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Abstract

Background: Classical galactosemia (CG) is an inherited disorder of galactose
metabolism treated with a low galactose/lactose diet. Unfortunately, even with
pre-symptomatic diagnosis and life-long dietary intervention, patients with CG
experience long-term complications including low bone mineral density, poor
growth and abnormal body composition. However, muscle strength and the level

of physical activity (PA) have not been reported.

Methods: We compared PA level, muscle strength, and body composition of
patients with CG (8-18 years, n=12) to an age-, sex-, Tanner stage- and
ethnicity-matched population in overall good health. Body composition (LMI and
FMI) was determined by Bioimpedance Analysis. Anthropometric measures were
plotted on CDC growth charts. Growth was assessed from a corrected height z-
score. Muscle strength was quantified from hand-grip dynamometer and a 60-
second sit-to-stand test. Participants wore an ActiGraph tri-axial accelerometer

for 7 days to measure PA level.

Results: Corrected height z-score, weight z-score, and BMI z-score were all
significantly decreased in subjects with CG. There was no significant difference
in LMI or FMI. All muscle strength measures were significantly decreased in
subjects with CG. Control participants spent significantly more time in moderate
to vigorous PA per day than participants with CG, but there was no difference in

time spent in sedentary activity, raw counts per minute, or wear-time.

Xii



Conclusions: Patients with CG are smaller in height and weight with decreased
growth compared to matched controls. Children with CG have decreased muscle
strength and PA. Future studies should investigate the effects of strength training

and increased PA in patients with CG.
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Chapter 1

Specific Aims

Classical galactosemia (CG) is a rare metabolic disorder affecting an
estimated 1:30,000 live births in those of European descent.!* CG is an inherited
autosomal recessive disorder of galactose metabolism characterized by a
deficiency of the enzyme galactose-1-phosphate uridyltransferase (GALT) causing
an accumulation of galactose, galactose-1-phosphate (gal-1-P) and other
abnormal metabolites.

Newborns with CG usually present with neonatal toxic syndrome after
ingestion of galactose from breast milk or a whey-based infant formula. Even with
early detection through newborn screening, complications can still occur, including
failure to thrive, hepatomegaly, renal tubular dysfunction, hypotonia, cataracts and
E. coli sepsis. Immediate treatment with a soy formula or other lactose/galactose-
free formula can reverse acute neonatal manifestations. Long-term treatment
includes a galactose/lactose diet restriction. However, even with early detection
and dietary treatment, long-term complications can develop including intellectual
disability, verbal dyspraxia, abnormalities of motor function, and primary ovarian
insufficiency in females.*

Given the rarity of the disease, the sparse research has focused on growth
and bone mineralization showing decreased height-for-age and decreased bone
mineral density (BMD) in patients with CG.>8 Studies suggest that one in four
adults with CG will develop low BMD and an abnormal body composition.?37*

Intrinsic genetic changes, dietary restrictions, low serum insulin growth factor-1



(IGF-1) concentrations, irregular endocrine status in females and defects in
collagen structure are proposed mechanisms. Only two studies have investigated
body composition finding a strong positive correlation between BMD and lean body
mass (LBM) in those with CG?23. Overall, the research concludes that the
abnormalities seen in CG are most likely multifactorial in origin.

The limited research has shown that patients with CG are likely to have an
abnormal body composition. The level of physical activity (PA) and muscle strength
has not been documented and it is not well understood how dietary management
contributes to the patient phenotype. The lack of research suggests that these
factors need to be investigated further to establish improved treatment and
prevention protocols.

This project aims to investigate an understudied population by enhancing
our understanding of body composition of patients with CG that can contribute to
improving practice recommendations and promotion of healthy lifestyles. We
propose to investigate PA, muscle strength, and body composition of patients with
CG, ages 8 to 20 years, followed at an established metabolic clinic in the United
States of America (USA). An age-, sex-, ethnicity- and Tanner Stage-matched
pediatric reference population in overall good health will be recruited from the

Doernbecher Children’s Hospital (DCH) General Pediatric Clinic.



Specific Aim 1: We will assess the body composition of patients with CG, ages 8

to 20 years, by Bioelectrical Impedance Analysis (BIA) and anthropometric
measurements and compare the results to a control pediatric population in general
good health.
Hypothesis 1: We predict that patients with CG will have a higher body fat
mass index in kg/m? (FMI) and lower lean mass index in kg/m? (LMI) in
comparison to the control population.
Hypothesis 2: We hypothesize that patients with CG will have a reduced
height z-score, mid-parental corrected height z-score, weight z-score, and
waist:hip circumference compared to the matched controls.

Specific Aim 2: We will determine the relationship between muscle strength and

PA level on body composition factors in patients with CG by comparing BIA,
muscle strength measures (dynamometer grip strength and sit-to-stand
repetitions), and PA level measured by an accelerometer.
Hypothesis 1: We hypothesize LMI will positively correlate with muscle
strength measures and PA level.
Hypothesis 2: We believe that patients with CG will have lower muscle
strength measures and PA levels than age-, sex-, ethnicity- and Tanner

scale-matched controls.



Chapter 2

Background

Galactose Metabolism

The Leloir pathway of 3-D-galactose metabolism is a three-step process to
convert B-D-galactose into glucose-1-phosphate. After this conversion, glucose-
1-phosphate can enter glycolysis. In the Leloir pathway, (3-D-galactose is first
converted into gal-1-P by the enzyme galactokinase (GALK). In the second step,
GALT transfers a uridine monophosphate from uridine diphosphate (UDP)—
glucose to galactose—1-phosphate, releasing glucose—1-phosphate and
producing UDP—galactose, by a double displacement reaction involving a
histidine 186 residue at the active site of the catalyst. GALT is a dimeric
enzyme.® GALT has a specific nucleoside monophosphate transferase activity,
which has been well characterized and described by ping-pong kinetics.'° The
resulting UDP—galactose is reconverted into UDP—glucose by the final Leloir

enzyme, UDP—galactose 4-epimerase (Figure 1).

Mutations to the GALT gene disrupts galactose metabolism by creating a
decrease in GALT activity, resulting in an autosomal recessive inborn error of
metabolism, CG. GALT deficiency creates an accumulation of gal-1-P; ultimately
causing substrate inhibition of GALK, thus increasing galactose and the
production of galactitol and galactonate metabolites.” High concentrations of
these metabolites can have long-term, adverse effects on development of

skeletal, ovary and other tissues.’



