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ABSTRACT
Valid neurodevelopmental assessments for individuals with profound intellectual and
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multiple disabilities (PIMD) and/or developmental and epileptic encephalopathy (DEE)
are critical for clinical trials and clinical care as families report functional abilities are a
priority for improvement. However, most extant tools have limited ability to measure
relevant skills and meaningful change for individuals with severe to profound impair-
ment. We evaluated the psychometric properties of the Developmental Profile, Fourth
Edition (DP-4), a measure of neurodevelopmental functioning, in individuals with DEE
and/or PIMD (Mdn = 8.4 years, range 1-50, 54% female). Two hundred and nineteen
caregivers completed the DP-4 during a larger online survey, DEE Parents Speak. In this
etiologically diverse sample, neurodevelopmental functioning was very low, with norm-
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referenced scores at the floor for greater than 50% of individuals on all subscales (age ~ 2ssessment

equivalencies 6-10 months). Rasch analysis of DP-4 scores, comparison by known
groups, and comparison with other measures of functional abilities suggest initial
evidence of construct and convergent validity. During focus groups and interviews,
caregivers reported DP-4 components that were relevant for their child and threats to
content validity. The DP-4 may be a valid measure of neurodevelopment for individuals
with PIMD and/or DEE in clinical care and trials, although additional study is necessary,
especially to evaluate responsiveness to change.

Introduction

Individuals with profound intellectual and multiple disabilities (PIMD; Nakken & Vlaskamp, 2007) live
with both (a) profoundly impaired cognitive abilities (intelligence quotient below 20-25) and (b) significant
motor impairments along with co-occurring medical conditions (Maes et al., 2021; Nakken & Vlaskamp,
2007), as well as substantially impaired adaptive functioning. A subset of children with PIMD also meet
criteria for developmental and epileptic encephalopathies (DEEs), where the neurodevelopmental impair-
ment is caused by both intractable epilepsy or epileptiform discharges and an underlying neurobiological
process (Zuberi et al., 2022). PIMD and DEEs often have a neurogenetic etiology resulting from rare
pathogenic variants, with rapid discovery of novel variants (Sheffer et al., 2024). Given the frequent
identification of genetic etiologies, there is potential for precision therapeutics that will modify the
pathophysiologic process with the hope of neurodevelopmental and functional improvement, rather than
just suppression of symptoms (e.g., seizures).

Development of precision therapeutics is already underway (Kotulska et al., 2020), creating an urgent
need for valid clinical outcome assessments (COAs) that measure neurodevelopmental functioning in the
context of clinical trials and clinical care. Valid COAs are crucial to assess change in functional abilities over
the natural history of a condition and in response to external events (e.g., exacerbation of seizures) or new
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interventions (e.g., medication change). This is critical to demonstrate therapeutic efficacy in trials and care
decisions in the clinic. However, most available neurodevelopmental measures were developed and stan-
dardized with few or no individuals with PIMD or DEEs and include a limited number of items relevant to
those functioning at this level. Subsequently, current tools have pronounced floor effects, limited capacity to
distinguish between those with different levels of functional ability, and limited sensitivity to change in
abilities (Berg et al., 2023). Additionally, norm-referenced scores may decline over time despite an
individual’s developmental gains given the substantially delayed progress of individuals in this population
when compared to age expectations. Without adequate measures that have sufficient granularity and
responsiveness to meaningful change, the effects of an investigational therapeutic may be undetected.

The Developmental Profile, Fourth Edition (DP-4, Alpern, 2020) is a measure that offers promise for use
in individuals with PIMD, both in clinical trials and clinical practice. The DP-4 is validated for birth to 21
years, but items are concentrated on neurodevelopmental skills from birth to 9 years, 6 months, increasing
the granularity of item content for early development, which may be particularly useful for individuals with
PIMD. Furthermore, the Parent/Caregiver Checklist version is relatively quick to complete and can be used
in settings with limited resources. However, psychometric evaluation of the DP-4 in individuals with PIMD
or DEE is limited. During standardization processes (n=2,259 standardization sample; n =348 clinical
sample), only a small number of individuals with intellectual disability (ID) or sensory loss were included
(Alpern, 2020). Sixty-four individuals with ID were included in the clinical group; however, the mean norm-
referenced DP-4 cognitive score of those with ID was much higher than is typically observed in those with
PIMD (M = 64.94, SD = 18.65; Alpern, 2020). The standardization sample only included 16 individuals with
vision loss, 42 individuals with hearing loss, and 46 individuals with a physical disability, with frequencies
much lower than in the PIMD and DEE population. To explore the initial feasibility of the DP-4 in
individuals with DEE, our group previously evaluated 10 children with SCN2A-DEE and severe to profound
cognitive impairment and found that DP-4 scores correlated positively with the Bayley Scales of Infant and
Toddler Development, Fourth Edition Cognitive Scale (r = .84, Bayley & Aylward, 2019) and the Vineland
Adaptive Behavior Scales, Third Edition Comprehensive Interview (r =.78; Ludwig et al., 2024; Sparrow et
al., 2016). However, the small sample size precluded further evaluation of the distribution of scores or the
underlying factor structure.

The current study provides additional evidence of validity of the DP-4 in a larger and more etiologically
diverse sample of individuals with PIMD and/or DEE. Specifically, we explored structural characteristics,
model fit of each domain, known groups validity (e.g., expected variation in scores by clinical character-
istics), and convergent validity with measures of similar abilities. Finally, we gathered evidence for content
validity of the communication and cognitive domains using focus groups and interview methodologies.

Materials and Methods

The Inchstone Project is a caregiver-led multistakeholder team science initiative that aims to identify, adapt,
or develop when needed, fit-for-purpose COAs that measure meaningful progress of profoundly impaired
individuals in response to new treatments (Hecker et al., 2024). Parent advocacy groups who are part of the
DEE-P Connections network (https://deepconenctions.net) invited their members to participate. This
recruitment strategy was utilized given the Inchstone team’s focus on DEEs in this phase of the work as
well as the high prevalence of PIMD in the DEE population. The study was reviewed by the North Star ethics
review board (protocol #NB300112) and determined to be exempt. It was also approved by the Human
Research Ethics Committee at The University of Western Australia (2019/RA/4/20/6198), The Johns
Hopkins School of Medicine Institutional Review Board (IRB00431870), and Nationwide Children’s
Hospital (STUDY00004099). All participants provided informed consent electronically.

