving journey. These needs are
the basis for the aims of the TANDem-2 project.

The TANDem-2 project will be carried out by the TAND
consortium, originally formed in the TANDem-1 project and
expanded for TANDem-2 to consist of 33 adult members (>18
yearsof age) from 16 different countriesaround theworld, with
11 members being family representatives (individualswith TSC
or family members of individualswith TSC). Other consortium
members include TSC professional stakeholders, technology
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developers, global TSC stakeholders, and established and
emerging TAND researchers. Here we present the aims,
objectives, measures, data collection procedures, data analysis
methods, data protection, data management, and ethical
considerations for the TANDem-2 project.

Textbox 1. Aims and objectives of the TANDem-2 project.

de Vrieset d

Aims, Objectives, and Hypotheses of TANDem-2

Overview

The study aims and hypotheses are outlined below. Specific
objectives linked to the aims are shown in Textbox 1.

Aim 1: Examine longitudinal trajectories of tuberous sclerosis complex (T SC)—associated neuropsychiatric disorders (TAND) severity and

predictors of differential trajectories

« 1.1: Adapt the TAND Toolkit app for longitudinal data collection.

o 1.2 Collect the self-report quantified TAND checklist and other relevant questionnaires longitudinally from 500 participants at 5 time points

over 12 months.

o 13 Usedatacollected in 1.2 to identify longitudinal trajectories of TAND severity and potential predictors of differential trajectories.

Aim 2: Examine caregiver well-being as a possible mediator of TAND severity and severity trajectories

« 2.1:Using datacollected in @im 1, examine the relationship between caregiver well-being, TAND severity, and its trajectories.

Aim 3: Adapt and evaluate the feasibility, acceptability, and potential efficacy of a brief caregiver well-being intervention

o 3.1 Useparticipatory methods (experiential and adaptation workshops) to adapt the “Well-Beansfor Caregivers’ intervention materials specifically
for family caregivers of individuals with TSC of any age, aswell as the methods for online delivery.

« 3.2 BEvaluate the feasibility, acceptability, and perform limited efficacy testing of the adapted “Well-Beans for Caregivers’ intervention in a

small pilot trial.

Aim 1: ExaminetheLongitudinal Trajectoriesof TAND
Severity and Their Predictors

We hypothesize that longitudinal analysis of TAND severity
data will identify at least 3 differentia trajectories (“stable,”
“worsening,” “improving”), and that trajectory membership
will havedifferential predictors. To test thishypothesis, we will
use an accelerated longitudina design to collect longitudinal
data from 500 families across 5 time points with 3-month
intervals over a 12-month period.

Aim 2: Examine Caregiver Well-Being Factors as
Mediators of TAND Severity and TAND Severity
Trajectories

We hypothesize that cross-sectional mediation modeling will
identify specific caregiver well-being factors that mediate or
moderate TAND severity of TSC family members, and that
sequential causal mediation analysis of thosefactorswill identify
predictors of longitudinal TAND severity outcomes over time.
These specific caregiver well-being factors could include
caregiver psychosocia burden, caregiving burden, levels of
resilience, depression or anxiety, or overall well-being. To test
this hypothesis, the caregiver dataset generated for aim 1 will
be used. First, SEM will be used for mediation modeling of
baseline data (Ty). Next, trajectory membership and their
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predictors identified in aim 1 will be combined with the
caregiver mediator factor confirmed through SEM to perform
sequential causal mediation analysis.

Aim 3: Adapt and Perform a Pilot Feasihility and
Potential Efficacy-Testing of an Innovative Brief
Caregiver Well-Being I ntervention

We hypothesize that an innovative, brief caregiver well-being
intervention developed for caregivers of children with
developmental disabilities can be adapted as a caregiver
well-being interventionin TSC, that it can be delivered feasibly
inan online modality, and that we will observe signals of change
in key caregiver well-being factorsidentified in the longitudinal
trajectory (aim 1) and mediation analyses (aim 2). To test these
hypotheses, we will use participatory methods with the TAND
consortium to adapt the 3-session “Well-Beansfor Caregivers’
program for the TSC caregiver community. After adaptation,
wewill deliver the 3-session intervention online to 3 groups of
10 caregivers each using a quasi-experimental pre-post
follow-up design including measures of the key caregiver
well-being factors examined in the mediation modeling and
additional measures specific to the intervention. As mandated
by our funding agency, only apilot trial will be conducted.