Over 260 variants to the GALT gene are known, of which 85% have
pathogenic outcomes.'® About 60% of CG-related mutations are missense
mutations that are distributed along the whole gene.#1%1 These mutated
residues alter GALT’s stability, structure, function, or the active site and thus its
activity. With an attempt to understand the complex interactions of the genotype-
phenotype outcomes of CG, the number of known missense variations in the

GALT gene has increased by 50% in recent years.*910
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Figure 1. Galactose Metabolism

Prevalence and Genotype Worldwide

There is a characteristic distribution of the frequency of specific GALT
mutations and incidence of CG in different ethnic groups. In the USA, the
incidence of CG from 1999-2009 was 0.020/1,000 births or 1:50,000 newborn
infants.* CG seems to be more common in those of European descent. CG

occurs in 1:30,000 live births in European countries.*1? The indigenous Irish



Travelers have the highest incidence rate of 1:480 births.1? Turkey has a reported
1:23,000 incidence rate.® Genetic screening has become a valuable tool in

assessing ancestry, prevalence, and detection of CG worldwide.

Common mutations in the GALT gene include Q188R, K285N, S135L, and
N314D. For both Irish Travelers and those of predominant European descent the
most common defect is seen at Q188R.41314 The wild type glutamine 188
residue stabilizes the uridyl-enzyme intermediate by establishing two hydrogen
bonds with the a- and 3-phosphoryl oxygens on UDP-glucose. The Q188R
mutation replaces the glutamine residue with an arginine residue. Arginine can
only establish one hydrogen bond with the intermediate, thus decreasing its
stability.® (Figure 2) More importantly, this change in hydrogen bonding slows the
nucleophilic attack of UDP-glucose by galactose 1-phosphate and creates steric

hindrance decreasing the hydrogen bonds between the subunit dimers of GALT.®
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R333 e’

Figure 2: Ribbon Diagram of GALT Protein and Common Mutated Residues
location of amino acids that are altered by mutations in human GALT. Variants
are shown in dark grey in one subunit of the homodimer. The position of the
active site histidine (His-186) is indicated by the black block arrow. The model
was obtained using the online molecular modeling service and McCorvie et al
review®,

Overall, Q188R is responsible for the majority of mutant chromosomes in

CG, but there are significant differences in its relative frequency in individual
populations. The frequency of the Q188R mutation in different countries has
been reported as follows: Ireland 93.6%; Great Britain 77%; Germany 69%;
Austria 60%; Portugal 57.8%; The Netherlands 58.5%; Spain 50%; Poland
51.3%; the Czech Republic and the Slovak Republic 46%; and Hungary 45%.%3
As one can observe from these reported frequencies, the prevalence of the
Q188R mutation decreases from the west to east and north to south on the
European continent. Those with homoallelic Q188R mutation have no detectable

enzyme activity and a severe CG phenotype.t14



Conversely, the S135L mutation is the prevalent cause of galactosemia
among those of South African and African American descent.'*%> The S135L
mutation causes various degrees of enzyme impairment among different tissues.
The S135L mutation displays little to no activity in erythrocytes, but does cause a
greater detectable GALT activity in leukocytes when compared to other missense
mutations and produces an approximate 10% residual activity in the liver and
small intestines.'41” Thus, patients homozygous for S135L may have a milder
phenotype and better clinical outcome than those with other galactosemia

genotypes.

Undoubtedly, there is considerable genetic heterogeneity described in the
literature resulting in a high degree of observed phenotypic heterogeneity in the
CG population. Examining the correlation between genotype’s effect of the
mutation at the protein level and the resulting clinical phenotype may help to
predict the outcome of the disease, including the origin of the complex, long-term
clinical deficits observed in adult patients. In addition, it is important to examine
not only genetic variation but the effects of nonallelic variation and other

constitutional factors on the phenotypic variability observed in this population.

Initial Presentation and Diagnosis

A CG infant who ingests breastmilk or a whey-based formula will first
develop poor feeding, vomiting, and lethargy. With continued ingestion of
galactose, undiagnosed infants will develop liver dysfunction and jaundice

followed by renal failure, cerebral impairment, cataract development, and



breakdown of gut integrity leading to an E. coli sepsis infection that causes a 30-
50% mortality rate for those left untreated.?18 The mortality rate has significantly
decreased with early newborn screening and subsequently immediate initiation of

treatment.

In the 1980s, CG was added to the newborn screening panel in the USA.
Two screening tests are used to detect galactosemia in a two-tiered
sequence.®?0 First a quantitative GALT assay is performed; the GALT enzyme
test depends upon fluorescence produced by the normal galactose enzyme
cascade in red blood cells (RBC). An abnormal result is a diminished or absent
fluorescent activity and is found in 1:2,000 infants.?° This assay does not
differentiate milder variants from severe defects in GALT activity. Thus, all infants
are screened with the GALT test and any infant with an abnormal GALT activity
will then be screened with the second tier, the Hill test. The Hill test is a
fluorometric chemical spot test that measures galactose and gal-1-P which are
greatly elevated in neonates with galactosemia. If an infant has both an abnormal
GALT and abnormal Hill test, the newborn screening lab will contact the infant’s
Primary Care Provider (PCP) and a referral to a metabolic program to request
confirmatory tests to diagnosis the infant with CG. These follow-up tests include
a GALT enzyme assay, RBC gal-1-P, and mutation analysis of the GALT gene.

The newborn screening tests to detect CG have 99% validity.?°

Although complications including failure to thrive, feeding difficulties,
hypotonia, brain edema, cataracts, hepatomegaly, and renal tubular dysfunction

can develop before newborn screening results become available, screening has



allowed for earlier diagnosis and initiation of dietary treatment. With treatment,
any acute complications resolve and RBC gal-1-P concentrations typically

decreases into the treatment range within seven to nine months of age.?!

Diet Treatment

Newborns diagnosed with CG have the same nutritional requirements as
healthy infants.'#2? With a suspected diagnosis of CG, the infant should
immediately stop consumption of breast milk or whey-based infant formula due to
the high content of lactose. Lactose is a disaccharide composed of D-galactose
and B-glucose joined by a 1-4 glycosidic linkage. Thus, any food high in lactose
will subsequently be high in galactose. Infants with a positive screen for
galactosemia should be placed on an infant formula with minimal galactose

immediately, without waiting for final confirmation of the diagnosis.?®24

A soy based infant formula containing soy protein isolate as the protein
source is the recommended diet treatment.'42324 All forms of soy based infant
formulas contain negligible amounts of galactose and are appropriate for
treatment. Compared to powdered soy formulas, liquid concentrate and ready-to-
use soy infant formulas contain some galactose from carrageenan.'* Carrageen
molecules, found in red seaweed, form helical structures that have thickening
and emulsifying properties as a food additive.?> Carrageen is a large,
polysaccharide molecule with repeating galactose, 3, 6 anhydrogalactose, and
sulfate galactose units joined by alternating f 1—4 and a 1-3 glycosidic linkages.

Carrageen is considered a dietary fiber and cannot be hydrolyzed by intestinal

10



enzymes of both humans and monogastric animals.?® Thus, the galactose
present in ready-to-use and liquid concentrate infant soy formulas are safe for

consumption by infants with CG.