Participants

Caregivers of individuals with PIMD ages one and older were invited to complete an online survey, DEE
Parents Speak. The sample consisted of 219 caregivers who fully completed the DP-4 (82% of the 267
caregivers who completed the DEE Parents Speak survey). The median age of the sample was 8.4 years
(IQR =4.1-13.5 years, range: 1.2-50 years;), 119 were female (54.3%), and 200 were Caucasian (91.3%). The
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Table 1. Medical History, Neurodevelopmental Conditions, and Functional Abilities (N =219)

n (%)
Medical history
Etiology Genetic 204 (93.2)
Unknown/nongenetic 15 (6.8)
Epilepsy No 56 (25.6)
Diagnosed 139 (63.4)
Seizures (without epilepsy diagnosis) 24 (11)
LGS No 175 (79.9)
Yes 44 (20.1)
ASMs at time of survey 0 20 (12.3)
1 36 (22.1)
2 30 (18.4)
3 26 (16)
4+ 51 (31.3)
@Y] No 118 (53.8)
Diagnosed 71 (32.4)
Suspected 30 (13.7)
Neurodevelopmental conditions and functional abilities
IDD/GDD No 5(2.3)
Diagnosed 190 (86.8)
Suspected 22 (10)
Other Delays 2 (0.01)
ASD No 87 (39.7)
Diagnosed 82 (36.5)
Suspected 50 (22.8)
Profound impairment in cardinal functional domains Mobility 120 (54.8)
Eating 79 (36.1)
Hand Use 82 (37.4)
Communication 173 (78.9)
Severity index (number of cardinal functional 0 30 (13.7)
domains in profound range of functioning) 1 60 (27.4)
2 43 (19.6)
3 36 (16.4)
4 50 (22.8)

Note. LGS = Lennox Gastaut syndrome; ASM = antiseizure medication; CVI = cortical visual impairment; GDD = global developmental delay; ASD =
autism spectrum disorder; IDD = intellectual developmental disorder.

majority were from North America (188, 86%) and 14 other countries were represented. Most (89.5%)
identified a genetic diagnosis and 25 different genetic conditions were identified as the primary etiology.
The most common were ASXLI1 (n =15), ASXL3 (n=13), FOXGI (n=23), SCN2A (n =20), SCN8A (n=27),
and SHANK3 (n = 44). Additional demographic information is in Table 1.

Part 1: Survey Measures

The DEE Parents Speak survey was open online (Clirinx; Nesbitt, 2024) from June through November 2023.
Caregivers completed a set of screening questions to determine if their child had severe impairment in
communication and one or more of the following before completing the survey: seizures, ASD, GDD, or
intellectual developmental disorder. Descriptions of the survey are presented elsewhere (Berg et al., 2025;
Downs et al., 2025). The five-part survey included demographic variables; information about medical,
genetic, and neurodevelopmental conditions; existing clinical assessments (including the DP-4); and novel
adapted measures. Parents completed questionnaires about their child’s functional abilities in four cardinal
areas: ambulatory status, communication, hand use, and eating (Table 2). The Communication Function
Classification System (CFCS) and the Eating and Drinking Ability Classification System (EDACS) are
commonly used in cerebral palsy (Paulson & Vargus-Adams, 2017) and were adapted for use in DEEs (Berg
et al., 2021, 2024). Gross motor function was classified using the Functional Mobility Scale 5 (FMS5)
adapted for Rett syndrome (Stahlhut et al., 2017). Level of hand function was classified as one of four levels
(Saldaris et al., 2022). The CFCS and FMS5 were developed for children two years and older, so alternative
questions were developed for children under two; parent endorsement of severe communication or motor
delay was used to indicate profound impairment. A severity index was created by summing the number of
profoundly impaired cardinal functions (range 0-4) for each participant.
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Table 2. Functional Levels for Each Cardinal Functional Domain

Motor Communication Eating
Level of Level of
motor delay communication

Level FMS5° (under two)® Hand use® CFcse delay (under two)® EDACSH

1 Walks independently on  Appropriate My child cannot My child effectively ~Appropriate fora  Independently drinks and
smooth level surfaces for a child pick up or grasp  communicates child of his age eats safely and efficiently.
without assistance of his age objects even if back and forth A cough or gag could be
and without using placed in their with people they present for challenging
aides hand know textures.

2 Walks with the Mildly My child does not My child Mildly delayed Eats and drinks safely, may
assistance of delayed deliberately pick ~ communicates have some limitations in
someone else or up objects but well with people food loss and may require
using aides can hold them she knows, but is more time to eat than

briefly if placed not very effective peers. Cough may be
in their hand with unfamiliar present with fast-flowing
people liquid or large quantities
of food.

3 Cannot walk and Moderately My child can only My child Moderately Eats and drinks with some
requires a wheeled delayed pick up objects inconsistently or delayed limitations to safety and/
device to get around with a full palm seldom or efficiency. Hard lumps
the house. May take a of hand grasp communications of food may be difficult to
few steps but requires if at all even with manage, choking may be
considerable support people he/she a risk. May primarily eat

knows pureed or mashed foods
with some chewing of
limited textures. A cough
may be present with fast-
flowing liquid or a large
mouthful of food.

4 Severely My child can pick Severely delayed  Cannot swallow food and

delayed up small objects drink without risk of

with a pincer or aspiration, significant

pincer-like grasp limitations with safety.
Aspiration risks can be
managed and oral
feeding is possible. Eats
only smooth purees or
well-mashed food,
coordination of
swallowing and
breathing may be
difficult.

5 Unable to eat or drink

safely. Tube feeding will
or may be needed in the
future.

Note. FMS5 = Functional Mobility Scale 5; CFCS = Communication Function Classification System; EDACS = Eating and Drinking Ability Classification
System. Blank cells indicate there is no corresponding response option for the measure.
3Stahlhut et al. (2017); °A. T. Berg et al. (2020); “A. T. Berg et al. (2024); dPaulson and Vargus-Adams (2017).

