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Abstract 

Exploring Potential Correlations Among Developmental Deficits Experienced by Patients with 
Classic Galactosemia 

By Nichole M. Stettner 

Classic galactosemia (CG) is an inborn error in metabolism of galactose, which results from a 
deficiency of galactose-1-phosphate uridylyltransferase (GALT) activity. Without treatment, CG 
gives rise to acute symptoms such as poor feeding, frequent vomiting, frequent diarrhea, poor 
weight gain, jaundice, and other acute symptoms including E. coli sepsis, which can be fatal. 
Adverse long-term outcomes in the speech, cognitive, motor/neurological, female 
puberty/reproduction, and growth/ bone health domains are still probable despite acute 
symptom prevention and dietary treatment. These long-term complications demonstrate 
incomplete penetrance and variable expressivity among patients – even those with exactly the 
same GALT genotype. The primary goal of this study is to determine whether the long-term 
outcomes in CG cluster. Results indicated that among the cognitive, speech, and 
motor/neurological outcome domains for both cases and controls, a strong clustering effect 
was observed in both the summary score and Vineland Test data. Although similar clustering 
effects were present, the CG cases experienced more severe adverse outcomes overall. Thus, if 
a participant with a CG diagnosis had an adverse outcome in a cognitive, speech, or 
motor/neurological domain, it is more likely that the participant also experienced one or more 
adverse outcomes in the other domains. These results suggest that shared modifiers may 
underlie multiple outcome domains in CG. 
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CHAPTER 1: Background and Introduction to Classic Galactosemia

What is Classic Galactosemia?

Classic galactosemia (CG) is an inborn error in metabolism of galactose, which results

from a deficiency of galactose-1-phosphate uridylyltransferase (GALT) activity (Berry, 2021).

Diagnosis is confirmed by checking for GALT activity and confirmation by genetic testing (Berry,

2021). CG is often detected through newborn screening, symptoms, and/or suspicion from

family history (CDC, 2017; Gitzelmann, 1980; Welling et al. 2017). There are different

approaches to classifying CG, and this study follows the convention from the United States in

which GALT enzyme activity is undetectable or less than 1% normal level (Berry, 2021). GALT

activity among patients diagnosed with CG is a continuum, and many patient cohorts include

patients who have clinical variant galactosemia with cryptic residual activity instead of CG,

which may explain the variability in the results (Ryan et al., 2013).

Genetics and Prevalence

The GALT gene encodes the galactose-1-phosphate uridylyltransferase (GALT) enzyme

(Berry, 2021). Individuals diagnosed with CG are deficient in GALT enzyme activity, caused by

mutations in both their inherited copies of the GALT gene (Los & Ford, 2022; Berry, 2021). In CG,

allelic heterogeneity in GALT can contribute to a varied range of clinical presentations (Berry,

2021; McCorvie et al., 2016). A decrease in GALT enzyme activity leads to increased levels of

erythrocyte (RBC) galactose-1-phosphate (Gal-1-P) (Abi-Hann & Saavedra, 1998; Berry, 2021). As
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illustrated in the Leloir pathway (Figure 1), increased RBC Gal-1-P levels manifest – notably

when milk is consumed – and can exceed 10 mg/dL (Timson, 2016; Berry, 2021).

Figure 1. The Leloir pathway of galactose metabolism. Enzymes are presented in blue type.

Metabolic Findings

Individuals with CG are also likely to have increased Gal-1-P and galactitol levels when

compared to controls (Berry, 2021; Hagen-Lillevik et al., 2021). As a standard of care, individuals

diagnosed with CG are recommended to restrict galactose from their diets for life (Bosch, 2006;

Welling et al. 2017).

Acute Symptoms

Without treatment, CG gives rise to acute symptoms (Coelho et al., 2017). When

newborns diagnosed with CG are exposed to galactose after birth, they are more likely to

develop symptoms such as poor feeding, frequent vomiting, frequent diarrhea, poor weight
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gain, jaundice, and other acute symptoms including E. coli sepsis, which can be fatal (Bech et al.,

2018; Rubio-Gozalbo et al., 2019).

Long-Term Complications Despite Standard of Care Treatment

Despite dietary treatment and prevention of acute symptoms with management of the

diet, it is still likely for individuals diagnosed with CG to experience adverse long-term outcomes

in the following domains, among others (Antshel et al., 2004; Hoffmann et al., 2011; Schweitzer

et al., 1993; Waggoner et al., 1990; Waisbren et al., 2012).

