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ABSTRACT 

Background: Recent re~earch in children with Phenylketonu r i~ (PKU), the mo~t common 

inherited disorder of amino acid metabolism, sugge5t~ they hdve decreased bone 

mineral density (BMD), Although the etiology ofthis problem is unknown, children with 

PKU and other inherited metaboliC disorders consume specialized diets th~t often 

severely restrict vitamin D-containing food sources. The primary goals of this study were 

to evaluate the prevalence of vitamin 0 defir;iency in a group of children with inherited 

metabolic disorders who are consuming a medical food diet, and determine whether 

BMD in children with PKU correlates with diet and/or biochemir;al markers of bone 

metabolism. 

Objectives; 

1) To compare serum 25-hydroxy-vitamin 0 concentrations in children with inborn 

errors of metabolism (IEM) that are consuming a medically modified diet to 

those in a group of control chi ldren without the diagnosis of dn IEM who 

consume an unrestricted diet, 

2) To determine whether the BMD in a group of patients with PKU correlates with 

diet and/or biochemical markers of bone metabolism, 

Methods: The research described here utilized both a retrospective case-control chart 

review and a prospective observational study carried out at the OHSU CORC Metabolic 

Clin ic investigating vi tamin 0 status and bone mineral density in children with inherited 

metabolic disorders, including PKU. The retrospective chart review compared vitamin 0 
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statu~ in children with IEM against other children without an IEM diagno~i,. The EPIC 

electronic medical record was queried to obtain serum 2S(OH)D concentrations in 

children treated at the metabolic clinic who consumed medical foods and the serum 

2S(OH)0 concentrations of subjects treated in a separate clinic at Ooernbech er 

Children's Hospital (DCH) who did not consume medical foods. Control subjects were 

from any OCH clinic except for the metabolic clinic, and data was excluded from any 

control who had the diagnosis of a disorder that could directly in te rfere with 2S(OH)0 

status or bone met~bolism. A tota I of 91g records were obt~ined from the initia I query, 

and after rigorous evaluation of the data, statistical analysis wa, performed On da ta 

derived from 537 total case and control subjects. Subjects who were missing data on 

age, zip code, diagnosis, or serum 2S(OH)D level were excluded from the chart review, 

as well as subjects who resided outside of Oregon and Wa,hington. The results were 

statistic~lly compared using uncondi t ion a llogi~tic regression analysis, and adjusted fo r 

differences in mean age at draw date, sex, geographic region, and ~eason of blood draw_ 

For specific aim 2 we used a prospective observational design. A total of twenty 

subjects with PKU 9-20 years of age were recruited and evaluated over d 6-month 

period. Variables evaluated inc luded serum 2S(OH)D, PTH, plasma calcium, alkaline 

phosphatase, and phenylalanine, which were measured during routine clinic visit~_ Bone 

mineral density was determined via DEXA in the body composi tion core of the Oregon 

Clinical and Translational Research Institute (OCTRI). Spearman's correlation analysis 

was used to examine the relationship between the biochemical and dietary markers of 

bone metabolism and bone mineral density. 
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Results: 

Aim 1: 

1) There were no signific~nt differences in serum 25{OH)D concentr~tions between 

c~se and control subjects, even when we adjusted for me~n age, sex, se~son of 

blood dr~w, and region of residence. 

Aim 2: 

1) All 19 subjects who provided blood samples were sufficient in serum 25(OH)D 

when we used 20 ng/mL as the lowest acceptable level to define sufficiency. 

2) Sixteen out of19 subjects who completed the hip and spine DEXA scan 

demonstrated hip and spine BMD within normal limits (z-score greater than -2) 

Three subjects demonstrated a low spine or hip BMD, suggesting compromised 

BMD. No subject presented with both a reduced spine and hip BMD. Asignificant 

~ssoci~tion was fo und between mean dietary c~lcium intake and spine BMD. 

Condusion: 

1) For both case and control ~ubjects, serum 2S(OH)D concentrations were within 

the recommended range, and the influence of both endogenous and exogenous 

vitamin D sources appears to be sufficient in thiS population. 

