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ABSTRACT 
  
TUBB4A pathogenic variants are associated with a spectrum of neurologic impairments including 
movement disorders and leukodystrophy. With the development of targeted therapies, there is an 
urgent unmet need for validated tools to measure mobility impairment. 
Our aim is to explore gross motor function in a pediatric-onset TUBB4A-related leukodystrophy 
cohort with existing gross motor outcome tools. 
Gross Motor Function Measure-88 (GMFM-88), Gross Motor Function Classification System 
(GMFCS-ER), and Gross Motor Function Classification-Metachromatic Leukodystrophy 
(GMFC-MLD) were selected through face validity. Subjects with a confirmed clinical and 
molecular diagnosis of TUBB4A-related leukodystrophy were enrolled. Participants’ sex, age, 
genotype, and age at disease onset were collected, together with GMFM-88 and concurrent 
GMFCS-ER and GMFC-MLD. Performances on each measure were compared. GMFM-88 floor 
effect was defined as total score below 20%. 
A total of 35 subjects participated. Median performance by GMFM-88 was 16.24% (range 0–
97.31), with 42.9% (n=15) of individuals performing above the floor. GMFM-88 Dimension A 
(Lying and Rolling) was the best performing dimension in the GMFM-88 (N=29 above the floor). 
All levels of the Classification Scales were represented, with the exception of the GMFC-MLD 
level ‘0.’ Evaluation by GMFM-88 was strongly correlated with the Classification Scales 
(Spearman Correlations: GMFCS-ER:GMFM-88 r=0.90; GMFC-MLD:GMFM-88 r=0.88; 
GMFCS-ER:GMFC-MLD: r=0.92). 
Despite overall observation of a floor effect, the GMFM-88 is able to accurately capture the 
performance of individuals with attenuated phenotypes. GMFM-88 Dimension A shows no floor 
effect. GMFC-MLD shows a strong correlation with GMFCS-ER and GMFM-88, supporting its 
use as an age-independent functional score in TUBB4A-related leukodystrophy. 
  



INTRODUCTION 

TUBB4A pathogenic variants result in a spectrum of neurologic disorders, including 

Hypomyelination with Atrophy of the Basal ganglia and Cerebellum (H-ABC), isolated 

hypomyelination, and whispering dysphonia (formerly DYT4 dystonia). Pediatric onset cases are 

characterized by leukoencephalopathy (TUBB4A-related leukodystrophy) (1-5). The 

developmental phenotypes of a pediatric population carrying heterozygous disease-causing 

TUBB4A variants were recently characterized, demonstrating different developmental trajectories 

based on genotype and age at disease onset (6). Gross motor skills are prominently affected across 

the spectrum of TUBB4A-associated disorders, particularly in the pediatric population, with many 

children never gaining the ability to walk, or losing ambulation before the end of the first decade 

(6). 

  

Despite the prevalence of motor impairment in pediatric-onset TUBB4A-related leukodystrophy, 

there are currently no studies on standardized measures to characterize the motor phenotype of 

affected individuals. The Gross Motor Function Measure-88 (GMFM-88) is an assessment that 

was originally designed to measure changes in gross motor function in a pediatric population with 

cerebral palsy (CP) (7) and evaluation of the efficacy of interventions in CP (8). This tool has since 

been widely applied across a range of medical conditions such as characterization of functional 

abilities (9). The performance of GMFM-88 has been shown to strongly correlate with that of the 

Gross Motor Classification System (GMFCS-ER) scale, which is an age-dependent ordinal 

measure of gross motor function among children with CP  (10). While the GMFM-88 and GMFCS-

ER have been validated for use in conditions with static gross motor functions such as the CP, its 

use in a population with changing gross motor function in the form of deterioration over time 



remains to be validated. Additionally, a modified version of the GMFCS-ER, called the GMFC-

MLD an age-independent tool, has been adapted and validated for use in children with 

metachromatic leukodystrophy (11). The GMFC-MLD can capture changes in gross motor 

function in the context of clinical trials (12), and has been shown to have high inter-rater reliability 

with application in children who are 18 months or older (11). However, this scale remains to be 

validated for use in TUBB4A-related leukodystrophies. 

 

The purpose of this study is to describe the gross motor functions in pediatric TUBB4A-related 

leukodystrophy through the administration and validation of the GMFM-88, GMFCS-ER, and 

GMFC-MLD in a cohort of affected individuals.  

 

METHODS 

Patient recruitment and enrollment. 