A visual summary of the TANDem-2 project is provided in
Figure 3.
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Figure 3. A visua summary of the TANDem-2 project. TAND: tuberous sclerosis complex—associated neuropsychiatric disorders; TSC: tuberous

sclerosis complex.
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Methods
Study Participants Aims 1 and 2

Inclusion Criteria

A total of 500 adult participants (>18 years of age) will be
recruited. Inclusion criteria are (1) adult individuals with TSC
of any age, sex, genotype, and an intellectual level that will
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allow them to participate in the study; (2) adult caregivers (>18
yearsof age) of individua swith TSC (of any age, sex, genotype,
and intellectua level); (3) willingness to provide informed
consent; (4) willingness and ability to compl ete data collection
at 5 time points over a period of 12 months using the TAND
Toolkit app; (5) access to a smartphone or other digital device
(eg, tablet, laptop, or desktop computer) and mobile data or
internet access to complete data collection using the app; (6)
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sufficient knowledge of technology to be able to access the
web-based smartphone app on their digital devices; and (7)
sufficient understanding of English to be ableto understand the
study information and consent documents, and to compl ete the
English questionnaires included in the study.

Recruitment

Study participants will be recruited through TSC International
(TSCi), the umbrella organization for al international TSC
nonprofit organizations. TSCi represents atotal of 38 individual
organizations across the globe, including the TSC Alliance,
based inthe United States. The TSC Alliance hasaglobal reach
for research recruitment, including the Natural History Database,
which includes over 2700 participants at the time of writing
[40,41]. Family representatives within the TAND consortium
are active advocates within their country-specific patient
organizations, who will assist with recruitment efforts. Within
the TAND consortium, we will cocreate a study flyer with a
description of the study and an invitation to participate. The
flyer and invitation to participate will be sent electronically by
the TSC Alliance and other TSCi partner organizationsto TSC
families in their networks via their websites, mailing lists, and
other organizational communication strategies. Word-of-mouth
and snowball sampling may also play a part once recruitment
begins.

Enrollment

Individuals who wish to participate in aims 1 and 2 of the
TANDem-2 research project will be required to register online
and use the TAND Toolkit app for data collection. Informed
consent will be captured electronically. To optimize potential
participant understanding of study participation requirements,
and in line with current recommendations regarding electronic
consent processes [69-72], we have incorporated various
elementsin the recruitment and enrollment process. Interested
participants will be able to click on alink or scan the QR code
on the flyer to access further information about the study on a
dedicated web page on the TAND consortium website [73].
This study’s web page will contain detailed information about
the study in variousformats: ashort video about the TANDem-2
project, a visua summary of the steps involved in data
collection, aPDF document of the approved study information,
and consent form, as well as the privacy policy and terms of
use for the TAND Toolkit app, a set of accessible frequently
asked questions, and an email address where any study related
guestions can be directed to the research team. If interested
individuals would like to join this part of the study, they can
click on the button at the bottom of the project information web
pageto proceed to the TAND Toolkit app registration web page.
The first step will be to read and complete the digital study
information and consent form, aswell asthe app privacy policy
and terms of use. The participant will then proceed to complete
the registration process and create an app user account. The
participant (app user) will then receive an email to verify their
account registration, and thereafter will receive access to the
TAND Toolkit app. These registration steps are in line with
current recommendations to enhance dataintegrity while using
an exclusively digital data collection method [74-79].

https://www.researchprotocol s.org/2026/1/€91726

de Vrieset d

Retention

Inlight of therisk of attrition inlongitudinal research, retention
will be facilitated by a range of retention strategies shown to
be effective in large-scale longitudinal studies[80]. These will
include inviting more than the target number of participantsto
enroll (up to 600), incentivization through invitations to study
webinars, and study updates and activities linked to TSC
Alliance and TSCi events. Participantswill not be compensated
for participation, another key feature for enhancing dataintegrity
in digital research [78]. Further technical retention strategies
built into the TAND Toolkit app are described in the measures
and data collection methods for aims 1 and 2 under the
“Measures and Data Collection” section.