2) Children with PKU living in t he northwest demonstrated normal SMD associated 

with normal serum 25(OH)D concentrations. 

3) Our results support that a diet with adequ~te intake of key nutrients playa 

primary role in maintaining normal bone mineralization among this population. 



Chapter 1 

Introduction 

Vitamin 0, calcium, and pho5phorous are essential for proper bone growth and 

integrity in child ren, a nd deficiency of any of these nutrients can lead to rickets'. 

Children with inherited metabolic disorders consume specialized diets that restrict 

natural food sources of vitamin 0, which might place them at an increased risk for 

micronutrient deficiencies and bone disease'. In 2010, the Institute of Medicine (10M) 

released revised dietary reference intakes (ORis) for calcium and vitamin D. The report 

acknowledges that there is d great degree of controversy and uncertainty surrounding 

adequate levels of serum 2S(OH)D to promote proper bone mineralization. Currently, 

many I~boratories use 2S(OH) D concentrations of 30 ngfml to reflect the lower limit of 

normal for adult~ con$uming a regular diet. In this report the 10M propose~ that pla~ma 

level5 of 20 ng/mL are associated with normal bone mineralization in healthy adults. 

However, this data does not include recommenddtions for children or adults consuming 

special diets for ~minoacidopathies'. 

There are several factors that could predispose patients with an inherited 

metabolic di$order to vitamin 0 deficienr;y. The proper treatment for most of these 

metabolic diseases involves strict dietary management. A majority of clinic$ recommend 

that children practice lifelong adherence to speci~lized diets. These specialized diets for 

inborn errors of metabolism often severely restrict or eliminate vitamin D-containing 

food sources, such as dairy and fish. In addition, children treated at DCH live in ~ 
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northern climate with limited sun exposure during winter months. This restricts 

endogenous vi tamin D synthe~is that results from skin exposure to ultraviolet light. 

Vitamin D is essentia l for proper bone growth and integrity among children, and 

depleted sto res can lead to osteomalacia. Phenylketonuria (PKU) is an inherited 

disorder of amino acid metabolism that results from mutations in the gene for 

phenylalanine hydro~yl~se (PAH). PKU is the most common inherited disorder of 

metabolism that req~ires treatment with a medical diet that includes restriction of 

foods that supply vitamin D. Prior st~dies of bone mineral density in children with PKU 

have been inconclusive, but there is evidence suggesting that children with PKU have a 

compromised skeletal status or a decreased bone mineral content' . In addition to the 

low vitamin D content of the diet, it h~s also been postulated that m~tations in the PAH 

gene inherently predispose patients t o osteoporosis independent of vitamin D'. 

The Metabolic Clinic in the Child Development and Rehabilit ation Center at 

Oregon Health & Science University treats children and adults with inherited metabolic 

disorders. In addition to the risk for vi tamin D deficiency resulting from their diet 

therapy, patients treated at the metabolic cl in ic h~ve an added risk factor because of 

the limited ultraviolet light d~ring the winter in Northwestern Oregon and other 

northern latitudes, which reduces endogenous vitamin D synthesis in the skin. The goal 

ofthis study is to evaluate vitamin D status and bone health in patients treated in the 

metabolic dinic . 



Specific Aims and Hypotheses 

We hypothesize that children with inherited metabolic disorders treated with 

medical diets in the metabolic clinic~t OHSU will have lower serum vitamin 0 

concentrations than control children on unrestricted diets. Further, we hypothesize that 

some patients with serum 25(OH)O le~els greater than 20 ng/mL will present with 

e~idence of low bone mineralization or rickets. We will test this hypothesi$ by 

comp~ring serum ~itamin 0 concentrations in children with inborn errors of metabolism 

on medical diets to a control group of children on unrestricted diets followed by other 

DCH clinb. We also hypothesile that a subset ofthe study population will have 

evidence of rickets or low bone mineral density that is correlated to plasma vitamin 0 

concentrations. 

1) Specific Aim 1: This aim is a retrospecti~e chart review of the electronic 

medical record th~t will not require subject consent. We will query the 

Research Data Warehouse (R.OW) of the Oregon Clinical and Translational 

Research Imtitute to compare 5erUm ~itamin 0 concentration5 in children 

treated ~t the metabolic clinic to the serum vitamin 0 concentrations of age-

and sex-matched subjects treated in a separate OCH clinic. 