All subjects were enrolled from the Myelin Disorders Biorepository Project (MDBP), an IRB-

approved protocol, at the Children’s Hospital of Philadelphia. Individuals with a pediatric onset 

(<21 years) and a confirmed molecular and clinical diagnosis of TUBB4A-related leukodystrophy 

were included. All MDBP-enrolled subjects meeting the above criteria with functional motor 

assessments performed between 1/1/2017 - 5/12/2022 were included in the final analysis. For each 

encounter, the following information was collected: genotype, chronological age at the time of 

GMFM-88 administration, sex, and the age at disease onset (6). The GMFM-88 assessments were 

administrated by licensed physical therapists (13).  

Data storage and integrity. 



Study data was managed on the Research Electronic Data Capture (REDCap) database hosted at 

the Children’s Hospital of Philadelphia (14, 15). REDCap is a secure, web-based software platform 

designed to support data capture for research studies, providing 1) an intuitive interface for 

validated data capture; 2) audit trails for tracking data manipulation and export procedures; 3) 

automated export procedures for seamless data downloads to common statistical packages; and 4) 

procedures for data integration and interoperability with external sources. 

Motor assessment description, face validity, and administration 

Outcome selection. GMFM-88, GMFCS-ER, and GMFC-MLD were selected by an international 

group of disease experts (MvdK, GB, AV, FG, BC), and a parent advocate (MT) through a process 

of face validity. The minimum rate of agreement for approval was set at 80%. 

GMFM-88. The Gross Motor Function Measure-88 is a tool that evaluates the gross motor abilities 

of a pediatric population through the administration of 88 motor items, scored by ordinal criterion 

achievement, each with specific item-based criterion that fits the following high-level categories:  

0- not initiated, 1- initiated, 2- partially completed, 3- successfully completed. This assessment 

comprises of five dimensions:  (i) A- Lying and Rolling; (ii) B- Sitting; (iii) C- Crawling and 

Kneeling; (iv) D- Standing; (v) E- Walking, Running, and Jumping (13). The GMFM-88 raw 

scores for each dimension are calculated as a percentage. The total score is derived from the 

average of the 5-dimension scores. As the GMFM-88 floor and ceiling effects are not clearly 

defined in the literature, we defined the floor effect (performance in the lowest register of scores) 

as 20% or less of the total score, and the ceiling effect (performance in the highest register of 

scores) as 90% or more of the total score. 

Classification System Assessments. The GMFCS-ER (16, 17) and the GMFC-MLD were used to 

define clinical severity. The GMFCS-ER is composed of 5-levels with ‘I’ representing normal 



function and ‘V’ representing complete impairment, while the GMFC-MLD is composed of 7-

levels, with ‘0’ representing no neurologic impairment and ‘6’ representing severe neurologic 

involvement, with no head control.  

Outcome administration. Administration of the GMFM-88 was performed by licensed physical 

therapists. Thirty-four assessments were conducted in person, while one was performed remotely 

based on a validated methodology for its administration (18). Neurologic severity scores (GMFCS-

ER, GMFC-MLD) were assigned by trained child neurologists based on retrospective review of 

the medical documentation from the time of administration of the GMFM-88. GMFCS-ER and 

GMFC-MLD scores were obtained for individuals of any age.  

Inter and intra-rater reliability were computed for both GMFCS-ER and GMFC-MLD. Intra-rater 

reliability was assessed by having a provider re-score the medical documentation one month apart, 

while inter-rater reliability was evaluated through blinded dual (FG and AV) scoring of each 

medical encounter. The scores were assigned for 34/35 encounters (97.15%). One subject (2.85%) 

had no medical notes available at the time of the GMFM88 administration, therefore neurologic 

severity assessment could not be performed for that encounter. 

Statistical Analysis  

The data was summarized using counts and proportions for categorical variables and, mean, 

standard deviation (SD), median, range (minimum to maximum values) and interquartile range 

(IQR) for continuous variables. Descriptive statistics using two-sided t-test was performed with a 

p=value of <0.05 to determine statistical significance. Tests for correlation such as Spearman’s 

Rank Correlation and Pearson’s Rank Correlation were performed to compare GMFM-88 with the 

Classification Systems (GMFCS-ER and GMFC-MLD). A correlation range of 0.00-0.19 is 

considered very weak, a correlation range of 0.20-0.39 is considered weak, a correlation range of 



0.40-0.59 is considered moderate, a correlation range of 0.60-0.79 is considered strong, and a 

correlation range of 0.80-1.00 is considered very strong. Intra-rater and inter-rater reliability were 

calculated using Cohen’s Kappa (κ) statistics (19). All the analsysis were performed using Prism 

GraphPad.  