Study Participants (Aim 3)

Inclusion Criteria

For objective 3.1 (adaptation), all members of the TAND
consortium, prioritizing those with lived expertisein TSC, will
be invited to participate in the adaptation of the “Well-Beans
for Caregivers’ intervention by participating in 3 experiential
sessions of the intervention and an adaptation workshop. All
consortium memberswill be required to sign informed consent
prior to participation. Inclusion criteriafor objective 3.2 (pilot
intervention), potential study participantsare (1) adult caregivers
(>18yearsof age) of afamily member with TSC (with any age,
sex, genotype, and intellectual level); (2) willingnessto provide
electronic informed consent; (3) willingness and ability to
participate in 3 online intervention sessions (each session will
last 2 hours, 1 session per week over 3 weeks); (4) willingness
and ability to complete pre-, post-, 3-, and 6-month follow-up
data collection; (5) need to have access to a digital device (eg,
smartphone, tablet, laptop, or desktop computer) and maobile
data or internet access in order to participate in the online
intervention sessions; (6) willingnessto join agroup intervention
session; and (7) sufficient level of English to be able to read
information, booklets, and participate in sessions and data
collection.

Recruitment

For objective 3.2 (pilot intervention), 30 participants will be
recruited from 3 international sites (10 participants per site).
Participants will be recruited via purposive sampling through
invitation by our community partners. Theinvitation email will
explain the requirements for participation and include the
approved study information form for review.

Enrollment

Participants who wish to participate will be asked to copy their
reply to the research team. They will then be sent an email
containing a link to the REDCap (Research Electronic Data
Capture; Vanderhilt University) platform to sign consent using
the e-Consent feature and compl ete the preintervention forms.
They will also receive information about and links to the
scheduled intervention sessions.

Retention

Dueto the brevity of the 3-session intervention and attendance
rates in a previous study with this intervention [62], we do not
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anticipate significant challengesin retention of study participants
foraim 3.

Intervention Delivery

The adapted intervention will be delivered online by 2 trained
facilitators (members of the TAND consortium). Trainee
facilitators will attend as observers. Sessions will take place
once aweek for 3 consecutive weeks, in 2-hour sessions, with
agroup of 10 caregivers. Sessions will follow the manualized
script in the adapted facilitator and caregiver booklets. These
include stories, exercises, and group discussionsto help convey
key ACT-informed psychological principles. The content,
discussions, and activities cover the main ACT constructs of
(2) getting present, (2) identifying personal values, (3) taking
small, committed actions in line with these values, (4) finding
ways to take care of yourself, (5) naming and noticing your
thoughts and feelings, and (6) acceptance, which collectively
make up the construct of psychological flexibility [50,81]. This
pilot triad has been registered on ClinicaTrias.gov
(NCT06879665).

https://www.researchprotocol s.org/2026/1/€91726
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M easures and Data Collection

Overview

A range of data measures has been developed and selected to
defineindividual, caregiver, and TAND severity characteristics
at baseline, during longitudinal data collection, and in the pilot
well-being intervention. Measures were selected if they were
frecly available, comprehensive, and had good psychometric
properties.

Measures and Data Collection Methods (Aims 1 and 2)

The measures for ams 1 and 2 include demographic
information, TSC characteristics, TAND severity, TAND
interventions, and information about well-being. All of these
measureswill be collected using the TAND Toolkit app, adapted
for longitudina data collection and accessibility via various
electronic devices (such as smartphones, tablets, or desktop
computers). Table 3 summarizesthe datameasures, app sections,
time points at which each measure will be completed, the
estimated length of time measures will take to complete, and
who the measures capture information about. There will be 5
data collection time points over a 12-month period, with
3-month intervals.
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Table 3. Data collected using the tuberous sclerosis complex (TSC)—associated neuropsychiatric disorders (TAND) Toolkit app for aims 1 and 2.

Data measures and the type of information collected TAND Toolkitapp  Datacollection Estimated Who the measures
section time points timetocom-  are completed
plete about
Demographic information
o Age My TSC Family 1 5min Individuals with
«  Education level and type TSC and the care-
o Family living situation giver (if relevant)
.  Employment and income
TSC characteristics (My TSC Story)
« Agediagnosed My TSC Story 1-5 15min Individuals with
«  First concerns TSC
«  Current physical symptomsin each body system
«  Genetic testing and genotype
o Seizure characteristics
o  Treatments
TAND severity (TAND-SQ®)
«  Developmental milestones My TAND Check-  1-5 30 min Individuals with
« Behaviora difficulties lists TSC (and question
«  Psychiatric diagnoses 8.2 for the caregiv-
« Intellectual ability er, if relevant)
«  Scholastic difficulties
«  Neuropsychological difficulties
«  Psychosocia difficulties
«  Priorities, strategies, and strengths
TAND interventions
«  Typeof intervention (medications, psychological/behav- My TAND Interven- 1-5 10 min Individuals with
ioral/talking, educational, social, caregiver or family tions TSC
training, or other)
«  Which cluster it was targeting
. What differenceit made
Well-being
Care/caregiving burden My WEell-being 1-5 10 min Individuals with