● Speech

● Cognitive development

● Motor/neurological

● Female puberty/reproduction

● Growth & bone health

Current Understanding of the Onset, Prevalence, & Mechanisms of Long-Term Complications

in Relation to Possible Modifiers

Cognitive Defects

According to Waggoner (1990), cognitive developmental delays had an overall

prevalence of 45%, with the greatest drop in cross-sectional IQ scores occurring between the

age ranges of 3-5 and 6-9. The prevalence of cognitive delays in the patient population of the

Rubio-Gozalbo study was 39.5% (2019). Furthermore, participation in special education
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programs was more prevalent in the patients with cognitive delays (Rubio-Gozalbo et al., 2019).

Both the Rubio-Gozalbo and Waggoner studies had similar prevalence rates for cognitive

developmental delays, with differing patient cohorts producing slightly varied results. This

variability may arise since the Rubio-Gozalbo study has a predominantly European patient

population and was published more recently; thus, special education service availability may

have changed from the time the Waggoner study was published.

Speech Defects

The 1990 Waggoner study found that CG patients who were at least three years old had

a higher prevalence of speech defects at 56%. Similarly, the Rubio-Gozalbo study found that

speech defects were reported in 41% of the patient population, occurring more frequently in

younger male patients (2019).

Motor/Neurological Defects

Waggoner’s study observed a prevalence in motor defects in 18% of their population of

patients with an age greater than 3.5 years (1990). According to the Rubio-Gozalbo study, the

prevalence of motor/neurological problems was 52% of participants between the ages of 0 and

65 years. Neurological problems overall were more prevalent among those greater than 18

years; CG diagnosis via newborn screening may contribute to this trend, as it subsequently leads

to a faster change in diet (Rubio-Gozalbo et al., 2019).

Compared to neurological problems that may present in any age group (such as ataxia

and seizures), motor abnormalities were mainly observed in preschool-aged patients
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(Rubio-Gozalbo et al., 2019). Contrastingly, tremors were first observed more frequently in

patients following the second decade of life (41.3%).

Puberty/Reproduction

Primary ovarian insufficiency (elevated FSH levels) was observed in 80% of the female

patient population from the Waggoner study; the onset of raised FSH levels was also observed

in some cases following the onset of puberty (1990). Two cases in the Waggoner study changed

from an elevated FSH level to a normal level; there was no explicit indication whether these

participants’ levels changed due to beginning hormone replacement therapy. Despite this, only

about 30% of the women in Waggoner’s patient population experienced normal menstruation.

A majority of the women in the Waggoner study regulated FSH levels with hormone therapy.

The Rubio-Gozalbo study indicated that primary ovarian insufficiency was present in

79.7% of women in their patient population. In their study, a majority of women with primary

ovarian insufficiency utilized hormone replacement therapy (83.5%); the median age at which

hormone replacement therapy commenced was 16 years old (Rubio-Gozalbo et al., 2019).

Regarding hormone replacement therapy, Spencer et al. found a prevalence of 39.3%

(n=28) of the studied population required it in order to reach menarche (Spencer et al., 2013).

The Frederick study indicated that 14.2 years was the average age in which menarche was

achieved following the initiation of hormone replacement therapy (Frederick et al, 2018).

Frederick et al. also found that 30.8 was the average age at which hormone replacement

therapy was stopped (2018). Moreover, they also demonstrated that there was an association
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between detectable (greater than 0.04 ng/mL) plasma anti-Müllerian hormone and

spontaneous menarche (Frederick et al, 2018).

Growth/Bone Health

Waggoner reported the prevalence of growth delay in females as 33% and males as 12%

of a patient population that had an age range of 5 to 16 years (1990). A patient’s growth was

reported as delayed if their height-for-age was less than the 3rd percentile (Waggoner et al.

1990). The Rubio-Gozalbo study reported that the median age of patients that experienced

bone fractures was 24, which is younger than the general population’s (Rubio-Gozalbo et al.,

2019).

Socioemotional/Behavioral Problems

Socioemotional and behavioral problems have been demonstrated to be more likely to

occur at an older age (Rubio-Gozalbo et al., 2019); depression was more present after the

second decade of life and had a prevalence of 12.5% in all patients. Contrastingly, anxiety had a

prevalence of 36.8% in patients among those at the preschool age and those in the second

decade of life (Rubio-Gozalbo 2019). The age distribution of the participants in the

Rubio-Gozalbo study may have led to differing results in this area. The onset of psychiatric

problems differs from that of behavioral problems in that the former is less likely to occur prior

to the second decade of life (Rubio-Gozalbo et al., 2019).
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Table 1. Prevalence of long-term outcomes examined in previous studies

Outcome Domain
Waggoner

(1990)