 

RESULTS 

Study population. 

A total of 35 subjects participated in motor outcome assessments. Of the 35 patients, 19 were male 

(54.3%), and 16 were female (45.7%). At the time of the GMFM-88 administration and 

classification system assessment, the mean chronologic age of patients was 8.36 years (SD 5.17). 

Descriptive demographic information is included in Table 1. 

 

Motor performance 

In our pediatric TUBB4A-related leukodystrophy cohort, a range of gross motor performance was 

observed both in the total score and within each dimension of the GMFM-88 (Figure 1). As the 

difficulty associated with a motor task increased (Dimension A to E), there was an increase in the 

proportion of the cohort who demonstrated a floor effect. No ceiling effect was observed. (Table 

2).  

Correlations (Pearson R Coefficient) between the GMFM-88 and age at evaluation (R=-0.09, 2-

tail p-value =0.59) and length of disease (R=-0.11, 2-tail p-value =0.52) were not significant; while 

age at disease onset (R =0.36, 2-tail p-value =0.04) showed a significant association. There was 

no sex-based difference in GMFM-88 total score performance (males: median 13.61, IQR 7.79; 

females: median 16.74, IQR 4.84) 

 



 
Neurologic Severity Scales 

Overall, 34/35 individuals (97.15%) had GMFCS-ER and GMFC-MLD scores derived from 

medical notes concurrent with the date of GMFM-88 administrations. All levels of the Neurologic 

Classification Systems were represented in the cohort, with the exception of the GMFC-MLD level 

‘0.’ The GMFCS-ER intra-rater reliability showed agreement in 32/34 observations (94% rate of 

agreement, Weighted Kappa 0.954, 95% CI 0.79-1.00); the GMFC-MLD intra-rater reliability 

showed agreement in 32/34 observations (94% rate of agreement, Weighted Kappa 0.97, 95% CI 

0.81-1.00).  

The GMFCS-ER had an inter-rater reliability agreement in 32/34 observations (94% rate of 

agreement, Weighted Kappa 0.955, 95% CI 0.78-1.00); while the GMFC-MLD had an inter-rater 

reliability agreement in 33/34 observations (97% rate of agreement, Weighted Kappa 0.99, 95% 

CI 0.88-1.00).  

 
Correlation of motor outcomes 

GMFM-88 total percentage and dimension scores demonstrated a strong inverse correlation with 

GMFCS-ER (Spearman’s Rank Correlation Coefficient -0.90, 2-tail p-value <.0001) and GMFC-

MLD (Spearman’s Rank Correlation Coefficient -0.89, 2-tail p-value <.0001) (Figure 2A, 2B, 

Table 3).  Similarly, the correlation between GMFCS-ER and GMFC-MLD was very strong 

(Spearman’s Rank Correlation Coefficient 0.96, 2-tail p-value <.0001), Figure 2C. 

 

DISCUSSION 

The identification of functional motor outcomes in a rare disease pediatric population presents 

unique challenges. As previously described in the literature, the description of motor function 

might be challenging in individuals with motor decline in the pediatric age group, since 



standardized tools are not always able to capture changes over time due to floor effects (19). 

Conversely, in a population with heterogeneous developmental trajectories, it is also necessary to 

identify tools that can capture the entire spectrum of function in disorders with heterogeneous 

phenotypes. Previous work has shown that subjects with disease-causing TUBB4A variant can have 

variable developmental trajectories as well as a variable rate of motor skill loss (6), suggesting the 

need for tools with the ability to discriminate across a broad range of functional levels, particularly 

those at the lower range of developmental skills. 

The GMFM-88 is a tool originally developed to evaluate change over time in children with CP, a 

non-progressive condition. Due to its relatively limited item bank and weighted subdimension 

averaging, this assessment particularly targets individuals with moderate to high motor function. 

In a population characterized by profound motor limitations, floor effects may limit the use of the 

GMFM-88 in its entirety. While we observed a floor effect in more than half of the population 

using the total score (Figure 1), Dimension A (which represents floor-based skills) was able to 

differentiate gross motor performance within the more severely affected individuals, without a 

floor effect. Thus, analysis of dimension-based performance may better represent the functional 

skills of individuals with a more severe disease phenotype (associated with a lack of acquisition 

of motor milestones, or a progressive loss of previously acquired motor competencies), while the 

overall GMFM-88 appears to be of appropriate use in individuals with attenuated phenotypes, as 

no floor or ceiling effect was observed. 