Soy formulas are contraindicated in premature infants, including those
diagnosed with CG.2® Soy formulas have been found to increase a preterm
infant’s risk for premature osteopenia by increasing serum alkaline phosphate
and decreasing serum phosphorus concentrations when compared to serum
concentrations in preterm infants fed cow’s milk based formula.?”?8 In premature
infants with CG, L-amino acid based elemental formulas are recommended.
Furthermore, CG infants presenting with acute hepatic dysfunction and possibly
limited absorption, casein hydrolysate infant formulas or L-amino-acid elemental
formula should be considered over soy based formulas.'#?* Elemental formulas
contain no galactose and are considered for infants with erythrocyte gal-1-P
concentrations that are decreasing too slowly.!* Published case studies of 3
infants with CG showed a more rapid decrease in RBC gal-1-P after changing
from a soy based to an elemental formula at 4 to 6 months of age.?>?° Yet, no
formal studies have been conducted to make an evidence-based
recommendation for the routine use of elemental formulas over soy based
formulas in infants with CG. They are only prescribed if there is a specific

indication for their initiation.14

Introduction of complimentary and solid foods to infants with CG follow the
same developmental stages as for the general pediatric population.

Gastrointestinal symptoms of constipation and nausea are common in children

11



with CG with an increased incidence four to five fold greater than the general
pediatric population.3® There may be a correlation between gastrointestinal
symptoms and dietary restriction in early childhood, yet this needs to be further
elucidated, The benefit and extent of galactose restriction beyond infancy
remains unclear and clinics have varying protocols in dietary treatment

recommendations around the world.14

Dairy products are the major contributor of lactose and galactose in the diet
after infancy; 100 ml of milk contains 2400 mg of galactose.3! Thus, there is
consensus among practitioners to eliminate dairy-based foods and ingredients
from the CG diet. Yogurt, cottage cheese, and most other dairy products contain
high concentrations of lactose and thus, galactose. Yet, with food processing,
lactose and galactose concentrations can be significantly reduced to allow some
dairy products in the diet for CG. For example, cheese is a fermented food
product in which the lactose in milk is converted to lactic acid by the action of
bacteria. A variety of factors in cheese production, such as the starter bacteria
strain, aging temperature, and length of aging, can eliminate lactose and
galactose making some aged, hard cheeses acceptable to include in the CG

diet.14

Cheese is made through the separation of the whey and casein proteins
found in milk. Cheese production begins when a starter culture of bacteria and/or
renin is added to milk for acidification by converting lactose to lactic acid. This
allows the milk to form a gel which is cut or broken and the gel pieces contract to

release liquid whey. The solid casein fraction, also referred to as curds, is

12



suspended in the liquid whey. Syneresis or the process of removing moisture
from the curds is enhanced by heating the mixture. This temperature can also
influence the amount of lactose removed. Eventually, the solid curds are
separated from the liquid whey. Since lactose is a water-soluble molecule, a
majority of lactose remains in the liquid whey. Whey is an important by-product of
cheese manufacturing and is added to many commercial food products. Whey

has a significant amount of lactose and should be avoided by CG individuals.

Once separated, the curds are molded, shaped, and manipulated depending
on the variety of cheese being produced. The casein curd fraction still contains a
significant amount of residual lactose. Finally, the cheese will be aged or ripened.
The conditions under which the cheese is ripened and the period of aging
determines the final lactose and galactose content of the cheese.*3? The UK
GSG Medical Advisory Panel recommends cheese should have a lactose and
galactose consistently below 10 mg/100 g for its inclusion in a low galactose

diet.33

Gruyere, Jarlsberg, mature Cheddar cheese, Comte (aged greater than 12
months), brick Italian Parmesan (aged greater than 10 months), and
Emmentaler, Swiss Fondue or Swiss cheese have been found to contain
negligible galactose due to their aging and production processes.**3233 |t is
important to note, not all mature Cheddar cheese is processed in the same way
and will have varying amounts of lactose. Cheddar chesses produced by small
regional dairies using traditional cheese-making techniques were found to have

lower galactose concentrations than similar cheeses produced by large-scale,

13



national manufacturers.'* In the traditional manufacture of Cheddar cheese, the
lactose content decreases as cheese dries naturally over many months in
truckles covered only by a cloth or dried in blocks or covered in a rind. However,
in large-scale manufacturing, the cheese will undergo maturation within its plastic
wrap packaging. Thus, maturation within the package does not decrease lactose

levels in the cheese.33

While there is consensus among clinicians to eliminate most dairy products
from the CG diet, there is more variability about allowing various plant products
that contain minor amounts of galactose.3* Many fruits, vegetables, and legumes
contain free and bound sources of galactose. Fresh and processed fruits and
vegetables contain a free galactose content ranging from <5 to 77 mg of
galactose in 100 g of food.* Free galactose can be absorbed by the human Gl
tract and contribute to dietary galactose intake. Plants also synthesize a
multitude of complex carbohydrates, mostly found in the cell wall. Cell wall
polysaccharide structures are diverse and vary between individual cell types and
different developmental phases. Galactose can be “bound” in various cell wall
polysaccharides but these sources of galactose are not digestible in the human
gastrointestinal tract. Other forms of bound galactose in plant tissues are
conjugated with proteins and lipids. Upon ripening, plants produce both alpha-
and beta-galactosidases that can release galactose from the cell wall.* The
metabolizable content of free galactose and galactose oligomers in plant tissues
available in the human gastrointestinal tract varies based on many factors such

as the ripeness, and developmental stage of the plant.14323% (Table 1)
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Acosta and Gross reported that various legumes contain a high
concentration of free galactose, especially garbanzo beans.3¢ Yet, a more recent
study reanalyzed commercially canned garbanzo beans and other legumes and
found significantly less free galactose in beans and canning liquid than Acosta
and Gross’ findings.3? This study reported a higher level of free galactose in the
canning liquid and the galactose content of legumes can be reduced by

discarding the cooking liquid and rinsing canned beans before consumption.