Rubio-Gozalbo

(2019)

Frederick

(2018)

Spencer

(2013)

Schweitzer

(1993)

Speech problems 56% 41% -- -- 65%

Cognitive deficits 45% 39.5% -- -- 45%

Motor skill deficits 18% 52% -- -- --

Growth delays

33.3%

(females) &

12% (males)

-- -- -- --

Primary ovarian

insufficiency /

delayed puberty

80% 79.7% ≥90% >73% 55%

Socioemotional /

behavioral
-- 44.4% -- -- --

Possible Modifiers

Waggoner et al. looked at correlations between the age when diet switch began and the

prevalence of cognitive delays, speech defects, abnormal ovarian function, and growth delays in

their patient population (1990). They found a significant correlation between patients who had

a cognitive delay and altered their diet after 2 months (Waggoner et al. 1990). In terms of the

relationship between diet and cognition, no significant correlations were found between

adherence to a strict or a non-strict (fair) diet and growth or the use of speech therapy or
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special educational interventions in the studied patient population (Frederick et al., 2017). The

Rubio-Gozalbo study supports the findings of the Frederick study that a diet with moderate

liberalization should be recommended (Rubio-Gozalbo et al., 2019). Furthermore, when

examining the relationship of neurological problems with regards to diet, it was demonstrated

that there was a higher prevalence of symptoms associated with a strict diet than a non-strict

diet (Rubio-Gozalbo et al., 2019).

Research cites Waggoner et. al (1990), N.L. Potter et al. (2008), and N.L. Potter et al.

(2013) to indicate that speech problems are more likely to be diagnosed initially in childhood

(Fridovich-Keil & Berry, 2022). Individuals who are diagnosed with a speech problem have been

shown to improve this outcome via speech therapy (Peter et al., 2022).

Relevance of Investigating Possible Associations and Independence of Different Outcomes

Fridovich-Keil and Berry again cite Waggoner et. al (1990), N.L. Potter et al. (2008), and

N.L. Potter et al. (2013) to demonstrate that their research has given some indication that there

may be some correlations among the long-term outcomes of CG (2022). To validate their

findings, more tests and studies are needed to be completed, which is part of what this thesis

intends to examine.

Waggoner’s paper also examined associations between speech and intelligence quotient

(IQ) (Waggoner et. al, 1990). They demonstrated the trend that CG patients in the age range of

6-9 years with higher IQs were more likely to have normal speech relative to their counterparts

with lower IQs (n=88). Furthermore, the study also established that patients with cognitive

developmental delays and lower IQ scores had some correlation with speech defects, motor
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deficits, and growth delays (Waggoner et. al, 1990). Participants who tested in the 3-5 and 6-9

age range, demonstrated a mean 6.2 point decrease in IQ from the former to the latter

(Waggoner et. al, 1990). Similarly, from the 6-9 age group to the 10-16 age group, there was a

mean 4.4 point decrease in IQ (Waggoner et. al, 1990). Moreover, Waggoner reported that for

participants in the 10-16 age group, males had a significantly higher mean IQ score when

compared with females (Waggoner et. al, 1990). Waggoner’s research was later re-considered

by Francine Kaufman, as Kaufman noted that older CG patients might show lower IQ scores

because they did not have access to the early and preventative intervention that was available

to the younger participants (Kaufman et al., 1995).

Thus, this study seeks to determine whether long-term outcomes in CG cluster. This

study’s findings may differ as the population is not confounded, since a majority of the study’s

population was born after early interventions were available. Thus, this study’s cohort was

predominantly identified by newborn screening and had the benefit of early intervention.

N.L. Potter (2013) found that individuals between the ages of 4-16 years diagnosed with

CG are likely to have problems in speech in tandem with coordination and strength disorders.

Specifically, they investigated potential correlations between motor skills (tongue and hand

strength) and speech disorders; their results demonstrated that in their population of CG

patients, there may be a common factor that leads to these outcomes to occur simultaneously

(N.L. Potter et al., 2013).

The literature therefore has questioned whether clustering in the long-term outcomes of

classic galactosemia is present. Patients diagnosed with classic galactosemia have incomplete

penetrance, meaning that not every patient expresses every long-term adverse outcome. They
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also demonstrate variable expressivity, in which patients will experience the same outcome but

with varying severity.

Thus, since not every patient is affected the same, this study also questions whether the

long-term outcomes cluster or if the outcomes are randomly distributed within the CG patient

population.
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CHAPTER 2: Study Methods

Study Participants

Data has been accumulated from family-response surveys as well as formal data (i.e.,

medical and school records, such as speech assessments and standardized test results) that has

been entered into the Emory IRB-approved protocol 00024933 (PI: JL Fridovich-Keil) lab REDCap

records of classic galactosemia patients (Table 2). Participants with a CG diagnosis served as the

cases.