Task: Utilize the ROW database to search for serum vitamin 0 concentrations 

of children treated at the metabolic clinic u5ing ICO 9.0 diagnostic codes (ICD 

9.0; International Statistical Classification of Diseases and Related Health 

Problems) and control children treated at other OCH clinics. Data obtained 



from all subjects will include: serum 2S(OH)D concentration, age (years), sex, 

and date of the vitamin D measurement or analysis. Data obtained from 

control subjects will be screened for leo 9.0 codes that may impact serum 

2S(OH)D status. Subjects will be excluded from participation in the study if 

they have a diagnosis that could affect either sun exposure or bone 

mineralization. Results will be statistically compared using unconditional 

regression analysis. Hypothe5is: We expect that children with inborn errors of 

metabolism on medical diets will have significantly lower serum 2S(OH)D 

concentrations than controls. 

2) Speeifk Aim 2: This aim necessitates informed consent from subjects and 

their parent and/or legal guardian. We will measure the bone mineral density 

by dual-energy x-ray absorptiometry (DEXA). serum 2S(OH1D, parathyroid 

hormone (PTH), plasma calcium, phosphorous, and alkaline phosphatase 

concentrations in the subset of patients with PKU treated at the metabolic 

clinic. 

T05k: Recruit 20 patients ages 9-20 followed at the metabolic clinic for 

management of their metabolic disorder to participate in this study. After 

receiving informed parent or guardian consent, we will measure bone 

mineral density, blood and urine parameters during their routine visits to the 

clinic. We will examine the relationships between bone mineral density, 

serum 2S-0H vitamin 0 concentrations, PTH concentration and urine calcium 

excretion with correlation analysis. Hypothe5is. We expect that some 



children with PKU will present with low bone mineral ization and low,erum 

2S-0H vitamin D concentrations. We anticipate bone mineral density and 

serum vitamin D concentrations wil l be positively correlated. 



Chapter 2 

Background and Significance 

Phenylketonuria (PKU) is a rare inborn error of phenylalanine (Phe) metabolism 

affecting approximately 1 in 15,000 children in the United State~'. Untreated PKU leads 

to irreversible neurologir;a l impairment and growth retardation'. Microcephaly is 

common and about 15% of patients with untreated PKU have epilep$y' . It i, an 

autosomal recessive di,order resulting from a mutation in the gene for phenyl~ l anine 

hydroxylase (PAH)'. PAH c~talyzes the conversion of Phe to tyrosine (Tyr), and requires 

iron, molecular oxygen and tetrahydrobiopterin (BH,) for activit/".The PAH gene is 

primarily expressed in the liver and kidney". Most often, the I05s of PAH enzyme 

function in PKU patients result5 from mutation5 that lead to protein misfoiding and it> 

consequent degradation". Under normal metabolic circumstances, a small amount of 

dietary Phe i, used for protein ,ynthesis, ~nd the remaining amount is converted to 

Tyr". However, when this pathway is blocked, as in PKU, the Phe not used for protein 

synthesis accumulates in body fluid~ or is converted to other metabolites 11.". Thi, 

results in serum and tissue elevations in Phe (hyperphenylalinemia) and reduced 

concentrations ofTyr" In PAH deficiency, Tyr becomes an essential amino acid". 

Discovery of PKU 

PKU was one of the earliest de,cribed metabolic diseases, and is one of the most 

common inborn errors of metabolism ,.14. In 1934, a Norwegi~n biochemist and 

physician named Asborn F011ing fir$t identified and de5cribed PKU in two young children. 
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For this reason, many people still refer to PKU as "F0I1ing's Disease". Prior to this 

discovery, individuals with PKU were not different iated from individuals in the general 

population who exhibited indiscriminate neurological and cognitive deficits". Fll'lling 

explained the pathophysiology behind PKU by performing urine analyses of two siblings 

exhibiting the characteristic symptoms. He found that t heir urine contained high levels 

of phenylpyruvic acid, which is responsible for the ~musty· odor often described in 

individuals with untreated PKU. In all of the children that F011ing investigated, he 

observed shared traits among them, such as fair complexions, eczema, broad shoulders, 

stooping shoukiers, spastic gait, and severe intellectual impairment'··. Other 

characteristics often seen in patients with severe PKU include microcephaly and 

seizures'. 