The DP-4 Parent/Caregiver Checklist is a measure of developmental functioning with 190 items allocated
to one of five scales (Alpern, 2020; physical, adaptive behavior, social-emotional, cognitive, communica-
tion). For each item, parents choose “Yes” or “No” to whether their child “can” or “does” (depending on the
item) complete the task described in the item. To obtain a score of “Yes” for a “does” item, the child must be
able to complete the task and do so at least sometimes. To obtain a “Yes” response for a “can” item, the child
must have demonstrated the task on at least one occasion. The directions instruct caregivers to answer
questions exactly as they are written without considering alternative methods of skill demonstration. One
point is allocated to each “Yes” response and total points are summed to generate raw scores, age
equivalencies (AE), and person ability scores, called growth scores (GS) on the DP-4, for each subscale
and are available when the assessment is administered to individuals of any age. Norm-referenced scores are
available through age 21. Within each scale, items start at developmental skills present shortly after birth
and increase in difficulty, consistent with advancing developmental ability. Higher scores indicate a higher
level of developmental ability within each subscale, with standard scores (SS) compared to same-aged peers
and growth scores and age equivalents without such comparison.
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Modified Instructions During the Current Study

Standard DP-4 instructions direct parents to answer all questions within each domain. Given the profound
impairment known to exist in the population from which the current sample was derived, we implemented
a modification for parents to start at the first item within each section and answer items until reaching 10
consecutive “No” responses, which is five more items than the five consecutive scores of “No” that are used
for discontinuation of the clinician administration of the DP-4 interview. We chose a more conservative
discontinuation criterion of 10 “No” responses considering the grossly atypical patterns of development in
this population. Caregivers can experience emotional distress with frequent and consecutive responses
describing lack of ability (Saldaris et al., 2024) and this strategy aimed to reduce threats to parent well-being
(Waters et al., 2009). The practice of stopping after a set number of “No” or “0” responses is consistent with
other parent-report forms and direct assessments, where evaluation ends after a ceiling is reached (Sattler,
2024).

Data Management

A licensed and practicing clinical psychologist with expertise in neurodevelopment and behavior (MW)
reviewed all data, including missing items, with implemented solutions reported (Supplementary Table 1).
For each participant with missing items, the psychologist reviewed caregiver responses for other items that
assessed similar abilities on other scales of the DP-4 and in the larger survey. The following sources of data
were used to infer missing items, when judgment deemed them certain: (a) free text responses for other
questions in the survey that described similar abilities (e.g., if parent reported child was nonverbal, missing
items on the DP-4 related to speaking words were marked as “No”); (b) responses on other scales of the DP-
4 or other measures in the survey assessing similar content were used to complete DP-4 items (e.g., caregiver
report on a measure of ambulatory status was used to complete related items on the DP-4 physical scale); (c)
Responses for DP-4 items that referred to earlier and less developmentally advanced skills were used to
complete later more difficult items within and across scales (e.g., caregiver reported child does not make
marks with a writing utensil on the cognitive scale so items related to drawing shapes on the physical scale
were marked as “No”).

Missing Responses. Across all 219 participants and five DP-4 subscales, 87 responses were missed within
scales during survey completion, and the psychologist was able to complete 68 items, with the remainder
classified as missing (Supplementary Table 1). Additionally, scales completed based on ceiling (10 con-
secutive “No” responses) not achieved are also shown. Finally, the first item on the physical scale was not
entered into the online survey in error. For this item, caregiver responses to other items on the DP-4 or
similar items in the survey were examined and the first item was completed by the psychologist when
possible. For 15 participants, the first item could not be completed with certainty and an e-mail was sent to
the caregivers asking for their response, yielding seven responses, with the remainder considered missing.
Although scales with more than two missing items were to be excluded, none met this criteria after values
for missing items were inferred.

Statistical Analysis

For all DP-4 domains, item scores (“Yes” =1, “No” =0) were summed to generate raw scores. Norm-
referenced scores, AE, and GS were obtained from the manual for each participant (Alpern, 2020). We also
constructed graphs plotting raw scores for each participant against raw scores associated with norm-
referenced scores at the mean (norm-referenced score =100), and two (70), three (55), and four (40)
standard deviations below the mean (Figure 1(a-e)).

Nonparametric statistics were used to characterize the functional levels of the sample given that DP-4
scores were not normally distributed. A Rasch analysis of raw scores for each DP-4 subscale was performed
using a conventional model that assumes binary responses. A good Rasch model fit provides evidence that a
score derived from summing item scores is a valid measure of a single latent construct corresponding to the
developmental domain (Masters, 1982). Using the R package eRm (Mair & Hatzinger, 2007), the following
model features were examined: (a) Item difficulty: The Rasch model assigns values to item difficulties and
person abilities on the same logit scale, which may not correspond to the ordering of items on the
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a. Physical Norm-referenced scores b. Adaptive Behavior Norm-referenced scores

Physical Norm -Referenced Scores Adapative Behavior Norm -Referenced Scores

c.Social-EmotionalNorm-referencedscores d. Cognitive Norm-referenced scores

- . Cognitive Norm -Referenced Scores
Social -Emotional Norm -Referenced Scores

e. Communication Norm-referenced Scores

Communication Norm  -Referenced Scores

Figure 1. Scatter plots of DP-4 norm-referenced scores: (a) physical raw score and age, (b) adaptive behavior raw score and
age, and (c) social-emotional raw score and age, (d) cognitive raw score and age, and (€) communication raw score and age.
The approximate mean score and scores representing minus 2 (norm-referenced score = 70), minus 3 (norm-referenced
scores = 55), and minus 4 (norm-referenced score = 40, the floor of the test) standard deviations of the mean are plotted by
age.

questionnaire; (b) Targeting: This was assessed using person-item maps for each domain to show the
correspondence between item difficulties and person abilities. Good targeting occurs when the item
difficulty locations cover the full range of ability scores in the sample and there are few overlapping items
that would suggest redundancy in the item set; (c) Individual item fit: This was assessed using Infit mean
square (MSQ) with a recommended range for acceptable fit between MSQ =0.5 and MSQ = 1.5. Higher
values indicate a poor fit to the dimension, while lower values indicate a better than expected fit and
redundancy in the range of items (Linacre, 2002); (d) Internal consistency: This is measured by the person
separation reliability, analogous to the Cronbach’s a statistic; (e) Unidimensionality: Items were expected to
comprise a single underlying dimension, evaluated using the Martin-Loef test.