Unaffected siblings’ data represented children without a CG diagnosis and served as a

control for comparisons of prevalence of adverse outcomes. The unaffected siblings served as

the controls for this project as they are matched from the same ancestry as the cases; they most

often have similar –if not the same– lifestyle factors as their CG-diagnosed siblings such as

attending the same school districts, which, in effect, controls for the long-term outcomes with

respect to preventive treatment options. Pairwise comparisons between cases and controls

were not conducted.

TABLE 2. Age and female/male distribution of the custom survey summary score data and

Vineland-3 Test data

Dataset
Participant

Status
Sample Size Age Range

Percent Female & Male

Female Male

Summary
Score Data

Case 74 1-77 years 47% 51%

Control 50 3-71 years 54% 46%

Vineland-3
Test Data

Case 120 0-77 years 56% 41%

Control 78 0-71 years 55% 45%
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Statistical Methods

A cross-sectional study was conducted to analyze and draw comparisons from the

patient data. Outcome domains were assigned ordinal summary scores. The following includes

the outcome domain assignments:

● Cognitive

0. No cognitive problems (may have received preventative intervention)

1. Mild or isolated problems with cognitive development (formal assessment result

and/or received some responsive intervention for cognitive challenge, e.g., IEP in

school)

2. Moderate to severe problems with cognitive development (formal assessment

result and/or received substantial prolonged responsive intervention for

cognitive challenge in school)

● Speech

0. No problems with speech (may have received preventative speech therapy)

1. Documented problems with speech at least in childhood

2. For adult participant, documented problems with speech that persisted to

adulthood

● Motor/Neurological

0. No motor/neurological problems documented

1. Mild or isolated motor/neurological problems

2. Moderate to severe motor/neurological problems
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Vineland-3 Test Data

The Vineland-3 Test allows for behaviors related to the cognitive, speech, and

motor/neurological outcome domains of childhood development to be evaluated (US, 2018).

Scores are based on interview responses from caregivers, teachers, or interviewees (US, 2018).

For this study, all Vineland-3 surveys were completed by parents or caregivers. Vineland-3

interview questions vary by the participant’s age and developmental stage.

The standardized Vineland-3 Test Data was analyzed as a separate data source to

compare against the results of the summary score data. The Vineland-3 Test domains were

selected based on their similarities to the cognitive, speech, and motor/neurological outcome

domains of the custom survey summary score data (Table 3). The following domains were

tested for associations using raw scores (not normed to a reference population):

● Adaptive Behavior Composite Score

● Communication Score

● Motor Skills Score

TABLE 3. Vineland-3 Test sample scoring criteria and interview questions for the selected

domains

Participant Scoring Criteria
Example (Sparrow et al., n.d.)

Sample Question

Adaptive Behavior
Composite Score

Abilities to respond to unexpected
changes

How does the participant respond
to unanticipated changes in tasks?

Communication
Score

Ability to utilize verbs in the past
tense

How does the participant discuss
events that took place in the past?

Motor Skills Score Ability to draw with pen
Is the participant able to utilize a
pen or similar writing utensil

without difficulty?
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Clustering effects were also tested for among the following subdomains:

● Receptive Communication

● Expressive Communication

● Written Communication

● Gross Motor Skills

● Fine Motor Skills

Statistical Tests Completed

Statistical tests were completed utilizing RStudio statistical software. Participants

without sufficient data or who were too young to assess for a given domain were excluded from

analysis.

The Shapiro-Wilk test was utilized to test the normality of the summary score outcome

domains. After rejecting the null hypothesis of the Shapiro-Wilk test, the data was presumed as

nonparametric. Following, the Wilcoxon Rank Sum Test with Continuity Correction was then

utilized to determine whether there was a significant difference between the cognitive, speech,

and motor/neurological domains relative to participant status (case/control) as well as reported

sex.

Linear regression analyses were used to determine whether correlations of outcome

domains were significant among the individuals diagnosed with CG who experienced adverse

long-term outcomes. Thus, to determine any clustering effects relative to participant status,

both the summary score and Vineland-3 Test data were subjected to linear regression analyses.