Brief Resilience Scale [82]

Patient Health Questionnaire-9 [64]

Generalized Anxiety Disorder 7-item scale [65]
World Health Organization-5 Well-Being Index [83]
Overal well-being rating

TSC (only self-re-
port); caregivers
(only self-report)

3TAND-SQ: self-report quantified TAND checklist.

To support longitudinal data collection, the app includesbuilt-in
features to encourage retention. There will be automated
“reminders’ for new data collection time points through in-app
notifications and emailsto participants. Efforts have been made
to ensure each data collection time point is not too
time-consuming. Data collection for time point 1 will take
approximately 60-70 minutes. At time points 2-5 (T,-Ts), the
total data collection time should be faster as several itemswithin
the My TSC Story, My TAND Checklist, and My TAND
I nterventions sectionswill be prepopulated, thus only requiring
updates to be completed. We anticipate data collection at time
points T,-Ts to take 30-40 minutes. We will include visua
summaries of the dataentered by participants, which will allow
them to view changesin their TAND severity over time. These
are intended to encourage participants to return to the app for
data entry at the subsequent time points. The app will generate
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PDF summaries of information provided by participants that
can be downloaded and shared with health care teams. The app
containsthe TAND toolkit, devel oped as part of the TANDem-1
project [20], containing a range of evidence-informed
suggestions for what additional clinical help to seek and what
can be tried at home for symptoms across all TAND clusters.
Access to the TAND toolkit is also considered a retention

strategy.

Measures and Data Collection Methods (Aim 3)

The schedule of enrollment, baseline assessment, intervention,
and immediate post-, 3-month post-, and 6-month
postintervention assessments is shown in Table 4. In addition
to data measures for aims 1 and 2, measures for aim 3 were
selected to evaluate the feasibility, acceptability, and potential
efficacy of the“Well-Beansfor Caregivers’ intervention. These
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additional measures include attendance rate as a measure of
feasibility, session feedback forms as measures of feasibility
and acceptability, completed by session facilitators, observers,
and caregiver participants, and 2 measures of family functioning
and quality of life. A measure of psychological flexibility, the
hypothesized ACT therapeutic mechanism of change, has also

de Vrieset d

been included, namely the Psy-Flex [81]. All clinical measures
will be collected via REDCap before the intervention starts
(preintervention), immediately post intervention, and at 3 months
and 6 months after the intervention occurred. Session feedback
forms will be collected from participants, observers, and
facilitators after each session.

Table 4. Data collected using REDCap (Research Electronic Data Capture) for aim 3.

Measure

Caregiver demographic information
Feasibility and acceptability
Attendance
Session feedback forms: caregivers, observers, and facilitators
Potential efficacy of intervention
Psychological flexibility
« Psy-Flex[81]

Caregiver burden

*  TAND-SQ° question 8.2 [20]

Caregiver well-being

Brief Resilience Scale [82]

Patient Health Questionnaire-9 [64]

Generalized Anxiety Disorder 7-item scale [65]
World Health Organization-5 Well-Being Index [83]

Family support and quality of life

«  Multidimensional Scale of Perceived Social Support [66]
«  Family Impact of Childhood Disability Scale [67]

Time point Time to complete
Preintervention 10 min
After each session N/A2
After each session 5-7min
Pre-, immediately post-, 3-month  3-5 min
post-, and 6-month postinterven-

tion

Pre-, immediately post-, 3-month 3 min
post-, and 6-month postinterven-

tion

Pre-, immediately post-, 3-month 10 min
post-, and 6-month postinterven-

tion

Pre-, immediately post-, 3-month 15 min

post-, and 6-month postinterven-
tion

3N/A: Not applicable.

bTAN D-SQ: self-report quantified tuberous sclerosis compl ex—associated neuropsychiatric disorders checklist.