While an earlier age at disease onset is weakly correlated with the GMFM-88 performance, 

chronologic age, and disease duration at the time of assessment did not show a clear connection 

with the motor performance. This might be due to the fact that, while an earlier disease onset is 

associated with a lower probability of acquisition of developmental milestones, it is known that at 



later stages of life, children with later disease onset can lose motor abilities previously acquired 

(6). The cohort of this study is comprised of individuals with a significant length of disease, with 

the potential loss of motor abilities already acquired. Further studies will be needed to determine 

the utility of the GMFM-88 as a tool for potential evaluation of the pediatric TUBB4A-related 

leukodystrophy closer to a child’s disease onset, as well as to show longitudinal motor change. 

In this study, the performance of the GMFCS-ER and the GMFC-MLD were compared to the 

GMFM-88 by both total score and individual dimensions. Inter-rater and intra-rater reliability 

showed an appropriate level of agreement between blinded scores, and both tools showed a strong 

correlation with each other and with the GMFM-88 (total score and individual dimensions) in 

TUBB4A-related leukodystrophy. Additionally, the application of these functional scales to 

perform assessments retrospectively using existing medical records can supplement our 

understanding of neurologic trajectories (11, 20). One major challenge of the GMFCS-ER is the 

inability to compare performance across age brackets, thus limiting its use when applied 

longitudinally, as it was originally created to evaluate a population with static functional abilities 

in the context of CP. Conversely, the GMFC-MLD can be used to assess function in all individuals 

across time. Due to its strong correlation with the GMFM-88 performance, and its intrinsic age-

independent scoring methodology, we suggest the use of the GMFC-MLD scale in individuals 

with pediatric TUBB4A-related leukodystrophy.  

Our study was limited by the rarity of TUBB4A-related leukodystrophy and the small cohort of 

individuals enrolled. This study selected a pediatric population with leukodystrophy, with potential 

ascertainment bias towards younger, more severely affected individuals. Finally, the selected 

measures restricted this study to a pediatric onset cohort, although TUBB4A-related 

leukodystrophy can manifest across the lifespan. Additionally, enrollment was biased to 



encompass those able to travel for evaluation. Finally, all measures were performed at a single site. 

Additionally, this cohort lacked sufficient racial diversity, which will need to be addressed by 

specific diagnostic strategies to improve access to available genetic testing in underrepresented 

minorities. Future studies should be multicentric and include approaches to improve equity, which 

can include the improved availability of remote administration of measures (18) for those 

individuals unable to travel. Despite these limitations, our cohort represents a global pediatric 

population, and we anticipate that our findings will be generalizable.  

In summary, children affected by TUBB4A-related leukodystrophy demonstrate a range of gross 

motor function. This was captured using the prospective measure GMFM-88 in combination with 

two classification scales: GMFCS-ER (an age-dependent classification system) and the GMFC-

MLD (an age-independent score). The GMFM-88 is able to describe the gross motor function of 

individuals with an attenuated phenotype when considered in its entirety. GMFM-88 dimensions 

exploring lying and rolling (e.g. Dimension A) show promising application in the description of 

individuals with more severe disease manifestations. The GMFCS-ER and the GMFC-MLD both 

were able to classify across the heterogeneous abilities of this population. 

There was strong agreement between all motor tools in the TUBB4A-related childhood-onset 

leukodystrophy population, and both functional scores have an extremely high rate of agreement 

when independently scored by two pediatric neurologists. We anticipate that the longitudinal 

application of these tools will enable the definition of clinically coherent motor phenotypes in this 

population and the evaluation of future therapeutic options. 

 

  



Figure Legends 

Figure 1. Performance of the study cohort on the GMFM-88. 20/35 subjects (57.1% of the cohort) presented 
GMFM-88 total score below 20. Each individual is represented by a single dot. 
 

Figure 2: Performance on the GMFM-88 is strongly inversely correlated with GMFCS-ER and GMFC-
MLD scores while GMFCS-ER and GMFC-NLD scores are strongly correlated. A. GMFM-88 and 
GMFCS-ER present a very strong inverse correlation (Spearman’s Rank Correlation Coefficient -0.90, 2-
tail p-value <.0001. B. GMFM-88 and GMFC-MLD present a very strong inverse correlation, comparable 
with what observed with GMFCS-ER (Spearman’s Rank Correlation Coefficient -0.89, 2-tail p-value 
<.0001). C.Correlation between gross motor function scales: GMFCS-ER and GMFC-MLD. Scores were 
assigned retrospectively using medical records current with research assessments. Performance on the two 
classification systems were strongly correlated (Spearman’s Rank Correlation Coefficient 0.96, 2-tail p-
value <.0001). 
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