Possible association of the cognitive, speech, and motor/neurological domain ordinal score
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were separately determined among cases and controls. Linear regression analyses were also

performed on the selected Vineland Test domain and subdomain raw scores to test for

significant linear associations between the selected domains.
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CHAPTER 3: Results

Summary Score Analyses – Cases & Controls

Shapiro-Wilk Test for Normality – Outcome Domains

The Shapiro-Wilk test was conducted to test the normality of the cognitive, speech, and

motor/neurological domains summary score data (Table 4). The cognitive, speech, and

motor/neurological domains were each found to be significantly different from a normal

distribution; the results indicated that the cognitive (p=6.815e-14), speech (p=6.061e-14), and

motor/neurological (p=3.787e-16) domains are nonparametric datasets (p-values < α=0.05).

Table 4. Shapiro-Wilk Test p-values for cognitive, speech, and motor domains

Summary Score Outcome Domain Shapiro-Wilk Test p-value

Cognitive 6.815e-14

Speech 6.061e-14

Motor 3.787e-16

Wilcoxon Rank Sum Test with Continuity Correction – Cases & Controls

The Wilcoxon Rank Sum Test with Continuity Correction was used to test for a significant

difference in the medians of the individual outcome domains relative to case/control status

(Table 5; Table 6). The results indicated that a participant’s score significantly differed on the

basis of case versus control status (p-values < α=0.05). Thus, the null hypothesis that there is no

true location shift of each outcome domain relative to the diagnostic status of the participant

was rejected for the cognitive (Figure 2; p=7.975e-07), speech (Figure 3; p=1.337e-05), and
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motor/neurological (Figure 4; p=1.923e-05) outcome domains. Although the medians for the

motor/neurological outcome scores were the same for the case and control group, there

continues to be a significant difference because the Wilcoxon Rank Sum Test is a non-parametric

test, meaning that a normal distribution is not assumed. The case diagnostic group, therefore,

has statistically significantly more severe results overall than the control group.

Table 5. Medians for the cognitive, speech, and motor/neurological outcome domain summary

scores (cases & controls)

Outcome Domain Cases Controls

Cognitive 1 0

Speech 1 0

Motor/Neurological 0 0

Table 6. Wilcoxon Rank Sum Test with Continuity Correction p-values for cognitive, speech, and

motor/neurological domains by status

Summary Score Outcome Domain Wilcoxon p-value

Cognitive vs Diagnostic Status 7.975e-07

Speech vs Diagnostic Status 1.337e-05

Motor/Neurological vs Diagnostic Status 1.923e-05
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Figure 2. Distribution of cognitive outcome summary score by diagnostic status



19

Figure 3. Distribution speech outcome summary score by diagnostic status
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Figure 4. Distribution of motor/neurological outcome summary score by diagnostic status

The Wilcoxon Rank Sum Test with Continuity Correction failed to reject the null

hypothesis that there is no true location shift of the medians in each outcome domain relative

to the reported sex of the participant for both case and control groups (Tables 7A, 7B, and 7C).

Thus, there is insufficient evidence to demonstrate a significant difference in the outcome

domain scores relative to the reported sex of the participant (p-values > α=0.05).
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Table 7A. Wilcoxon Rank Sum Test with Continuity Correction p-values for cognitive, speech,

and motor/ neurological domains by reported sex (cases & controls); n=123 (one participant

excluded)

Summary Score Outcome Domain p-value

Cognitive by Sex 0.6065

Speech by Sex 0.2034

Motor/Neurological by Sex 0.3216

Table 7B. Wilcoxon Rank Sum Test with Continuity Correction p-values for cognitive, speech, and

motor/neurological domains by reported sex (cases); n=73 (one participant excluded)

Summary Score Outcome Domain p-value

Cognitive by Sex 0.3254

Speech by Sex 0.05072

Motor/Neurological by Sex 0.1261

Table 7C. Wilcoxon Rank Sum Test with Continuity Correction p-values for cognitive, speech, and

motor/ neurological domains by reported sex (controls); n=50

Summary Score Outcome Domain p-value

Cognitive by Sex 0.5818

Speech by Sex 0.6438

Motor/Neurological by Sex 0.2307
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Summary Score Linear Regression Results – Cases & Controls

To lower the probability of committing a type I error, the Bonferroni correction was

applied to ensure the appropriate interpretation of any p-values. The Bonferroni correction for

an α=0.05 significance level given 3 tests conducted equated to an α=0.01667 (=0.05/3).

A statistically significant linear relationship (Figure 5) was found among the cases for the

cognitive and speech summary score domains (Table 8). Although the R² value for relationship

between the cognitive and speech summary score domains was closer to 0 than to 1, the

sample size (n=69) was large enough so that the p-value holds significance (p-value=0.0003636).

The cognitive and motor/neurological summary score domains demonstrated a

moderately strong and positive relationship among the cases (Table 8). A statistically significant

linear relationship (Figure 6) was found between the cognitive and motor/neurological

summary score domains (p-value=5.446e-08).