When studies finding free galactose in plant-based products were published
in the 1990’s, many clinicians started to restrict fruits, vegetables and legumes
with higher amounts of free galactose from the CG diet. Yet, further studies did
not find improved clinical outcomes for individuals who restricted these minor
sources of galactose from the diet. Thus, newer recommendations do not

advocate restricting these plant-based foods, ¥’

Most of the galactose found in soybeans and soybean food products is bound
and not digestible by the human gastrointestinal enzymes and, thus, are safe for
consumption by patients with CG. Once the soybean is fermented, free galactose
is released from various oligosaccharides found in the soybean. Thus, fermented
soy products contain significantly greater amounts of free galactose compared to
unfermented soy products. Fermented products include soy sauce, miso, natto,
tempeh, and sufu (fermented soy cheese).'*3? Most of these products are used
as condiments in very small quantities in the diet. This should be considered
when making recommendations to include fermented soy products in the diet for

individual patients.
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Dietary treatment can reverse acute neonatal manifestations. Yet, with
lifelong dietary galactose restriction, elevated concentrations of galactose
metabolites persist and potential long-term complications can still develop; these
include intellectual disability and developmental delays,* abnormalities of motor
function, verbal dyspraxia,*'® speech abnormalities,* clinical depression,
anxiety,* primary ovarian insufficiency in females,?'¢ abnormal growth,> low bone
mineralization,®” and abnormal body composition.?2 These complications do not
seem to be related to dietary galactose restriction and their etiology is not
completely understood.#38:3% Jumbo-Lucioni et al surveyed 5 continents
representing 11 countries on their management of CG.%° They found no clear
correlation between differing approaches to care and long-term outcomes.
Negative outcomes were present in the majority of patients and found to be
independent of treatment initiation, restriction of galactose, or extent of patient
follow-up. This global comparison demonstrates that there is no one best practice
for managing CG, although recently published international guidelines are

attempting to standardize treatment protocols for this population.3’
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Table 1: Reported Galactose in Various Foods
Galactose
Content
(mg/100 g
food) Mean +
Food Product SD
Cheddar Cheese 95+17.9
Gruyere 41+1.2
Parmesan (aged > 10 months) 18.3 £13.3
Various Fruits (raw or processed) 9.7+7.9
Various Vegetables (raw or processed) 93+114
Fruit and Vegetable Juice 18.3+14.0
Garbanzo Beans (cooked or processed) 148.5 £ 197.0
Other Legumes (cooked or processed) 46.2 + 63.1
Tofu, silken 90 (dry weight)
Soy Sauce (mg/100mL) 290.7 £121.2

Van Calcar SC, Bernstein LE, Rohr FJ, Yannicelli S, Berry GT, Scaman CH.
Galactose content of legumes, caseinates, and some hard cheeses:
implications for diet treatment of classic galactosemia. J Agric Food Chem.
2014;62(6):1397-1402.

Endogenous Galactose Production

Continued elevations in erythrocyte gal-1-P content in patients with CG
despite elimination of lactose/galactose from the diet, as well as elevated gal-1-
P concentrations found in the cord blood cells of newborns with CG who were
born to women on a lactose-free diet and thus were never exposed to an
exogenous source of galactose, suggests that there must be an alternative
pathway to produce gal-1-P from other means than just exogenous galactose
intake.®° In 1969, Gitzelmann and Steinmann?*! were the first to propose a
mechanism of endogenous galactose synthesis from turnover of glycoproteins
and glycolipids. In 2001, Berry et al®® established that there must be an
alternative non-GALT oxidative pathway by feeding an oral bolus of isotope

labeled galactose to a patient with CG and collecting breath samples over 24
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hours to measure the amount of administered galactose that was oxidized.3® An
age matched control was able to oxidize and eliminate over 15% of the
administered galactose in three hours whereas it took 20 hours for the patient
with CG to eliminate 15% of the administered galactose.3%° The data suggests
that even with 0% GALT activity, a patient with CG can oxidize the same amount

of galactose as a healthy control, but only after a much longer time.

Additional studies have investigated endogenous galactose production by
continuous infusion of a stable isotope tracer of D-galactose to determine the
apparent rate of endogenous galactose appearance over 24 hours in CG
patients.3%42 These findings supported the theory of endogenous production of
galactose from glycoprotein and glycolipid turnover by detection of unlabeled
COg2, galactose metabolites, and galactose in plasma. The whole body
endogenous galactose synthesis rate in CG patients was originally estimated as
0.76-1.05 mg/kg/h by Berry et al.38 This was later disputed as an overestimation
due to analytical shortcomings.*? Newer research estimated the synthesis rate for
adults (n=6) with CG to be 0.58 mg/kg/h £ 0.12 SD. The production of galactose
in infants and children was significantly higher (p=0.002) at 1.38 mg/kg/h £ 0.73
(n=17) suggesting that CG patients’ de novo synthesis of galactose declines with

age. %

A subsequent study#? investigated whether the galactose release rate from
endogenous sources might be growth related. It would be expected to see an
accelerated turnover rate of endogenous galactose during periods of growth and

a cessation in adulthood. The data fit well to a simple growth rate model, finding
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an exponential decrease in endogenous production rate after puberty until
reaching a constant rate in adults.*? This further supports the theory that the
primary source of endogenous galactose is from a basal glycoprotein and
glycolipid turnover, necessary for tissue maintenance and integrity. This
endogenous source of galactose results in elevated gal-1-P and galactose
metabolites in infants and children with CG and may account for the long-term

complications observed in this population.

Current research suggests that the liver clears a three-fold higher amount of
galactose released from peripheral tissues in infants with galactosemia
compared to adults.*? Isselbacher hypothesized*® that dietary galactose
tolerance might increase with age by up-regulation of the hepatic UDP—-glucose
pyrophosphorylase (UDPGP) enzyme. UDPGP catalyzes conversion of glucose
1-phosphate to UDP-glucose, but can also use gal 1-P as a substrate to form
UDP-galactose, thus providing an alternative pathway to utilize galactose in

individuals with CG.*3 (Figure 1)

It is estimated that endogenous galactose production is approximately 10
times greater than the average 50 mg galactose in the restricted diet consumed

by children and adults with CG. (Table 2).

Potential nutritional consequences of a galactose restricted diet

Since recent studies demonstrate that endogenous galactose production
greatly exceeds exogenous dietary galactose consumption from plant sources,

lactose from dairy sources has become the primary source of galactose that is
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Table 2: Apparent Galactose Appearance Rate

Average Rate of
Endogenous Daily Exogenous
Galactose Milligrams of Galactose

Production Average Endogenous from CG
Age (mg/kg/hr.) Weight Galactose Restricted Diet
Infant 1.45 mg/kg/hr. 10 kg 350 mg 0 mg
Child/Teen 1.0 mg/kg/hr. 35 kg 840 mg 50 mg/day*
Adult 0.67 mg/kg/hr. 70 kg 1125 mg 50 mg/day*

*Approximate galactose content of a typical galactose-restricted diet including 3
servings of fruits and vegetables with a galactose content of >20 mg/100 g food.

Schadewaldt P, Kamalanathan L, Hammen HW, Wendel U. Age dependence of endogenous
galactose formation in Q188R homozygous galactosemic patients. Mol Genet Metab.
2004;81(1):31-44.

restricted in the prescribed diet treatment for CG. Recent guidelines do not
recommend restriction of minor sources of galactose primarily found in plant

products.3’

The primary nutritional concern from the required dietary restriction is
consuming adequate calcium and vitamin D from dietary sources, which
becomes more difficult once a child is no longer consuming a fortified soy
formula.# It is standard practice to prescribe calcium and vitamin D

supplements; but compliance issues may lead to nutritional inadequacies.