Data Analysis

Statistical Analysis Plan (Aim 1)

TAND severity will be quantified using the CSS,.,, for each
cluster and the TTSS,ea/TTSSa for overall TAND severity.
Thesewill be used to identify latent TAND severity tragjectories
using latent class mixed effect modeling [84]. The number of
classes will be chosen based on statistical measures of model
fit, the stability of the latent profiles, and the group sizes.
Multinomial regression modeling [84] will be used to investigate
the association of potential subject-specific covariates with the
identified latent classes (predictors of TAND severity
trajectories). All analyses will be done using R software (R
Foundation for Statistical Computing) [85].

Power calculations are based on the estimation of the time
trajectory and comparing different latent trajectories. Based on
the datafrom the preliminary data analyses described earlier of
21 repeat TAND-SQs (42 observations), the power calculations
were made in 2 ways. First, based on simulations [86] using a
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single slope (mean profile), power for sample sizes of n=500
and n=300 was caculated a a dope of -1.05%
(power=100%/100%) and at —0.5% (power=97%/81%). Second,
simulations were generated for n=500 and n=300 using a
3-trgjectory solution with changein trgjectories set at +1%, 0%,
-1%  (power=100%/100%),  +0.5%, 0%, -0.5%
(power=84%/72%), and 0%, +0.5%, +1% (power=86%/83%).
Power calculations allowing for 3 different estimated baseline
values of TTSS,,. (75, 100, and 125) in addition to differing
slopes for trajectories, show for n=500, 100% power (with 1%
change in trajectories) and 93% power (with 0.5% change in
trajectories). A sample size of n=300 using similar power
calculations shows 100% power for 1% and 77% power for
0.5% differencesin trajectory slopes.

Statistical Analysis Plan (Aim 2)

The caregiver dataset will be analyzed as follows: first, SEM
will be used for mediation modeling of baselinedata (T,). Next,
trajectory classes and their predictors identified in aim 1 will
be combined with mediators confirmed through SEM to analyze
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the mediated association between predictors and latent trajectory
classes using a generalized structural modeling approach.
Separate mediation modelswill befit for different combinations
of individual risk factors, caregiver well-being measures, and
TAND severity outcomes. Additionally, we will extend the
structural equation model to incorporate multiple individual
factors and multiple caregiver well-being measures for specific
TAND severity outcomes, including sequential mediation
models that use successive measurements of caregiver
well-being as the successive mediators [87]. All analyses will
be done using R [85,88].

Using our preliminary analyses regarding a possible “ caregiver
mediation model” with intellectual disability (binary variable)
and TTSS,, (274 in the TANDem-1 sample; Figure 2),
mediated through caregiver stress (maximum of 7 units),
assuming effect sizefor path a=2.15 (SE 0.65) and path b=15.02
(SE 3.84), 100 observations will have 95% power to detect a
mediation effect=40% of the total effect at the 5% level of
significance according to Sobel test for mediation [89]. If we
decrease the effect sizes for a and b by 50%, 300 observations
will have 86% power to detect a significant mediation effect.

We will control for false discovery rates due to multiple
comparisons as a result of potentially multiple models for the
multiple outcome-mediator-predictor combinations using the
Benjamin Hochberg procedure [90]. The inclusion of relevant
covariates in the models will be identified through directed

acyclic graphs[91].
Statistical Analysis Plan (Aim 3)

Descriptive and nonparametric statistics will be used to
summarize the quantitative data on the feasibility, acceptability,
and potential effects of the “Well-Beans for Caregivers’
intervention. Given that thisisafeasibility and limited efficacy
testing (“signal seeking”) pilot study, no formal power
calculations were performed. Effect size data from this study
will be used to perform power calculationsfor any futureclinical
trials of the “Well-Beans for Caregivers’ intervention.

Data Protection and Data M anagement

TAND Toolkit App Data

Protection of digital dataisaparamount concern inthis project.
Data collection viathe TAND Toolkit app, foraims1and 2, is
governed by an approved data management plan, data protection
impact assessment, data sharing agreement, data processing
agreement, nondisclosure agreement with the app devel opers,
privacy policy, terms of use, and cookie policy for the app, and
compliance with the General Data Protection Regulation
(GDPR) of the European Union, seen as the most stringent
standard for data protection. Key data protection features
incorporated into the TAND Toolkit app are outlined in
Multimedia Appendix 1.