Among the cases, the speech and motor/neurological summary score domains also

demonstrated a statistically significant linear relationship (Figure 7; Table 8). The R² value for

relationship between the speech and motor/neurological summary score domains

demonstrated a moderately strong and positive relationship. The p-value (p-value=1.579e-05) is

significant due to the large sample size (n=69).
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TABLE 8. Adjusted R-squared values, p-values, and residual standard errors (RSE) for the case

comparisons of the selected summary score outcome domains. *5 observations deleted due to

missingness; **6 observations deleted due to missingness; the degrees of freedom were

therefore adjusted.

Summary Score
Outcome Domain

Comparisons

Sample Size (n) Adjusted
R-Squared

p-value RSE (degrees of
freedom)

Cognitive vs
Speech

69 0.1616 0.0003636 0.6102 (67)*

Cognitive vs Motor 68 0.3534 5.446e-08 0.6281 (66)**

Speech vs Motor 69 0.2331 1.579e-05 9.428 (67)*

Figure 5. Linear regression of the cognitive and speech summary score for cases (n=69; age

range: 1-77 years (median age: 14 years); 32 male, 36 female, 1 other/unknown);

p-value=0.0003636
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Figure 6. Linear regression of the cognitive and motor/neurological summary score for cases

(n=68; age range: 1-77 years (median age: 14 years); 31 male, 36 female, 1 other/unknown);

p-value=5.446e-08
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Figure 7. Linear regression of the speech and motor summary score for cases (n=69; age range:

1-77 years (median age: 14 years); 32 male, 36 female, 1 other/unknown); p-value=1.579e-05

The Bonferroni correction for an α=0.05 significance level was once again conducted to

lower the chance of a type I error occurring in the statistical tests.

A statistically significant linear relationship (Table 9) was found between the cognitive

and speech (Figure 8; p=0.0001909), cognitive and motor/neurological (Figure 9; p=0.0004591),

and speech and motor/neurological (Figure 10; p=1.898e-05) summary score domains (p-values

< α=0.01667). The large sample size of the controls (n=50) overcame the slightly weak R² values

found between the outcome domains.
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Table 9. Adjusted R-squared values, p-values, and residual standard errors for the control

comparisons of the selected summary score outcome domains.

Summary Score
Outcome Domain

Comparisons

Sample Size (n) Adjusted
R-Squared

p-value Residual Standard
Error (degrees of

freedom)

Cognitive vs
Speech

50 0.2384 0.0001909 0.4055 (48)

Cognitive vs Motor 50 0.2116 0.0004591 0.2691 (48)

Speech vs Motor 50 0.3053 1.898e-05 0.2526 (48)

Figure 8. Linear regression of the cognitive and speech summary scores for controls (n=50; age

range: 3-77 years (median age: 14 years); 23 male, 27 female); p-value=0.0001909
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Figure 9. Linear regression of the cognitive and motor/neurological summary scores for controls

(n=50; age range: 3-77 years (median age: 14 years); 23 male, 27 female); p-value=0.0004591
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Figure 10. Linear regression of the speech and motor/neurological summary scores for controls

(n=50; age range: 3-77 years (median age: 14 years); 23 male, 27 female); p-value=1.898e-05
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Vineland-3 Data Analyses

Table 10. Vineland-3 Data parameters table for raw scores

Vineland-3 Domain Description Age Range Criteria

Adaptive Behavior

Composite

A combination of the communication, daily
living skills, and socialization domains

Birth to 90+ years
Communication

Score
Indicates the participant’s ability to listen and
comprehend as well as to articulate notions

via speech, reading, and writing

Motor Skills Ability of the participant to utilize gross and
fine motor skills

The Bonferroni correction value (α=0.01667) was also used when comparing the results

of the Vineland-3 Test data (Table 10).

The Adaptive Behavior Composite Score and Communication Score domains (n=120)

demonstrated a fairly strong and positive relationship among the cases (Figure 11). A

statistically significant linear relationship (Table 11A) was found between the Adaptive Behavior

Composite Score and Communication Score domains (p-value < α=0.01667).
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Table 11A. Adjusted R-squared values, p-values, and residual standard errors (RSE) for the case

comparisons of the selected domains of the Vineland-3 Test *63 observations deleted due to

missingness; the degrees of freedom were therefore adjusted.