To evaluate known groups validity, DP-4 GS were compared by age, number of ASM, and the presence of
seizures or epilepsy. The Wilcoxon ¢ test was used for epilepsy groups, and Spearman correlations were used
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for all other variables. These groups were chosen as developmental abilities are expected to increase with
age, while participants with epilepsy and a greater number of ASMs often have greater impairment in
functional ability. To evaluate convergent validity, Kruskal-Wallis tests were used to compare DP-4 GS with
the severity index, DP-4 physical scores were compared with categories of ambulation (FMS5 modified) and
hand use abilities, and DP-4 communication scores were compared with modified CFCS categories. GS
were used rather than raw scores because they are on an interval rather than ordinal scale (Daniel &
Vannier, 2022). Statistical analyses were completed with R version 4.3.2 (2023-10-31).

Part 2: Focus Groups

Caregivers who agreed to be contacted after completion of the online survey were invited to participate in a
video-conference discussion group about the DP-4 led by MW or JD. The semistructured interview
schedule explored the content validity of the DP-4 from caregiver perspectives, including relevance of
items for their relative with PIMD, ease of understanding the items and instructions for form completion,
missing skills or abilities that would ensure comprehensiveness of items, and the adequacy of the response
format. The discussion centered on the cognitive and communication scales as sample domains, because
communication was identified as a top priority for caregivers in the sample (Berg et al., 2025) and there is
limited knowledge about cognitive assessment in individuals with PIMD. When time allowed, items from
the social-emotional scale were discussed.

Statistical Analysis

Transcripts were first reviewed for accuracy. Conventional content analysis was used and conducted by
MW, NNL, and ATB using Microsoft Excel. Coding was inductive and involved identifying and naming
relevant concepts and grouping them into meaningful categories. Classification was refined and checked
through constant comparison. The finalized categories were allocated to each component of content validity
and tabulated (relevance, comprehensible, comprehensiveness; Brod et al., 2024).

Results
Part 1: Survey

DP-4 Scores

In our sample with a median chronological age of 8 years, the median age equivalencies on domain scales ranged
from 6 to 10 months. Most individuals received a norm-referenced score at the floor of the test or four standard
deviations below the mean in each domain, with the percentage of individuals receiving a score at the floor on each
scale ranging from 54% (social-emotional) to 88% (physical; Table 3, Figure 1(a—e)). For individuals above age 22
(n =18),a chronological age of 22 was used when calculating norm-referenced scores. Descriptive information for
six gene-specific etiologies with the largest number of participants (n < 13) is provided in Table 4.

Correlations Among DP-4 Scales

GS correlations between the DP-4 scales were moderate to strong (r range: 0.48-0.87), showing a high level
of consistency across developmental abilities. The highest correlation occurred between the Physical and
Adaptive Behavior scales (r=0.87, p <.001).

Rasch Analysis

The model fit statistics for the Rasch analyses were mostly satisfactory. For all subscales, the person-item map
showed reasonable item difficulty coverage across the range of abilities in the sample. Fit statistics were within
the recommended range for most items, with a few exceptions (Supplementary Table 2). However, on all
scales, there were multiple items above the ability level of the sample, some profoundly impacted individuals
who did not have items corresponding to their level of ability, and stacks of items with similar difficulty
suggesting redundancy among these items (Supplementary Table 2). Martin-Loef tests were above 0.99 for all
scales, indicating strong evidence for unidimensionality for each domain. Person separation reliability
coefficients for all scales were above 0.7, indicating good internal consistency (Supplementary Table 2).
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Table 3. DP-4 Raw Scores, AE, GS, and Percentage of Norm-Referenced Scores at the Floor (N =219)
Norm-referenced score =

Raw score AE in months GS 40)
Median Score of 0 Median

Scale (number of items) (IQR) Range n (%) (IQR) Range Median (IQR) Range n (%)

Physical 5(2-12) 0-31 34 6 (4-14) 0-66 363 (302-454) 240-612 193 (88%)
(37) (15.5%)

Adaptive behavior 6(25-10) 0-32 12(5.6%) 10(2-16) 0-78 373 (326-424)  272-590 164 (75%)
(41)

Social-emotional 7 (3-9) 0-30 10 (4.6%) 6 (0-12) 0-96 421 (383-438) 329-580 118 (54%)
(36)

Cognitive 5(3-8) 0-37 4 (1.8%) 8 (2-14) 0-96 321 (271-382)  194-649 155(71%)
(42)

Communication 4 (2-8) 0-27 17 (7.8%) 6 (2-10) 0-66 377 (348-415) 302-589 176 (80%)
(34)

Note. A norm-referenced score of 40 is at the floor of the test. IQR = interquartile range. GS are available from the test publisher and have a mean of
500 and a standard deviation of 25.

Table 4. Percentage of DP-4 Norm-Referenced Scores at the Floor (SS = 40) and Median AE by Etiology for Each DP-4 Scale

ASXL1 FOXG1 SCN2A SCN8A SHANK3 Other

(n=15) ASXL3 (n=13) (n=23) (n=20) (n=27) (n=44) (n=77)
Scale natfloor AE natfloor AE natfloor AE natfloor AE natfloor AE natfloor AE natfloor AE
Physical 14/14 4-5 10/13 16-17 23/23 6-7 19/20 4-5 23/27 4-5 37/44  15-16  67/77 6-7
Adaptive behavior  12/12  8-9 7/13 16-17 20/23 89 15/19 2-3  22/27 2-3 32/43  16-17 56/76 4-5
Social-emotional 8/13  4-5 6/13 8-9 10/23 89 11/20 1-2 16/25 6-7  28/43 6-7 39/77  6-7
Cognitive 12/13  5-8 7/13 18-19 16/23 89 16/20 4-5 20/25 9-10 31/41 10-11  53/75 8-9
Communication 13/13  3-4  9/13 12-13 19/23 89 17/19 2-3 19/25 6-7 35/41 8-9 64/76  5-6

Note. A norm-referenced score of 40 is the floor of the test. AE values are in months. Total n for each scale varies due to missing or incomplete

scales.