The app fulfills GDPR requirementsin that only essential user
dataare collected, processesarein placeto handle app user data
requests (such as access, rectification, or erasure of data), and
various organizational and technical measures are in place to
ensure secure transfer, hosting, access, and protection of the
data. The legal basis for capturing and processing data is the
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user consent that has received independent institutional review
board (IRB)/human research ethics committee approval. The
app privacy policy informs the app user about the data that will
be collected, for what purposesit will be used, and for how long
it will be stored, and informsthe users of their rightswith regard
to their data. The app’sterms of use document outline the rules
for using the app and the rights and responsibilities of al parties
involved, including the data owners and the app users. All
anonymized data collected in the app will be freely accessible
tothe TSC clinical and research community in accordance with
procedures outlined in adata sharing agreement. Data retention
isalso specified in the informed consent form to align with the
GDPR regulation, aswell astheright to have insight into what
data are collected, and the option to export or remove all user
data on request.

REDCap Data

Datacollection for aim 3 will be done using REDCap, awidely
used, robust, and secure web application licensed to research
entities for study data collection and storage [92,93]. REDCap
includes rigorous query management, audit trails, automated
reporting, and data exporting to all statistical software packages
that will be used in the study.

We acknowledge that breach of privacy or confidentidity is a
potential risk in any clinical research, particularly in the pilot
intervention trial where 3 groups of 10 participants each will
take part and where personal information may inadvertently be
shared by other group members. To mitigate against this,
participants will be reminded during consent procedures and at
the start of each session to guard against the sharing of any
private or confidential information outside the group.
Participants will also be reminded, as part of informed consent
procedures, that there will be a risk of potentia personal
information sharing by the group. From an administrative and
research perspective, anonymized or aggregated data will be
made available via controlled access after application and ethics
approval, in accordance with FAIR (Findable, Accessible,
Interoperable, and Reusable) principles.

Ethical Considerations

Participant Vulnerability and Risks

This study represents minimal risk to participants as outlined
by the Office for Human Research Protections[45 CFR 46.110]
and the Food and Drug Administration [21 CFR 56.110]. The
TANDem-2 project will include participants who may be
considered of medium vulnerability. This includes adults with
TSC and family caregivers of dependentswith TSC of any age.
As recruitment of these participants will be managed through
patient support organizations for TSC, we feel confident that
participantswill have accessto support throughout the duration
of the study. The study is considered minimal risk to
participants, given that all data collection is noninvasive and
consists of self-reported behavioral and neuropsychiatric
information. Minors will not be direct participants, and given
that the pilot trial will be a psychosocia intervention with
behavioral dataasfeasibility and impact measures. Participants
in the intervention groups may become emational or distressed
during sessions, and this will be managed by the trained
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facilitators. A referral system will be in place for participants
who appear highly stressed during the sessions for further
support.

I nformed Consent

All participants will provide consent before taking part in the
study. All members of the TAND consortium will sign aconsent
totake part in various activitiesin the project, including for aim
3, objective 3.1 (experiential and adaptation workshops for
adapting the “Well-Beans for Caregivers’ intervention). For
aims 1 and 2, participantswill provide informed consent on the
TAND Toolkit app following review of the study information
form and the app privacy policy and terms of use. All consent
statements completed or checked by participants will be
date-time-stamped and archived. Caregiver participants in the
aim 3 pilot will sign consent via the e-Consent framework in
REDCap, where al consent statements will aso be
date-time-stamped and archived.

IRB/Human Research Ethics Approval

The study will follow all principles established by the
International Conference on Harmonization of Good Clinical
Practicein Research. Theinitia study protocol (version 1) was
approved by the IRB committee at the initiating principal
investigator (Pl) site (Vrije Universiteit Brussel [VUBJ:
EC-2024-222/BUN 1432024000179) and the partnering Pl site
(Human Research Ethics Committee [HREC], University of
Cape Town [UCT]: HREC 327/2024). It has a so been approved
by the funder's oversight committee, the US Army Medical
Research and Development Command Office of Human
Research Oversight (OHRO; E05445.1a). This is protocol
version 2 following approved amendments at VUB (October 8,
2025) and UCT (November 10, 2025) and OHRO (December
2025). The pilot trial has been registered in the National
Ingtitutes of Health (NIH) clinical trials registry with identifier
NCT06879665.