Domain
Comparisons

Sample Size (n)
Adjusted
R-Squared

p-value
RSE (degrees of

freedom)

Adaptive Behavior
Composite Score
vs Communication

Score

120 0.7637 < 2.2e-16 6.573 (118)

Adaptive Behavior
Composite Score
vs Motor Skills

Score

57 0.1531 0.00153 9.16 (55)*

Communication
Score vs Motor
Skills Score

57 0.1424 0.002221 9.217 (55)*
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Figure 11. Linear regression of the Adaptive Behavior Composite Score and the Communication

Score for cases (n=120; age range: 0-77 years (median age: 10.7 years); 49 male, 67 female, 4

other/unknown); p-value= < 2.2e-16

A statistically significant linear relationship was found among the cases for the Adaptive

Behavior Composite Score and Motor Skills domains (Table 11A). Although the R² value for

relationship between the Adaptive Behavior Composite Score and Motor Skills (Figure 12)

domains was closer to 0 than to 1, the sample size (n=57) was large enough so that the p-value

holds significance (p-value < α=0.01667).



32

Figure 12. Linear regression of the Adaptive Behavior Composite Score and the Motor Skills

Score for cases (n=57; age range: 0-9 years (median age: 10.7 years); 22 male, 32 female, 3

other/unknown); p-value=0.00153

The Communication Score and Motor Skills case domains also demonstrated a slightly

strong and positive linear relationship (Figure 13) with a statistically significant linear

relationship (Table 11A). The R² value for relationship between the Communication Score and

Motor Skills was once again closer to 0 than to 1; however, the p-value (p-value < α=0.01667) is

significant due to the large sample size (n=57). (For full analysis of Vineland subdomain scores of

the cases, see Supplemental Table 1).
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Figure 13. Linear regression of the Communication Score and the Motor Skills Score for cases

(n=57; age range: 0-9 years; 22 male, 32 female, 3 other/unknown); p-value=0.002221

A statistically significant linear relationship (Table 11B) was found between the Adaptive

Behavior Composite Score and Communication Score (p-value < 2.2e-16; Figure 14), Adaptive

Behavior Composite Score and Motor Skills (p-value=1.479e-05; Figure 15), and Communication

Score and Motor Skills (p-value=0.006427; Figure 16) domains for the controls (p-values <

α=0.01667). (For full analysis of Vineland-3 subdomain scores of the controls, see Supplemental

Table 2).
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Table 11B. Adjusted R-squared values, p-values, and residual standard errors (RSE) for the

control comparisons of the selected domains of the Vineland-3 Test. *41 observations deleted

due to missingness; the degrees of freedom were therefore adjusted.

Domain
Comparisons

Sample Size (n)
Adjusted
R-Squared

p-value
RSE (degrees of

freedom)

Adaptive Behavior
Composite Score
vs Communication

Score

76 0.6644 < 2.2e-16 6.201 (74)

Adaptive Behavior
Composite Score
vs Motor Skills

Score

35 0.4213 1.479e-05 7.92 (33)*

Communication
Score vs Motor
Skills Score

35 0.1801 0.006427 9.428 (33)*
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Figure 14. Linear regression of the Adaptive Behavior Composite Score and the Communication

Score for controls (n=76; age range: 0-71 years (median age: 11.1 years); 34 male, 42 female);

p-value = < 2.2e-16
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Figure 15. Linear regression of the Adaptive Behavior Composite Score and the Motor Skills

Score for controls (n=35; age range: 0-71 years (median age: 13.6 years); 17 male, 18 female);

p=1.479e-05
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Figure 16. Linear regression of the Communication Score and the Motor Skills Score for controls

(n=35; age range: 0-71 years (median age: 13.6 years); 17 male, 18 female); p-value=0.006427
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CHAPTER 4: Discussion and Conclusion

The summary score data analyzed in this study demonstrate a strong clustering effect

among the cognitive, speech, and motor/neurological outcome domains for both CG cases and

controls. Vineland Test data similarly demonstrate a clustering effect among the outcome

domains. Thus, it is more likely that if a participant diagnosed with CG has an adverse outcome

in either the cognitive, speech, or motor/neurological domains, then the participant is also

more likely to experience an adverse outcome in one or more of the other domains.

Given that the outcome scores have similar associations for both the case and control

groups, the clustering we observed may not be specific to classic galactosemia. Rather, the

similar clustering effects present in the case and control groups indicate that the factors that

lead to the different outcomes may be shared within both groups. Of course, despite the similar

clustering effects, the cases experienced much more prevalent and severe outcomes overall.

Thus, there seems to be an additional factor that impacts all the domains and dictates the

adverse outcomes for CG cases.

Although effective dietary treatment can prevent acute symptoms of disease, there are

currently no interventions known that can improve the adverse long-term outcomes in CG.