Disease Mechanism 

Accumulation of Phe interferes with the normal development and function of 

the central nervous system (eNS). Neurological, neurocognitive, and neuropsychological 

outcomes in children are correlated with blood Phe levels". There are several theories 

behind this causality relationship, but experts remain uncertain about the exact 

pathophysiology of PKU. A long-standing theory postulates that elevated Phe levels in 

the brain disturb axon myelination, resulting in neurological deficits. Other researchers 

have proposed that high Phe levels may decrease neurotransmitter receptor density, 

and consequent ly reduce cell connectivity. This hypothesis involves competition for 

transport across the blood brain barrier: the <Imino acids Phe, Tyr, and tryptophan all 
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$h~re the same transport system. Elevated serum Phe competitively inhibits dopamine 

and serotonin synthesis, possibly limiting transport and availability ofTyr and 

tryptophan" . 

Diagnosis, Treatment and Compliance 

Neonatal screening to identify infants with PKU and allow for early dietary 

intervention is done in the United States, E~rope, and many other parts of the world, 

and has helped prevent the severe and irreversible brain damage associated with PKU". 

PKU can be classified into three subtypes according to blood Phe levels of patients 

consuming a diet with unrestricted protein intake: Gassie PKU {Phe>ll00 [.Imol/L)' 

moderate {Phe 500-1200 [.Imol/L)' and mild (Phe 360-600 [.Imol/L)". Plasma levels below 

360 [.Imol/L are conSidered nontoxic and these patients are generally not treated. The 

severity of the disease directly corresponds with higher levels of plasma Phe. There are 

over 500 mutations identified in the PAH gene, contributing to a wide variation in 

disease severity:A.lndivid~als with classical PKU demonstrate very little or no PAH 

activity, and if left untreated their plasma Phe concentrations rise above 1200 I1moI/L". 

Individuals with milder forms of PKU, also known as hyperphenylalanemia, exhibit some 

residual PAH activity and their plasma Phe concentrations do not exceed 1000 [.Imol/l 

when left untreated". 

The goal of PKU treatment is adequate control of blood Phe concentrations in order 

to avoid the adverse developmental outcomes associated with the disease". The brain 

is most vu Inera b Ie to toxic Phe levels during t he first yea r of life, further em phasizing 



th2 n22d for early diagnosis and tr2atment". Dietary intervention is the most effective 

method for t reatment of PKU 17
• In the 1950s, Horst Bickel first introduced the concept of 

a low-Phe diet to treat PKU'. Successful dietary treatment of PKU entails sufficient 

maintenance of pla.ma Phe concentrations while providing ~dequate nutrition for 

proper growth and development". Appropriate control of Phe levels is largely 

influenced by medic~1 food intake, the amount of natural protein consumed, and 

adequate energy intake20. The most common Phe-containing foods include: milk, eggs, 

cheese, nuts, soybeans, beans, chicken, fish, beef, peas, chocolate, bread, rice, pasta, 

flour, cookies, and some fruits and vegetables'. Children with PKU who adhere to the 

recommended low-Phe diet, have restricted intake of vitamin D-containing food sources 

such as dairy products, fatty fish, and meats. It is possible that this micronutrient 

defiCiency could contribute to bone abnormalities among children with PKU. Protein

rich foods contain the highe,t amounts of Phe. Low-protein foods such as fruits and 

vegetables are consumed to meet the required amount of Phe in the diet. Foods, 

beverages, and medications containing the artificial sweetener aspartame must also be 

avoided, because aspartame releases Phe when digested. 