The galactose-restricted diet is considered a primary risk factor for bone
loss and/or inadequate accrual of nutrients that play a key role in body
composition and bone physiology. Concentrations of calcium in serum has been

found to be a significant predictor of BMD in patients with CG and low total 25-
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hydroxyvitamin D concentrations have been noted in several studies.®44 Thus,

diet may have a dramatic effect on a patient’s phenotype.

Metabolic Intoxication

Exogenous and endogenous galactose is a major component of complex
carbohydrates in glycoproteins and glycolipids in the nervous system and
defective glycosylation impairs neurodevelopment and neurological function.*°
Decreased exogenous galactose may lead to poor incorporation of galactose into
protein and lipid structures. Glycosylation defects in muscular dystrophies (MDs)
and congenital disorders of glycosylation (CDGs) are characterized by severe
neurological impairments causing hypotonia, strabismus, developmental delay,
and an underdeveloped cerebellum. CG has been referred to as a secondary
disorder of glycosylation since patients with CG experience many of the same
neurological symptoms as individuals with CDG. There is long standing literature
documenting glycosylation defects in those with CG finding abnormal patterns of
glycoproteins and a deficiency of glycolipids containing galactose or N-

acetylgalactosamine in postmortem brain tissue.*546

With deficient GALT activity, endogenous and exogenous sources of
galactose results in elevated gal-1-P concentrations and a product inhibition of
GALK. Galactose concentrations increase and ultimately are diverted into the
secondary pathways of aldose reductase forming galactitol and galactose

dehydrogenase forming galactonate.** (Figure 1) Accumulation of these
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metabolites can lead to cell intoxication and cell death, possibly playing a role in

the pathophysiology observed in CG.%7

Galactitol seems to play a prevalent role in the pathology in CG. The
GALT knockout mouse develops similar biochemical features to those observed
in humans including high concentrations of gal-1-P, but have minimal elevations
of galactitol in tissues. These mice do not develop cataracts, which form in
humans from an accumulation of galactitol in the cells of the ocular lens. The
mice have normal reproduction and do not demonstrate neurological impairment
as seen in humans with CG.! Thus, GALT deficiency, elevated gal-1-P and

galactitol are all involved in the human phenotype.

The variability of clinical outcomes observed in patients with CG could be
related to heterogeneity of the inherited GALT allele activity, individual
endogenous production of galactose, individual ability to oxidize galactose, and
the function of alternative enzymes in metabolic pathways resulting in different
levels of metabolic intoxication. Yet, studies have not been able to demonstrate a
strong correlation between RBC gal-1-P and serum galactitol concentrations to
clinical outcomes.>*’ In a retrospective cohort study of siblings*®, there were no
significant differences in long term outcomes, despite differences in early
neonatal course. For example one pair of siblings, the eldest sibling was
diagnosed after becoming symptomatic and was not started on a therapeutic diet
until 63 days of life; while the younger sibling was diagnosed and treated during
the first week of life, yet these siblings do not exhibit differences in long-term

outcome, Similar sibling pair studies have corroborated this finding,
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demonstrating that the pathophysiology is multifactorial in origin and not solely

related to metabolic intoxication.16:47

Glycosylation Deficits and Long-term Outcomes

Abnormal elevations of galactose, gal-1-P, and galactitol in CG alters
glycoprotein and glycolipid production.*64% Elevated cellular concentrations of
gal-1-P competitively inhibit the galactose metabolism pathway, the inositol
monophosphatase pathway, and hepatic glucosyltransferases.46:°° Hepatic
glucosyltransferases are critical enzymes in glycoprotein assembly and

processing and glycolipid synthesis for myelin production.40:49.50

High gal-1-P concentrations in neonates with galactose-intoxication
promotes endoplasmic reticulum (ER) stress, which, in turn, disrupts protein
folding.#®%0 This severely disrupts the assembly of N-glycans in the ER of
neonates with CG. Coss et al®® observed that an untreated neonate with CG had
both N-glycan assembly and processing defects from an accumulation of
incorrectly glycosylated N-glycans with decreased sugar residues and altered
glycan branching. Other studies*?454%.5 have observed similar abnormalities in
glycosylation of N-glycans in serum transferrin from untreated neonates with CG.
After introduction of galactose restriction, the gross assembly abnormalities are

largely corrected.

In treated children and adults with CG, N-glycan assembly defects are not
evident, but N-glycan processing in the Golgi body of the cell seems to be

impaired. Studies have shown that treated pediatric and adult patients with CG
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continue to have decreased galactosylation of the N-glycan structure relative to
healthy age-matched controls suggesting ongoing processing defects, with poor
incorporation of galactose and sialic acid.**#° These subtle, but chronic,
glycosylation processing defects are observed only in some patients despite
adherent dietary treatment and raises the possibility that deviations in
glycosylation might contribute to the long-term complications experienced only by

a subgroup of treated patients.

Coss and colleagues concluded that Immunoglobulin-G (IgG) N-glycan profiles
may be a highly sensitive marker of galactose tolerance; N-glycosylation patterns
in serum from treated CG patients showed consistent individual alterations in
response to a partial and transient diet liberalization over a 16-week period.#6:4
There was significant individual variability in galactose tolerance levels even in
patients with identical genotype and siblings with an identical genotype. At a
galactose intake of 1,000 mg/day, N-glycan profiles were improved in all but one
patient, with decreases in a-galactosylated (G0) and increases in di-
galactosylated (G2) N-glycans. This suggests that CG is a modifiable

galactosylation disorder with an alternative pathway for galactose oxidation.40:46

Strict galactose restriction is life-saving in the neonatal period, but it is
important for future research to explore the best way to determine the optimal
galactose intake for older individual patients to optimize glycosylation patterns,
and perhaps prevent long-term neurological complications. It is important to

target pediatric and young adults as the process of brain myelination in humans
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extends into at least the first 20 years of life and complications observed in adults

are irreversible.14

Patients experience a range of severity of neurological complications and
they seem to be related to, yet independent of, glycosylation patterns suggesting
that the pathophysiology is multifactorial in nature. Reduced brain myelination
has been shown from neuroimaging studies.>%>! This might be due to lower
levels of galactose-containing glycolipids in myelin and reduced

galactocerebroside.>°

Decreased glycoproteins could also play a role in the neurological motor
dysfunctions of ataxia and dystonia observed in CG. GALT, GALK, and UDP-
glucose have been shown to play a role in the biosynthesis of the heavily
glycosylated neuromuscular junction (NMJ) synaptomatrix, which has a crucial
role in synaptogenesis during normal development, and its disruption from
defects in glycosylation is implicated in numerous heritable disease states #° The
GALT-deficient Drosophila disease model has shown loss of GALT activity
impairs coordinated movement, synaptomatrix glycosylation losses, altered
trans-synaptic signaling pathway components, defective synaptogenesis, and
structural synapse overelaboration.*® The glycan loss in the NMJ synaptomatrix

is a potential underlying pathogenesis of motor dysfunctions reported in CG.