Further, there are few meaningful prognostic markers in CG. Thus, it is essential to study the

interrelationships between the long-term outcomes in the cognitive, speech, and

motor/neurological domains, to identify whether shared or independent risk factors mediate

the various adverse long-term outcomes and to help families know that if their child with CG

experiences an adverse outcome in on domain, they are also at increased risk to experience
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problems in other domains. Our data presented here are consistent with the conclusion that the

risk factors are shared.

Why is this important?

The data presented here support the conclusion that adverse long-term outcomes in CG

cluster as a result of one or more shared modifiers. Determining clustering among CG adverse

outcomes is also important as it helps families know whether their child with CG is at an

increased risk of experiencing more than one adverse long-term outcome. Further, in planning

for eventual clinical trials of novel interventions for CG, knowing that outcomes tend to cluster

also suggests that study participants who may only demonstrate one negative outcome at the

time of enrollment are also at increased risk for experiencing more adverse outcomes over

time. In short, knowledge of clustering will help families and health care providers make more

informed risk-benefit decisions.

Limitations & Future Directions

Although we made every effort to remain unbiased when scoring the data, individual

bias is always a risk when scoring each participant’s qualitative survey and formal data.

Furthermore, the scores in some cases may reflect incomplete or potentially inaccurate

information shared by a parent or caregiver in surveys on behalf of the participant. Thus, using

similar methods in different study cohorts while simultaneously demonstrating similar

outcomes is essential to confirming the external validity of this study.
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Limitations and future directions: One of the most significant limitations to this study is

that the summary score data are largely dependent on survey data and are not yet completely

substantiated by medical records. However, to address this issue in the future, we plan to

increase the internal validity of the study by determining the fraction of each outcome domain

scores upheld by formal data such as medical records, scholastic assessments, and speech

pathology data. We then plan to run the same statistical tests that were conducted in this study

on the participant subset that has medical record support. We would thus be able to determine

whether there are significant differences in results that are either dependent on the survey or

record support.

In addition to the cognitive, speech, and motor/neurological outcome domains,

additional long-term outcomes can be studied and tested for significant clustering effects.

Finally, a continuation of this project could also include separating statistical tests for clustering

by age group.
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APPENDIX

Supplemental Table 1. Adjusted R-squared values, p-values, and residual standard errors for the

case comparisons of the selected subdomains of the Vineland-3 Test *22 observations deleted

due to missingness; the degrees of freedom were therefore adjusted.

Subdomain
Comparisons

Adjusted R-Squared p-value Residual Standard
Error (degrees of

freedom)

Receptive vs Expressive 0.9253 < 2.2e-16 7.779 (118)

Receptive vs Written 0.2896 6.616 e-09 18.02 (96)*

Expressive vs Written 0.2948 4.601e-09 17.96 (96)*

Receptive vs Gross
Motor

0.8284 < 2.2e-16 9.398 (118)

Receptive vs Fine
Motor

0.8168 < 2.2e-16 8.134 (118)

Expressive vs Gross
Motor

0.8607 < 2.2e-16 8.469 (118)

Expressive vs Fine
Motor

0.8821 < 2.2e-16 6.527 (118)

Gross Motor vs Fine
Motor

0.8634 < 2.2e-16 7.024 (118)

Written vs Fine Motor 0.3714 1.664e-11 6.882 (96)*

Written vs Gross Motor 0.0564 0.01058 8.226 (96)*
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Supplemental Table 2. Adjusted R-squared values, p-values, and residual standard errors for the

control comparisons of the selected subdomains of the Vineland Test. *9 observations deleted

due to missingness; the degrees of freedom were therefore adjusted.

Subdomain
Comparisons

Adjusted R-Squared p-value Residual Standard Error
(degrees of freedom)

Receptive vs Expressive 0.9351 < 2.2e-16 5.904 (76)

Receptive vs Written 0.6565 < 2.2e-16 13.9 (67)*

Expressive vs Written 0.5849 1.229e-14 15.28 (67)*

Receptive vs Gross
Motor

0.8799 < 2.2e-16 5.823 (76)

Receptive vs Fine Motor 0.8586 < 2.2e-16 6.159 (76)

Expressive vs Gross
Motor

0.7991 < 2.2e-16 7.531 (76)

Expressive vs Fine
Motor

0.8669 < 2.2e-16 5.975 (76)

Gross Motor vs Fine
Motor

0.713 < 2.2e-16 8.775 (76)

Written vs Fine Motor 0.5781 2.135e-14 5.168 (67)*

Written vs Gross Motor 0.7057 < 2.2e-16 1.589 (67)*
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