Physical Subscale. The person-item map (Figure 2) showed reasonable coverage of item difficulty
across the range of abilities in the sample except for one large gap in coverage between items #12
(walking upstairs with support) and #13 (carrying a small chair). Fit statistics were within the
recommended range for each item apart from item #2 (pushing up on arms from prone position),
which had an unacceptably high Infit statistic (MSQ=2.277) and item #12 (walking upstairs with
support) where the Infit statistic (MSQ=0.496) was slightly below the recommended lower
threshold.

Adaptive behavior Subscale. The person-item map (Figure 3) showed reasonable item difficulty coverage
across the range of abilities in the sample. Two items (#4 flinching and #33 using a knife to cut food) had
Infit statistics slightly above the recommended threshold (MSQ = 1.699 and MSQ = 1.540, respectively). For
the last three items on the scale (items describing managing money independently, prioritizing school
assignments, and contacting friends to make plans without parent support), all participants in the sample
had a score of 0, so these items could not be included in the analysis.

Social-Emotional Subscale. The person-item map (Figure 4) showed reasonable item difficulty coverage
across the range of abilities in the sample, but there was a noticeable gap with no items capturing
developmental skills between item #13 (seeking other children for play) and the next most difficult item,
#27 (being a good sport). All item fit statistics were within the recommended range.

Cognitive Subscale. The person-item map (Figure 5) showed reasonable item difficulty coverage across the
range of abilities in the sample. One substantial gap occurred between item #3 (turning to a noise) and the
next most difficult item, #7 (object permanence), occurring at the mode of the ability level in the sample. No
items had unacceptably high Infit statistics. However, six items had Infit statistics slightly below the lower
threshold (items describing identifying objects, printing one’s name, reading a simple story, verbalizing
accurate information about a fact, writing 20 words from memory, stating the date), suggesting substantial
redundancy among the more difficult items.
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Figure 2. Wright map of physical scale.
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Figure 3. Wright map of adaptive behavior scale.

Communication Subscale. The person-item map (Figure 6) showed reasonable item difficulty coverage
across the range of abilities in the sample, with one substantial gap toward the lower end of the scale
between item #2 (expressing preferences) and the next most difficult item, #8 (expressing wanting more).
All item fit statistics were within the recommended range.
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Figure 4. Wright map of social-emotional scale.

Person-item Map

L L T - T ) T T T T TT | v SR R FR (O T T

T T T T T T T T
2 7 L] = - 3 2 -1 ] 1 2 3 4 H

Lalen; Dimension
Figure 5. Wright map of cognitive scale.

Known Groups Validity

Analyses indicated differences in domain GS for known groups, including age, epilepsy, and number of
ASMs (Table 5). GS were significantly lower for individuals five and younger compared to those six years
and older. Participants with epilepsy or a history of seizures had lower GS than those who never had a
seizure. GS decreased with increasing number of ASMs for the physical, adaptive behavior, cognitive, and
communication subscales. Social-emotional GS did not significantly vary when comparing all groups;
however, those with four or more ASMs had lower GS than the other groups (0, 1, 2, or 3).
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Table 5. Comparisons of DP-4 Scale GS by Age Group, Number of ASM, and History of Epilepsy

Physical median GS

Adaptive behavior GS

Social-emotional GS

Cognitive GS median

Communication median

(IQR)/ median (IQR)/ median (IQR)/ (IQR) / GS (IQR)/
AE AE AE AE AE

Age

5and 345 (279-379) 347 (318-373) 413 (369-429) 321 (271-347) 364 (325-398)

under 6-7 4-5 4-5 8-9 4-5

6+ 421 (302-483) 387 (334-453) 421 (394-446) 347 (294-430) 388 (348-434)
10-11 10-11 6-7 10-11 6-7

p <.001 <.001 .033 <.001 <.001

ASM

0 398 (334-492) 400 (360-444) 421 (394-438) 321 (294-366) 382 (364-402)
9-10 12-13 6-7 8-9 6-7

1 394 (325-466) 380 (344-415) 413 (376-442) 334 (294-385) 388 (348-407)
8-9 10-11 4-5 9-10 6-7

2 325 (271-423) 334 (318-373) 421 (406-429) 321 (294-366) 364 (348-407)
4-5 2-3 6-7 8-9 4-5

3 335 (240-424) 347 (318-400) 417 (386-438) 347 (271-366) 377 (348-407)
5-6 4-5 5-6 10-11 6-7

4+ 271 (240-371) 318 (295-347) 394 (369-438) 282 (248-361) 348 (325-402)
2-3 2-3 0-1 3-4 2-3

p <.001 <.001 .098 .005 029

Epilepsy

Yes 347 (318-412) 413 (383-438) 345 (271-433) 321 (271-366) 377 (348-407)
6-7 14-15 0-1 8-9 6-7

No 412 (373-467) 429 (403-450) 449 (379-494) 366 (321-454) 407 (364-459)
10-11 16-17 14-15 12-13 8-9

p <.001 <.001 <.001 <.001 <.001

Note. Each cell contains median and IQR GS and median AEs. AEs are presented in months underneath GS in italics. The Wilcoxon t test was used to
compare scores for epilepsy groups; Spearman correlations were used for all other variables.