Additional Safeguards

Any participants who raise concerns about their own mental or
physical state and/or that of their family members with TSC
will be referred to the relevant contact person at the TSC
Allianceand/or TSCi organization. Theinitiating and partnering
Pls, key research team members, and TAND consortium
members are experienced clinical researchers and/or members
of TSC nonprofit organizations and will have expertise and
networking knowledge to support participants if this were to
happen. Participants will be reminded as part of informed
consent that they are free to withdraw from the research at any
stage without the need to provide areason for their withdrawal.

Education in the Protection of Human Research Subjects

All members of the TAND consortium, regardless of their
country of base, and all additional research staff will participate
in onlinetraining on the protection of human research subjects.
Thiswill include an online examination of relevant modulesto
ensure that all researchers have appropriate knowledge of the
principles and federal regulations on the protection of human
research subjects, as described in the Belmont Report and
relevant federal regulations.
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Results

Study Progress

Thisgrant was awarded in December 2023, and funding started
in July 2024 (HT94252410790 and HT94252410791). IRB
approval was obtained from the University of Cape Town (July
2024), Vrije Universiteit Brussel (November 2024), and the
Department of Defense OHRO (December 2024). The TAND
Toolkit app was adapted for longitudinal datacollectioninaims
1 and 2 throughout 2025. Recruitment flyers were cocreated
with the TAND consortium and approved by al IRB
committees. “Soft launch” for recruitment took place in
December 2025, and the official launch of the TAND Toolkit
app took place on Rare Disease Day (February 28, 2026).
Recruitment will continue until 500 participants are enrolled
(anticipated December 2026). Data collection will continue
until all participants have completed 5 rounds of data collection
(every 3 months over a 12-month period). We anticipate thisto
continue until December 2027. For aim 3, the experiential and
adaptation workshops (objective 3.1) were completed in June
2025, and the pilot intervention (objective 3.2) was delivered
in November 2025 with postintervention data collection until
May 2026.

Analysis and write-up of aims 1 and 2 will depend on
recruitment targets, with primary outputs anticipated by July
2028. Analysis and write-up of aim 3 findings are anticipated
by December 2026.

Potential Challenges and Solutions

The most likely challenge in this study will be the recruitment
and retention of 500 participants for the longitudinal data
collection for aims 1 and 2. However, the TAND consortium
and research team are well placed in the international TSC
community to manage this process, and the 4-year track record
of the TAND consortium during the TANDem-1 project is a
testament to this. We acknowledge that the power calculations
for the trgjectory analyses were based on preliminary datawith
only 21 repeat TAND-SQ observations and that the mediation
power analysis came from preliminary datawith 51 caregivers.
These data therefore provide limited justification for the final
statistical analysis plan. However, we have taken a very
conservative approach to prepare our power calculations. First,
we acknowledge that TSC is a rare disease and that these
represent the first-ever data of repeat measures onthe TAND-SQ
and of caregiver well-being on question 8.2. Second, there was
afunder requirement for a prospective statistical analysis plan
and power calculations. Asoutlined in the dataanalysis section
of this protocol, we have therefore used different approaches
to do power calculations, including the use of simulations and
using very conservative parameters for change measurement.
We also acknowledge that the intervention pilot is small, with
only 30 participants in a quasi-experimental pre-post design
with no control group and no formal power calculation. This
approach was selected for 2 reasons. First, the primary aim of
the pilot trial was to evaluate feasibility and acceptability with
a very limited evaluation of efficacy (“signal seeking” of
potential future outcome measures through evaluation of effect
sizes of change on theoretically motivated measures) as a
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secondary aim. Second, there was afunder requirement only to
allow small pilot studies to be conducted through this funding
mechanism.