The average daily Phe intake among the general US population is 3.4 g/day (3400 

mg/day)". ClaSSical PKU patients should restrict their Phe intake to 0.2 to o.s glday 

(200-500 mg/day), while patients with hyperphenylalanemia can liberalile their intake 

to greater than o.s g/day"'. Phe tolerance is the amount of Phe an individual patient can 

eat and keep blood Phe within the treatment range, and is expressed as mg Phe/kg 

body weight/day". Phe tolerance can be determined through frequent bklod draws to 



assess blood Phe concentrations which are compared to average daily Phe intakes. 

Measurement of Phe tolerance can help clinici~ns establish individual dietMy 

prescriptions for patients". 

Dietary intervention necessitates a careful balancing act because over-restriction 

of Phe can ultimately lead to protein malnutrition and nutrient deficiencies, resulting in 

poor growth, osteopenia Or osteoporosis11".ln order to consume enough protein to 

support proper growth and development and promote energy balance, PKU patients 

must incorporate protein substitutes into their diet. These protein substitutes are 

mixtures of free amino acids without or low in Phe'. Protein substitutes generally 

constitute 52% to 80% of a patient's totill dietary protein". Nutritional treatment for ~ 

low-Phe diet consists of natural foods low in Phe in combination with medical foods'. 

Other than their low Phe content, the macronutrient and micronutrient composition can 

vary consider~bly between products'. Depending on the formula, lipid content can vary 

from 0-2% to 53% ofthe total calorie content of the food. This can potentially impact 

absorption of fat-soluble vitamins, such as ~itamin D'. These formulas help patients 

achieve adequate intake of protein and other nutrients to sustain proper growth and 

de~elopment'. Phe-free protein substitutes are recommended for all patients with PKU. 

Formulas pro~ide many benefits, including adequate essential amino acids other than 

Phe to promote nitrogen retention, ~nd energy and micronutrients to promote 

anabolism". 



Cu rrently, over 20 different prote in substitu tes are ava i la ble to pat ients, a nd this 

num ber is increasing wi th time', The diversity of products on the market allows for 

patie nts to choose the product th at best meets their individua l needs'. Even so, over the 

years patients have demonstrat ed poor compliance with dietary protein substitu tes, 

despite cont inu ed efforts to improve the taste and appearance of formulas", Dietary 

compliance is a mul tifacet ed issue influenced by cognitive, emotional, physiological, and 

cultural factors", More specifically, the nature and nurture of the patient , as well as cost 

and convenience factors of dietary treatment playa significant role in compliance". 

Historically, medical professionals recommended that PKU patients could relax dietary 

restrictions afte r 8-10 years of age. However, more recent evidence has demonstrated 

that individuals should maintain dietary treatment as long as possible". Experts 

currently recommend individuals practice lifelong adherence to a Phe-restr icted diet in 

order to prevent neurological damage". Still, a high percentage of patients do not 

follow dietary recommendations, This is a common issue observed among adolescents 

and adults]]. Currently, the most utilized method of assessing dietary compliance is 

th rough measurement of blood Phe concentration;, However, these readings can be 

misleading if they are not t~ ken regularly beca use blood Phe levels vary daily based on 

dietary in take and t ime of blood draw", 

Vitamin D and 80ne Mineral Density 

Vitamin D is a n essential hormone t hat is important for overall health and well

being". Vi tamin D is not only crucial for proper bone growth and deve lopment, but it 



pl~ys ~ lifelong role in maintaining musculoskelet~1 in tegrity", The major physiologic 

function of vitamin 0 is maintenance of normal extracellu lar concentrations of calcium 

and phosphorous"', More specifically, vi tamin D increases the intestinal absorption 

efficiency of these minerals, and stimulates maturation of osteociatlc stem cells to 

enhance bone re'>orption of cakium and phosphorous"', 

Deemed the «sunshine vitamin", vitamin 0 can be obtained exogenously as well 

as endogenously", Sun exposure, or more specificalty, UVB radiation, is necessary for 

vitamin 0 synthesis in the skin (endogenous source) , Seasonal vMiation and 

geographical distance from the equator impact vitamin D synthesis_ Dietary sources of 

vitamin 0 include eggs, fish, and butter (exogenous sources)". 