Glycosylation can also affect protein folding, effector functioning of
proteins, half-life of proteins and the biological activities of many other signaling

and receptor proteins. This may have a functional systemic effect on the
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dysregulation of leptin receptor glycosylation, IGF binding protein and follicle

stimulating hormone (FSH) even in treated patients with CG.4%:52

Diet Independent Long-term Complications in Classical Galactosemia

Unfortunately, even with pre-symptomatic diagnosis and strict life-long
dietary intervention and compliance, a majority of patients with CG experience a
constellation of troubling long-term complications.* These include cognitive
and/or behavioral impairment, motor dysfunction (dystonia, tremors, ataxia), poor
myelination, scattered white matter (WM) abnormalities, cerebellar atrophy, and
altered cerebral glucose metabolism.*53 As a result, at least half of all patients
with CG experience learning disabilities, diminished 1Q, executive functioning
deficits, and speech disorders.* Low BMD, poor growth and abnormal body
composition have been observed.?3%7 In addition, primary or premature ovarian

insufficiency (POI) is noted in more than 80% of females.* 716

Most of the evidence does not suggest this sequelae to be progressive or
degenerative in nature.! However, Waisbren et al* reported high levels of
depression and anxiety among 39-67% of patients with CG, ranging from 18-59
years of age. There was a much higher prevalence among males. Logistic
regression analyses revealed age to be a strong predictor of depression with a 3-
fold increase in odds of developing depression for every 10-year increment of

age.*
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Gonadal Function

The most common long term complication observed in CG is
hypogonadotropic hypogonadism, affecting 80-90% of female patients.*816.54
There is a spectrum of severity. Some women have primary amenorrhea and
require hormone therapy to achieve secondary sexual characteristics, while
others do achieve menarche.!® Yet, of those who are able to menstruate, most
develop oligomenorrhea and eventually develop secondary amenorrhea. Similar
to other complications noted in this population, the cause of the insult is
unknown. It seems to be more common in those with homozygosity of the Q188R
mutation with RBC gal-1-P concentrations greater than 3.5 mg/dL despite diet
therapy.® Levels of gonadotropin are monitored and estrogen/ progesterone
replacement is administered as necessary. Preghancies without hormone
replacement have been reported, but are rare.! Possibly significant to this
pathology, follicular stimulating hormone (FSH) is quantitatively abnormal in

females with CG showing reduced terminal glycosylation.4°

The reproductive tract does not seem to be impaired in males. There have
been preliminary reports of cryptorchidism and low semen volume.>® There have
been few reports of males with CG fathering a child, but this may be due to the
high incidence of depression in males with CG rather than abnormal hormone

concentrations.4°6
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Neurological Sequelae

Patients with CG are at risk for central nervous system (CNS) dysfunction
including motor disorders, cognitive impairment, learning difficulties, psychiatric
symptoms or, most commonly, speech and language problems. Motor
complications have been reported in 18%—66% of patients with CG.1#53 The
most common feature is a progressive tremor, although a subgroup develops a
more serious cerebellar ataxia and dystonia.>>® The cerebellum is particularly
involved in targeted movements and learned motor functions. Disorders that
damage the cerebellum cause ataxia with abnormal regulation of movement
speed, force, and direction. In the limbs, this translates to poor targeting and poor
rhythmicity of movement. In the trunk, this can create gait ataxia and poor
balance. Poor coordination or "clumsiness" experienced by some patients with
CG may reflect abnormally slow movements (bradykinesia), poor fine motor
coordination, and stiffness (rigidity), all key features of basal ganglia dysfunction,
as seen in Parkinson disease (PD), although, symptoms observed in CG are not
as severe as in PD. Dystonia is an abnormal involuntary twisting posture. It is a
key motor feature of disorders that impact the basal ganglia, such as PD and
Huntington disease (HD). New research suggests that the cerebellum also
contributes to the development of dystonia. While there is little in the literature
describing dystonia in patients with CG, dystonia can cause “tremor”, which has

been reported in this population.>3

Both postmortem brains and neuroimaging studies confirm poor

myelination, scattered white matter abnormalities, and cerebellar atrophy in some
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patients, as well as abnormalities in glucose metabolism in many brain
regions.116:37.4045 The mechanism is unknown, yet insufficient galactose donors
for synthesis of myelin glycolipids, such as galactocerebroside, is a proposed
theory.5%51 Metabolic intoxication has also been suggested to affect white
matter.! A recent study®’ reported the coexistence of Friedreich ataxia (FRDA)
and CG in nine children from Irish Traveler families with the Q188R allele. This
co-occurrence is most likely due to linkage disequilibrium, as the loci for these
two disorders are located on either side of the centromere of chromosome 9.

Thus, it is important to consider FRDA in a child with CG presenting with ataxia.

One limitation of neuroimaging research is that the diffuse white matter
changes in the CNS has not been quantified through magnetic resonance
imaging (MRI) studies. This makes it impossible to interpret these findings as a
continuous variable in regression analyses with outcome variables, such as IQ or
motor function. Also, since white matter abnormalities are present in almost all
individuals with CG, it is not useful as a variable for intergroup comparisons to
measure the degree of impairment. The general variable “white matter
abnormalities” does not seem to be a predictor of significant IQ outcome, ataxia,

or tremor.116

In 2015, Timmers et al®! was able to quantify microstructure WM
pathology in eight patients with CG and eight age- and gender-matched controls
through diffusion-weighted imaging. Fractional anisotropy (FA) was measured to
reflect the degree of anisotropic diffusion, which is higher in white matter than

grey matter because of formed fibre bundles. FA can be decreased in white

29



matter from axonal degeneration or myelin breakdown depending on the disease
state. FA is very sensitive, but is non-specific. A reduction in FA can be caused
by a decrease in neurite (axons and dendrites) density or an increase in
dispersion of orientation, and various other factors. To distinguish between the
two key contributors to FA, an approach called neurite orientation dispersion and
density imaging (NODDI) was also used in the study to assess WM
microstructure and establish relationships with the observed cognitive profile in

patients with CG.