Unexpected Results

Our hypotheses may not be supported by the data collected, but
in each case, any alternative findingswill be of relevanceto the
TSC and the scientific field of rare diseases. For example, in
aim 1, it is possible that we may not identify 3 latent class
trajectories but may find more or fewer trgjectories. Such
unexpected results will generate novel findings to be explored
in relation to baseline/individual factor predictors. Inaim 2, it
is possible that we may not find statistical support for a strong
mediation effect of caregiver well-being factors. Instead,
findings may point toward caregiver well-being factors as
“moderators’ instead of mediators, where caregiver well-being
modifiesthe relationship between individual characteristicsand
TAND severity rather than explains this relationship. Thereis
growing recognition that a mediator can become a moderator
(eg, if specific interventions are introduced to target that
particular mediator) [94]. Such findings will provideimportant
new resultsand potential new hypothesesto explore. Unexpected
resultsin aim 3 may suggest that the adapted “Well-Beans for
Caregivers’ intervention is not suitable for caregivers of
individualswith TSC, or that no signals of potential change are
identified in the small-scale pilot study. However, our work in
low-resource communities in South Africa with a profile of
caregivers of children very similar to those in the TSC
community showed high feasibility and remarkably encouraging
effect sizes [62], suggesting that similar findings are likely in
TSC.

Discussion

Overview

The TANDem-2 study aims to build the knowledge base on
TAND in TSC by examining longitudinal trajectoriesin TAND
severity and potential predictors of differential trajectories,
examining caregiver well-being asapossible mediator of TAND
severity and severity trajectories, and adapting and evaluating
the feasibility, acceptability, and limited efficacy of a brief
caregiver well-being intervention for TSC family caregivers.

Short-Term Impact

Identification of latent classes of TAND severity trgjectories
and their predictors will provide scientific data to inform the
prognosis of TAND severity and to measure the efficacy of
clinical interventions. Awareness of differential TAND severity
trajectories will also increase clinical tria readiness with the
TAND-SQ as a potential outcome measure. |dentification of
caregiver well-being factors as mediators of TAND severity in
their TSC family members will reconceptualize caregivers as
“active ingredients’ of TAND severity and provide strong
evidence for the importance of “caring for the caregivers’ as
proposed in the recent international consensus recommendations
for the identification and treatment of TAND [22]. This will
have an immediate impact on the TSC community, both to
explore those caregiver factors in the clinical context and to
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seek strategies to strengthen them. Based on our earlier work
in developmental disabilities [62], caregivers who participate
in theintervention will have direct and immediate benefit from
participation. Developing a feasible and easily scalable,
ultrashort intervention with some signals of efficacy for
caregivers will provide strong preliminary evidence for
larger-scale nonpharmacological clinical intervention trialswith
real potential to improve TSC and TAND outcomes, aswell as
caregiver well-being.

Long-Term I mpact

Identification of differential TAND severity trajectories and
their predictorswill have adirect long-term impact on scientific
research of the underlying mechanisms of action and/or
treatment of TAND, wherelatent class membership can become
a novel variable to be explored. Caregivers as mediators will
add an additional pathway to TAND severity to be examined
and developed. The innovative ultrabrief intervention studied
here was designed to be easily scalable. This means that the
intervention has the potential for global implementation in a
highly scalable and sustainable way following future
confirmatory clinical trials. The adapted intervention will be
fredly available under a Noncommercial Creative Commons
License. Together, the findings from the study will clearly
providedirect clinical application to the field and close the gap
to interventions for TAND with powerful short- and long-term
impact.

Dissemination Plans

Data generated by this proposed study will be shared through
collaborations, publications, and presentations at scientific
meetings, webinars, and TSC community meetingsin the form
of oral presentations and posters, and publications in
peer-reviewed journals that are widely available. We have
included costsfor open-access publishing in our budget to ensure
the findings are as accessible as possible. Following the NIH
Public Access Policy (NOT-OD-08-033), all investigators will
submit an electronic version of their final, peer-reviewed work
to the National Library of Medicine PubMed Central, to be
made publicly available no later than 12 months after the official
date of publication.

Research tools and resources in the form of the TAND Toolkit
app and adapted “Well-Beans for Caregivers’ intervention
manualsfor TSC will be created during the course of the study.
Our aim is to ensure that the TAND Toolkit app will become
freely available to the TSC community following the
TANDem-2 study. The intervention materials will be made
freely available to those interested in being trained to deliver
the intervention under a Creative Commons License 4 after
completion of the study. Thislicense specifiesthat the materials
are available for use free of charge, but cannot be modified or
changed, and acknowledgment must be given to the developers
(ie, the TAND consortium). The materialswill also be available
upon request to qualified academic investigators for
noncommercial research. We will work in close partnership
with the funders of the project and our project partnersto ensure
impactful communication and dissemination of findingsto the
genera public and in the TSC community.
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