Convergent Validity

Parent Assessment of Communication Ability. Individuals aged 2 years and older (n =206) with lower
modified CFCS categories received lower DP-4 Communication GS (F(2) =64.39, p <.001, Table 6).
Children under age 2 (n = 13) were excluded from this analysis given that the CFCS is validated for children
2 and older and the small sample size of children under 2 who completed an alternate form.
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Table 6. DP-4 Communication and Physical Scale GS for Each Functional Domain Level in Communication
(CFCS), Mobility (FMS5 Modified), and Hand Use (N = 206)

Physical median

Communication median GS (IQR)/ GS (IQR)/

AE AE

Functional domain level CFCS FMS5 modified Hand use

1 462 (388-558) 483 (454-515) 240 (178-302)
17-18 18-19

2 459 (425-509) 421 (371-452) 271 (166-376)
16-17 10-11

3 364 (348-398) 302 (240-345) 363 (264-462)
4-5 4-5

4 479 (386-572)

Note. Children under age 2 excluded from this analysis. Each cell contains median and IQR GS and AEs. AEs are presented in
months underneath GS in italics. Kruskal-Wallis tests were used to evaluate convergent validity. Blank cells indicate there is no
corresponding response option for the measure.

Table 7. DP-4 GS by Severity Index

Physical median Social-emotional Cognitive median Communication
Number of profoundly GS (IQR)/ Adaptive behavior median GS (IQR)/ GS (IQR)/ median GS (IQR)/
impaired domains AE median GS (IQR)/ AE AE AE AE
0 504 (461-536) 469 (424-516) 454 (438-491) 481(405-518) 475 (425-518)
21-22 22-23 14-15 28-31 20-21
1 454 (421-494) 424 (398-442) 424 (380-453) 366 (321-419) 398 (364-434)
14-15 16-17 7-8 12-13 8-9
2 363 (335-394) 373 (360-400) 413 (394-429) 321 (321-366) 377 (348-398)
6-7 10-11 4-5 8-9 6-7
3 302 (271-345) 334 (318-347) 413 (383-429) 294 (271-347) 364 (348-377)
4-5 2-3 4-5 4-5 4-5
4 240 (240-302) 295 (295-318) 383 (349-421) 271 (248-321) 336 (302-355)
0 0-1 0-1 2-3 1-2
p <.001 <.001 <.001 <.001 <.001

Note. Each cell contains GS and AE. Median age equivalencies are presented in months under GS in each cell. Kruskal-Wallis tests were used for
comparison of scores.

Parent Assessment of Motor Ability. Individuals aged two years and older (n =206) with lower levels of
parent-reported ambulation on the FMS5 modified received lower DP-4 GS on the physical scale (F(2)
=148.95, p <.001, Table 6). Individuals with reduced functional hand use also received lower physical DP-4
GS (F(3) =124, p < .001, Table 6). Children under age two (n = 13) were excluded from the analysis with the
FMSS5, which is validated for children two and older and the small sample size of children under two who
completed an alternate form.

Severity Index. GS were lower for those with a greater number of profoundly impaired cardinal domains
(all subscales p <.001, Table 7).

Part 2: Focus Groups

Eleven caregivers participated in one of three interviews or one of two focus groups. Themes for each category
of content validity for the DP-4 for this sample were described by caregivers and categorized (Table 8). Parents
reported positive aspects of the DP-4, most notably that many of the earliest items were a match for their
child’s developmental level and questions were easy to understand. Some common threats to validity included
that compound questions were difficult to answer and reduced comprehensibility, missing functional ability
skills that were important for individuals with PIMD decreased comprehensiveness, and some items did not
account for altered motor or vision skills, which reduced relevance. Quotes that exemplified the themes are
included in Supplementary Table 3.

Suggestions for improving the assessment of functional skills were offered by the investigators in
response to caregiver comments to solicit caregiver feedback. Caregivers also occasionally offered sugges-
tions or additions. Possible strategies to improve content validity included specifying the environment
where skills are performed or asking about skills in different settings, adding a response option for
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Table 8. Summary of Qualitative Data Categorized by Areas of Content Validity

Comprehensibility: Were any of the questions confusing?

Some questions are about items that are easy to observe, which makes them easy to answer

Questions were clearly written, so they were easy to understand and answer, especially the earliest items

Questions were compounded (measuring more than one skill), so it was hard to know how to answer

Understanding the difference between “Can” versus “Does” is confusing

Yes/no response does not measure skills that are exhibited sometimes, so it can be challenging to know which response to choose
Comprehensiveness: What is missing from the measure?

Missing a free text space to add more information

Does not account for regression

Items measure big steps in development, so small improvements are not measured

Some parts of daily functioning that are important for individuals with PIMD are missing

Relevance: Were the items relevant to your child?

Can answer yes more often than other measures

Many of the earliest items were appropriate for my child’s developmental level

May have more ability to differentiate between individuals who are both profoundly impacted but have different skills
Positive feelings about being able to answer yes about skills my child does have

Important to assess development to help understand how they will function in the real world

Items that match the developmental level of individuals with PIMD are not always a match for their chronological age
Order of items follows a typical developmental trajectory that does not always match development in PIMD
Relevance of items depends on current goals and what is most challenging for the individual

Many of the items are above my child’s developmental level, so it felt like many of the items were not relevant for us
Many items are above my child’s skill level, so | often have to answer no, which is distressing

Does not measure if a skill can be exhibited in alternative method

Does not measure that these skills may be exhibited inconsistently

Items are not relevant to my child because they do not have the required sensory and motor skills for some items
Some questions were not relevant to my child because they do not occur in daily life, so | have to guess

Responses may change based on caregiver mental health on the day of completion

Note. Themes supporting content validity are shaded in gray.

“Sometimes” to measure inconsistency in skill performance, asking how much support is needed to
complete skills, presenting a subset of items rather than all items at once to protect caregiver mental health,
or administering different forms based on ability level.

Discussion

Valid COAs for individuals with PIMD and DEEs are critical to assess accurately meaningful change in
functional abilities during clinical trials and clinical practice. This study examined the structural character-
istics and validity of the DP-4 in individuals with PIMD. Results provide initial evidence of construct,
convergent, and content validity in this vulnerable and underserved population.