Abnormalities in both the density and the orientation dispersion of axons
of the white matter microstructure in patients with CG. The CG group had lower
FA values over almost the entire cerebrum. A lower neurite density was found in
the anterior of the brain bilaterally. A higher orientation and dispersion in WM
was mostly left-localized. These specific regions of abnormalities relate to the
cognitive profile observed in galactosemia. Motor skills for speech and language
are left-lateralized in the brain and the anterior pattern of reduced neurite density
is in accordance with higher order cognitive impairments and motor dysfunction.
In addition, the WM properties were found to correlate with age, age of onset of
the diet and with behavioral outcome such as visual working memory. Further
studies are needed to corroborate these findings and provide timing of insult and
mechanistic action. The authors’ hypothesis that these changes in neurite density

and dispersion could be due to poor myelination.
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Bone Mineral Density

CG patients often have decreased height-for-age and decreased BMD.>8
Dual energy X-ray absorptiometry (DEXA) has been useful in the investigation of
BMD and body composition of CG patients. Low bone mass is most prominent in
adults, but can be observed in prepubertal children.?355% Since bone mass
increases quickly during puberty and reaches its peak in early adulthood, a low
bone mass at an early age predisposes patients to osteoporosis and an
increased risk of fractures later in life. One in four adults with CG will have low
bone mineral density.® A Dutch cohort of 3-17 year old patients with CG were
found to have significantly decreased weight and height z-scores, mean
volumetric BMD, and mean aerial BMD z-score of the lumbar spine when
compared to the reference population.® The underlying pathophysiological
system of skeletal losses in CG patients is not well understood. There are
several proposed mechanisms including nutritional deficiencies, decreased
galactosylation of key bone mineralization proteins, alterations in the endocrine

axis, and intrinsic factors related to bone metabolism.50:58

Normal bone physiology is a dynamic process of development and
maintenance of skeletal integrity. Bone remodeling is a continuous, lifelong
process of bone breakdown and renewal. Bone remodeling (formation), and bone
resorption (removal) occur sequentially at the same anatomical location to
preserve skeletal size, shape, and structural integrity, and to regulate mineral

homeostasis. In childhood and adolescence, bone modeling and linear growth is
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greater than bone remodeling. After peak bone mass has been reached, at

approximately 26 years of age, bone resorption predominates.

Bone remodeling and formation is an intricate process involving endocrine
and immune regulation. B-cells and T-cells play a role in osteoclastgenesis.
Osteoclasts are cells responsible for bone remodeling or the removal of bone.
Megakaryocytes promote osteoblasts, which are specialized bone forming cells
that express parathyroid hormone (PTH) receptors and osteoclastogenic factors

as well as produce bone matrix proteins for mineralization.

Bone resorption is activated by structural changes to bone or an endocrine
signal, such as PTH. In response to a systemic change, PTH binds to an
osteoblast and stimulates secretion of osteoclast precursors and matrix
metalloproteinases (MMP). MMPs degrade the osteoid bone surface and expose
RGD (Arg-Gly-Asp) adhesion sites for osteoclast binding. The osteoclast binds to
the RGD tripeptide and creates a sealed zone microenvironment. Hydrogen ions
are pumped into this space and in this acidic environment, bone demineralization
occurs. The remaining bone matrix, mostly composed of collagen type-1 protein,
is then degraded by collagenolytic enzymes. Collagen type-1 is a triple helical
protein comprised of an amino terminal telopeptide (NTX) and a carboxy terminal
telopeptide (CTX), non-helical ends that are linked by pyridinium cross-links to a
nearby helical fibril.5° Thus, urinary NTX and CTX are direct measures of the

bone resorption process.®
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Unknown reversal cells prepare the bone resorption site for transition into
bone remodeling. While this process is not fully understood, insulin growth factor-
1, insulin growth factor-II, and transforming growth factor- (IGF-1, IGF-II, and
TGF-B) secretion by hepatocytes is thought to be responsible for the signaling of
osteoblast progenitors at the site of resorption.® Collagen type-1 is the primary
organic compound of bone followed by numerous non collagenous material
deposits, and an optimal extracellular concentration of inorganic phosphate
allows mineralization to proceed. Once an equal quantity of resorbed bone has

been replaced, the remodeling cycle is terminated.

One proposed mechanism for low BMD in CG is that patients may have
abnormal collagen formation as a result of deficient galactose residues.8°
Biosynthesis of collagen type 1 requires several post-translational modifications,
including lysine modifications that are critical to the structure and biological
functions of this protein. Lysine modification of collagen is a highly complicated
cascade process catalyzed by several groups of enzymes leading to the final
step of covalent, intermolecular cross-linking. Before this final step, hydroxylysine
residues located in the helical domain of collagen are glycosylated by the

addition of galactose or glucose-galactose.>®

In CG, it has been proposed that restriction of dietary galactose may lead
to an abnormal collagen type-1 formation by decreasing levels of galactose
available for glycosylation.” This theory is supported by a study in which calcium

supplementation was able to improve, but not normalize bone density in patients
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with CG, suggesting that other intrinsic abnormalities in bone and mineral

metabolism may be involved.>*

Endocrine abnormalities are another proposed mechanism for low BMD
and decreased height in this population. Panis et al® found significantly
decreased carboxylated osteocalcin, NTX, CTX, and IGF-1 z-scores in patients
with CG compared to a Dutch reference population. Decreased IGF-1 z-scores
were significantly correlated to decreased height and weight z-scores in
thesepatients.? Panis et al speculated that lower IGF-1 concentrations may play
a role in the decreased height and abnormal body composition observed in this
study. The decreased serum IGF-1 concentration in children with galactosemia
might be a result of abnormal glycosylation of IGF binding protein. The
decreased serum IGF-1 concentration found in children with congenital disorders

of glycosylation (CDG) is consistent with these findings in CG.

Batey et al” observed a higher percentage of adults with CG exhibit BMD
Z-scores <-2.0 at the spine compared to the hip. Trabecular bone found in the
spine is more hormonally responsive than cortical bone, the type of bone found in
the hip. Another study found a significant decrease in osteocalcin and a
significant inverse correlation of CTX and osteocalcin with BMD z-scores in
female subjects with CG.” The 2016 international clinical guidelines for the
management of CG3’ recommends BMD screening with DXA starting at age 8-10

years old.
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Body Composition and Low Lean Mass in Classical Galactosemia

While bone heath and growth patterns have been investigated in those
with CG, the research on body composition in this disorder is extremely sparse.
To date, there are only two studies?? directly aimed at investigating body
composition in this population. While both studies noted a significant lower lean
tissue mass (LTM) in the CG group compared to the normal reference
population, both found very different overall body composition, growth patterns,
and diet treatments that may have affected the variability in outcomes and makes
it difficult to directly compare the two groups.

In 2005, Panis et al? from The Netherlands evaluated body composition by
DXA scan in 38 patients with CG, ages 3-17 years. The CG participants’ mean
FMI z-score (x =0.32 vs control x = 0.44, p<0.001) and LMI z-score (x =1.20 vs
control x = 1.29, p=0.013) were significantly lower than reference data.? All
adolescent females with delayed puberty were treated with hormone
replacement. Separate analyses for prepubertal and adolescent patients showed
equivalent results. There were no differences in FMI in either the male or female
participants. LMI was significantly decreased in the females, but not in the males,
possibly because of the low number of male participants (males n=13, females
n=27) in the study. In linear regression analysis, height, weight and LMI z-scores
were correlated with IGF-1 z-score. Weight-for-height z-score and FMI were
correlated with soy intake but not IGF-1 z-score. The intake of vitamins, minerals,
energy, and protein were adequate in this group, so deficiencies did not seem to

play a role in the decreased height and abnormal body composition.
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In 2014, Doulgeraki et al®* from Greece evaluated body composition in 14
patients with CG and 8 patients with other galactose metabolic disorders
(OGMD) ages 5-16 years, finding slightly different results than Panis et al.?2 Body
composition was assessed using DXA scans and values were compared to
published pediatric reference data. Muscle mass was calculated by subtracting
total body bone mineral content from fat-free mass and converted to a z-score. Z-
scores within -2 to 2 were considered normal, a z-score of -1 to -2 was
considered low-normal, and <-2 was considered abnormal. To estimate adiposity,
fat mass index (FMI) was calculated for each subject, using the formula: FMI=FM
in kg/height in m?. There were no statistically significant differences in growth (p
> 0.05) between the study subjects when plotted on growth charts for the Greek
population. LMI z-score was significantly decreased with the median at -1.92 and
arange of -2.6 to 0.8 in CG subjects.® This suggests that the subjects had
sarcopenia; a finding that was also reported in the Panis study. However, this
body composition parameter has its limitations, as it does not reflect muscle
function and muscle load. Thus, it cannot directly provide information on muscle
strength.

Finally, nearly half of the study population in the Doulgeraki paper 2 had
normal fat mass for age and sex. Five of the eleven CG patients had normal
percent body fat. The remaining six subjects were classified as either overweight
or obese based upon body fat percentage. Given the observed sarcopenia, an
imbalance between muscle and fat mass was evident. Panis et al® reported low

fat mass in subjects with CG as well, but that study population was comprised of
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patients with poor growth and thus, are not directly comparable to the
participants in the study® from Greece.

In the Doulgeraki study 2, the subjects with CG were all on a lactose-free,
non-soy, casein based formula during infancy. Median BMD z-scores were
normal (even with height-age corrections). There was no statistical difference in
BMD or bone strength compared to a normal reference population. Participants
in the Panis et al? study were on a soy-based formula during infancy. These
subjects had decreased height z-scores and corrected target height z-scores.®
Weight-for height z-score and FMI was correlated with soy intake, but no
correlation was found between soy intake and IGF-1 z-score. No nutritional
deficiencies were found in this group of patients.25

In both studies, there were positive correlations between FMI and bone
strength and soy intake as well as a positive relationship between BMI and bone
strength.?257 In the CG group from Greece?, BMD was strongly correlated to LMI
z-score, stressing the importance of assessing the muscle-bone unit in future
research. These studies demonstrate that patients with CG are at high risk for
abnormal body composition, yet the etiology remains elusive. Finally, few studies
have explored the overall nutrition status of individuals with CG, including body
composition, and various macro- and micronutrients that can impact bone
metabolism. By addressing the relationships between these factors, this project
aims to provide useful recommendations that can be applied in clinical practice to

promote healthy outcomes in this population.
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Assessing Physical Activity in Classical Galactosemia

As PA is a positive determinant of muscle density and reduced muscle
adiposity, it is important to measure PA when assessing body composition.®! PA
is defined as any bodily movement by skeletal muscles that results in energy
expenditure.®? There are several ways to measure PA, all with their own inherent
limitations. The goal of assessing PA is to determine the intensity, duration,
frequency, and type of activity. This can be achieved through direct observation,
objective measurement devices, or self-report from validated questionnaires.
Direct observation along with doubly labeled water (DLW) is the gold standard for
PA research. Objective measurement devices include heart rate monitors,
pedometers, accelerometers, and multiple sensor devices. These devices have
become increasingly popular by decreasing subjectivity that is inherent to direct
observation and self-report. Self-administered PA questionnaires have been
traditionally used, but in general have shown to provide poor data in young
children because of their limited recall ability and poor cognition of time.52
Furthermore, children tend to have sporadic play versus a planned duration of
PA which can make it difficult to observe and quantify in a report.

Given the complexity and cost of the gold standard of DLW technique
research studies have increasingly adopted the use of objective measurement
technologies such as accelerometers to assess children’s PA.63-6% The ActiGraph
accelerometer models are the most widely used and cited throughout
international literature.5367.68 Their widespread use in free-living studies is

attributed to their ability to measure frequency, intensity and duration of activity
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with precision and minimal invasiveness.®” Accelerometers have shown a wide
range of correlation with measures of oxygen consumption during validation in
laboratory and field settings using standardized activities against portable
calorimeters (r=0.62-0.93, r=0.45-0.93).6267 This large range is a product of
protocol-related variations in the use of different monitors, monitor placement
(e.g. hip, low back, thigh, ankle), the specific activities performed during
measurement (i.e. ambulatory PA is more accurately measured), and the setting
of activity (free living vs laboratory). ActiGraph accelerometers have
demonstrated acceptable technical reliability and have been validated in children,
adolescents, and adults.®® Ekelund et al.”® validated the ActiGraph in free-living
children against energy expenditure measured by DLW. The accelerometer
counts per min (cpm) correlate to PA level by r = 0.58 (P < 0.01).7° This can be
compared with correlations of self-report versus gold standard DLW
measurements that are in the range of r = 0.00-0.2.58 Thus, ActiGraph
accelerometers are considered relatively precise and useful in community based,
free-living research.

The ActiGraph GT3X® (ActiGraph, Pensacola, FL., USA) is a lightweight,
solid state, tri-axial accelerometer used to collect motion data on 3 planes:
vertical up and down (Y); horizontal right and left (X); and horizontal front and
back (Z). When the ActiGraph is accelerated, a voltage signal is generated
proportional to the intensity of the acceleration. The ActiGraph uses a
piezoelectric acceleration sensor to filter collected samples at 30

hertz/second.®”:%8 The samples are summarized over an investigator-specified
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time sampling interval (1 sec, 4 sec, 15 sec, or 60 sec), called an “epoch”.
Accelerations over a given epoch are converted into “counts” and recorded to the
internal memory of the accelerometer. The ActiGraph will report counts which are
linearly related to the intensity of the subject's PA during wear time.

The World Health Organization and Center for Disease Control (CDC)
recommends children and adolescents engage in 60 minutes or more a day of
moderate to vigorous physical activity (MVPA), including muscle strengthening
activities at least three times a week.%86%71 According to NHANES 2003-2004
data which used accelerometers to measure PA, only 42% of 6-11-year-old, 8%
of 12-15-year-old, and 7.6% of 16-19 year old children and adolescents in the US
are meeting this recommendation.®® Activity level differs by gender, age group,
and ethnicity. Males, younger children, and non-white ethnicities are more active
than their female, older, and white ethnicity counterparts. The prevalence of
adherence to the recommendations from the NHANES data by gende