The DP-4 has many psychometric attributes that support its use in clinical trials and clinical decision
making when assessing individuals with PIMD. Most individuals obtained norm-referenced scores at the
floor (SS =40) and median DP-4 raw scores and age equivalencies were very low on all subscales, as would
be expected in a sample selected for profound impairment. Even in the context of very low scores, items had
sufficient range and variability to demonstrate differences among participants based on factors expected to
be associated with functional abilities, such as age, number of ASMs, and history of seizures. DP-4 GS
correlated strongly with scores on other measures of functional abilities, providing evidence for convergent
validity. Compared to other commonly used measures of development and adaptive functioning, there were
relatively minimal absolute floor effects in raw scores (<15%; Terwee et al., 2007). Overall, fit statistics for
the Rasch analysis were mostly satisfactory. During focus groups and interviews, some parents reported
skills on the DP-4 were relevant for their child’s developmental level and felt pleased while reflecting
positively on the skills their child had gained and the effort put forth to help their child achieve those
abilities. From a practical and usability perspective, standardized parent-report measures like the DP-4
could allow for efficient and objective assessment of skills, potentially improving the ability to characterize
development and provide critical information for healthcare providers, researchers, and families. Person-
ability scores are available for the DP-4 and offer a psychometrically sound method to assess changes in an
individual’s development relative to themselves regardless of initial developmental functioning while
minimizing floor effects, which is particularly relevant for clinical trials (Farmer et al., 2020).
Furthermore, the DP-4 offers a measure of cognitive functioning, a domain that is not often represented
on other caregiver report forms and is an area of development that has a significant impact on families and
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quality of life (Berg et al., 2025; Ludwig et al., 2026). Finally, the DP-4 parent/caregiver report form is a
relatively quick and easy to complete assessment tool with remote assessment capabilities that requires
minimal resources to administer and score.

Although overall results supported adequacy for aspects of validity of the DP-4 in individuals with PIMD,
there were some limitations. For all subscales, 50% or more of individuals received a norm-referenced score
at the floor of the test (SS = 40). Limited granularity at the lowest end of the developmental spectrum leads
to unacceptable floor effects in norm-referenced scores and highlights the importance of using alternative
scoring in populations with PIMD (Berg et al., 2023; Terwee, 2007). The Rasch analysis demonstrated stacks
(more than one item corresponding to the same ability level) and gaps (jumps between abilities indicating
insufficient items to measure increments in abilities) on the item difficulty maps for all scales. As the main
function of developmental measures like the DP-4 is to characterize differences from typical development,
standardization samples typically include very few individuals functioning in the severe to profound range;
therefore, it is not surprising that limited granularity to capture small steps in development in this range
exists. This may also lead to difficulty differentiating between individuals who are profoundly impaired
when compared to age expectations, but have small but meaningful differences in specific neurodevelop-
mental skills (e.g., no intentional communication strategies vs. ability to request a few preferred activities or
objects with signs or gestures). Notably, gaps occurred later in the item set on the physical, adaptive
behavior, and social-emotional scales, suggesting relatively better granularity at the lowest end of the
developmental spectrum for these scales. In contrast, the gap occurred early in the item set (in the first 10
items) for the cognitive and communication scales, potentially indicating that items that capture additional
skills could help characterize small steps in development for these domains.

Although parents reported positive perceptions of the DP-4, they also reported threats to content
validity. First, parents overwhelmingly talked about the importance of including items that are relevant
and representative of the functional abilities of their child. This includes allowing for alternative methods of
skill demonstration (e.g., using a communication device or adapted spoon), ensuring items measure only
one skill rather than multiple, selecting items that are a match for both the individual’s developmental and
chronological age (e.g., not asking about dolls for a teenager or young adult), and reducing items that
require a sensory function that may be impacted in an individual with PIMD. Further, many individuals
with PIMD do not follow a typical developmental trajectory, which the DP-4 and virtually all developmental
tests are based on. As such, understanding the skills most relevant to daily functioning in individuals with
PIMD and DEE (Downs et al., 2025) along with unique methods of expression is critical for individualized
and clinically meaningful treatment planning, prognosis, and potentially response to intervention. A second
theme was the need for more response options, especially “Sometimes,” or the ability to rate the frequency
with which a skill was demonstrated. Individuals with PIMD often exhibit skills inconsistently, depending
on a variety of factors, including physical health, environment, other people present in the activity, and
degree of sensory stimulation. Finally, parents reported emotional distress can occur when completing
developmental assessment forms, especially when repeatedly answering items that measure skills their child
is unable to perform. This finding is consistent with the authors’ clinical experience, and recent interviews
with parents of individuals with Fragile X syndrome (Jones et al., 2023). Reduction of caregiver emotional
distress related to measures with inappropriate and irrelevant items is critical and supports family-centered
care. Given parent reports that many of the earliest items on the DP-4 were relevant for the child, there may
be a subset of items across scales that are particularly relevant for these individuals.

Data from the current study suggest a similarity in abilities for individuals functioning at the lowest end
of the spectrum regardless of etiology, which is consistent with other studies with similar samples (Baldridge
et al.,, 2024; Berg et al., 2020; Berg et al., 2022). However, clinical trials often include assessment tools
developed for specific disorders, which assess specific phenotypic characteristics (Giorgi et al., 2024; Gur-
Hartman et al., 2021; Reynolds et al., 2020). Measure development is a slow and arduous process and
developing measures for each genetic etiology is an exceptionally large and time-consuming process;
therefore, a transdiagnostic assessment tool may be both practical and appropriate given similar levels of
functional abilities across disease groups. Even though sample size for different etiologies in the current
study were too small for robust statistical analyses, review of median age equivalencies suggests more
similarities than differences with regard to skill levels across the groups in the sample. Although over 25
etiologies were represented, median age equivalencies on all subscales were under 10 months and 75% of all
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AEs were under 16 months, in contrast to a median chronological age of 8 years. In sum, although there may
be some variation in ability level and gene specific manifestations, virtually all individuals with PIMD and
DEE have functional abilities in the severely to profoundly impaired range, which may support use of a
transdiagnostic measure of neurodevelopment in this group.

Strengths and Limitations

This study has several strengths, including use of a large sample of individuals with DEE and/or PIMD with
a variety of etiologies across a range of regions. Additionally, limited research exists for this group regarding
neurodevelopmental functioning, and this study attempts initial exploration of a developmental assessment
tool that may have wide applicability in clinical trials and clinical care.

The sample is a largely Caucasian and North American sample, reducing the generalizability to other
minoritized groups, a common limitation of research in studies in rare disease, even though disability
occurs across races, ethnicities, socioeconomic status, and other marginalized status (Holliman et al., 2023).
Participation of minority individuals may be lower due to reduced resources to participate in research,
reduced access to genetic testing and diagnosis, or mistrust of the medical and academic community
(Pardhan et al., 2025). Although collection of data from diverse participants presents challenges to recruit-
ment, their inclusion in research is imperative to understand the complete DEE and PIMD population.
Second, this was an online caregiver-reported survey, and we did not administer direct measures of
neurodevelopment. Although some providers have expressed concern that subjectivity may be present in
caregiver ratings, extant research shows high levels of agreement between caregiver report and direct
assessment on the DP-4 (Stephenson et al., 2025), especially for those at the extreme ends of ability, such
as in PIMD (Bennetts et al., 2016). In addition, direct assessment is a costly and resource-heavy endeavor.
Finally, the current study used a cross-sectional design and natural history studies are needed to evaluate
DP-4 scores over time for their ability to measure responsiveness and meaningful change. The DP-4 could
be included in clinical trials as an exploratory measure to collect longitudinal data, with the goal of increased
understanding of developmental trajectories and response to intervention in those who are severely
impacted and may have atypical skill progression.

Conclusion

Given that parents of children with rare disease and profound impairment often report functional domains
as a priority for improvement (Downs et al., 2025), combined with Patient Focused Drug Development
guidelines that recommend including patient/caregiver voice (Food and Drug Administration [FDA],
2020), the ability to understand and measure neurodevelopmental functioning is central to patient- and
family- focused clinical trials and clinical care. Current analysis of the DP-4 indicates adequate psycho-
metric properties in several aspects of validity, with relatively high acceptability by parents. Further
evaluation of the DP-4 is needed to collect natural history data and identify responsiveness to change,
along with potential adaptations to scoring for this vulnerable population whose functional abilities are
traditionally poorly measured. The DP-4 may offer promise for individuals with PIMD and DEE as a COA
in clinical trials and clinical practice.
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Données de validité du Developmental Profile-4 chez des personnes présentant une
déficience intellectuelle profonde et un multihandicap et une encéphalopathie épileptique
du développement

Résumés en Francais

Des évaluations neurodéveloppementales valides pour les personnes présentant une déficience
intellectuelle profonde et un multihandicap (DIMH) et/ou une encéphalopathie épileptique du
développement (EED) sont essentielles pour les essais cliniques et les soins cliniques, car les
familles indiquent que l'amélioration des capacités fonctionnelles est une priorité. Cependant, la
plupart des outils existants ont une capacité limitée a mesurer les compétences pertinentes et les
changements significatifs chez les personnes présentant une déficience sévére a profonde. Nous
avons évalué les propriétés psychométriques du Developmental Profile-4 (DP-4), un outil de
mesure du fonctionnement neurodéveloppemental, chez des personnes présentant une EED et/ou
une DIMH (médiane=8,4 ans, intervalle 1 & 50, 54 % de femmes). Deux cent dix-neuf proches
aidants ont rempli le DP-4 dans le cadre d’'une enquéte en ligne plus large, « DEE Parents Speak ».
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Dans cet échantillon présentant une grande diversité étiologique, le fonctionnement
neurodéveloppemental était trés faible, avec des scores normatifs au seuil minimal pour plus de
50 % des personnes sur toutes les sous-échelles (équivalences d’dge de 6 a 10 mois). L’analyze de
Rasch des scores du DP-4, la comparaison par groupes connus et la comparaison avec d’autres
mesures des capacités fonctionnelles suggérent des preuves initiales de validité conceptuelle et
convergente. Lors des groupes de discussion et des entretiens, les proches aidants ont signalé des
composantes du DP-4 pertinentes pour leur enfant ainsi que des menaces pour la validité de
contenu. Le DP-4 pourrait constituer une mesure valable du neurodéveloppement chez les per-
sonnes présentant une DIMH et/ou une EED dans le cadre de soins et d’essais cliniques, bien que
des études supplémentaires soient nécessaires, notamment pour évaluer la réponse au changement.

Datos de validez del Perfil de Desarrollo-4 en personas con discapacidad intelectual
profunda y discapacidades multiples y encefalopatias epilépticas del desarrollo

Resumenes en Espaiiol

Las evaluaciones validas del neurodesarrollo para personas con discapacidad intelectual profunda y
discapacidades multiples y/o encefalopatias epilépticas del desarrollo son cruciales para los ensayos
clinicos y la atencion clinica, ya que las familias consideran que la mejora de las capacidades
funcionales es una prioridad. Sin embargo, la mayoria de las herramientas existentes tienen una
capacidad limitada para medir habilidades relevantes y cambios significativos en personas con
discapacidad grave o profunda. Evaluamos las propiedades psicométricas del Perfil de Desarrollo-
4 (DP-4), una medida del funcionamiento del neurodesarrollo, en personas con encefalopatias
epilépticas del desarrollo y/o discapacidad intelectual profunda y discapacidades multiples (med-
iana=8,4 afios, rango 1-50, 54% mujeres). Doscientos diecinueve cuidadores completaron el DP-4
durante una encuesta en linea mas amplia, «Opinién de los Padres de Ninos con Encefalopatias
Epilépticas del Desarrollo». En esta muestra etioldgicamente diversa, el funcionamiento del neuro-
desarrollo fue muy bajo, con puntuaciones de referencia normativas en el limite inferior para mas
del 50% de los individuos en todas las subescalas (equivalentes de edad de 6 a 10 meses). El analisis
de Rasch de las puntuaciones del DP-4, la comparacidn por grupos conocidos y la comparacién con
otras medidas de habilidades funcionales sugieren evidencia inicial de validez de constructo y
convergente. Durante los grupos focales y las entrevistas, los cuidadores informaron sobre los
componentes del DP-4 que eran relevantes para sus hijos y las amenazas a la validez de contenido
al instrumento. El DP-4 puede ser una medida véalida del neurodesarrollo para individuos con
PIMD y/o DEE en la practica clinica y en ensayos, aunque se necesitan estudios adicionales,
especialmente para evaluar la capacidad de respuesta al cambio.
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