Vitamin 0 isn't directly absorbed from the sunshine, but exposure t o UVB 

radiation initiates cutaneous synthesis of the biologically active form of vitamin 0, 

1,25(OH),D". A precursor to vitamin 0, called provitomin 0, ergo,terol or 7-

dehydrocholesterol, is a rigid 4-ringed structure found in epidermal keratinocytes and 

dermal fibroblasts"'''. When the skin is exposed to sunlight, UVB radiation (290-315 

nm) penetrates into the epidermis and dermis, This energy is absorbed by the doub le 

bonds in provitamin D, causing the B-ring to open up, resulting in the formation of 

previtamin D,''''', Previtam in D, is trap ped within the plasma lipid bilayer, and after 

formation it undergoes rapid transformation of its doub le bonds to form vitamin D" also 

known as cholecalciferol"''' , Vitamin 0, is ejected from the plasma membrane into the 

extrilceliular spilee. By diffusion, it enters ci rculation and travels to the dermal capillary 
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bed where it is bound to vitamin O-binding protein (DBP)",l<,", Vitamin D can be 

ingested in the forms of either D. or D,. Vitamin DJ is synthesized by humans in the skin 

when exposed to UVB rays; Vitamin D, is synthesized by plants ~nd comes from the 

irradiation of ergosterol isolated from yeast. Both forms can ~ used in food 

fortification". Both structures ~re absorbed and metabolized in the same manner"", 

Once bound to DBP, these fat-soluble vitamins are incorporated into chylomicrons and 

enter th e Iym ph atic system, wh ere they are subseq uently transported to the liver"'''. In 

the liver, D, and D, undergo hydroxylation on carbon 25 to form 25-hydroxyvitamin 0, 

and 25-hydroxyvitamin D.". Both structures are generally termed 25-hydroxyvitamin D, 

or 25(OH)D", 25(OH]D is the major circulating form of vitamin D and is the primary 

clinical marker of vitamin D status". Currently, there are 2 main types of measurement 

used for routine detection of circulating 2S(OH)D, and 25(OH)D,. One type is 

competitive immunoassay, and the other uses methods based on chromatographic 

separation followed by non-immunological direct detection, Immunoassays may have 

issu es with specificity, particularly concerning the proportion of 25(OH )0, quantified 

during the process, The non-immunological detection methods using a combination of 

high performance liquid chromatography and tandem mass spectrometry (LC-MS/MS) 

are able to measure 25(OH)D_, and 25(OH]01, independently, LC-MS/MS has become 

increasingly popular in recent years". 

25(OH]0 is biologically inert and must travel from the liver to the kidneys for 

conversion to 1,25(OH),D". In the renal tubules, 25(OH)0 is converted to la, 25-

hydroxyvitamin D (l,25(OHJ,D] by the mitochondrial enzyme 25-hydroxyvitamin 0-1 o· 



hydroxylase {l-OHase)" . l,25{OH),D is the biolo~ic~lly active form of vit amin 0 that is 

responsible for maintaining c~lcium and phosphorous homeostasis".1,25(OH),D also 

re~ulates its own synthesis through negative feedback, and decreases synthesis and 

secretion of parathyroid hormone (PTH) in t he parathyroid glands'". From the kidneys, 

1,25{OH),D enters the circulation once ~gain and travels to its target tissues_In the 

small intestine, 1,25(OH),O interacts with the nuclear vitamin 0 receptor (VORl, which 

enhances intestinal calcium absorption by increasing e~pression of a calcium channel in 

the epitheliallining"- 1,25(OH),O also interacts with VDR in osteoblasts, which 

essentially promotes osteoclast maturation. Osteoclasts remove calcium and 

phosphorous from bone to help maintain serum homeostasis of these minera ls. 

Adequate levels of calcium and phosphorous promote bone mineralization and preserve 

neurom uscular fu nction"". 

Anything that influences the amount of UVB radiation penetrating the skin, or 

changes the quant ity of provitamin-O in the epidermis or dermis will impact vitamin D 

production"". The skin pi~ment melanin acts as a natural sunscreen by absorbing UVB 

photons". Consequently, persons with darker skin pigmentation require longer bouts of 

sun exposure to make the same amount of vitam in D as a lighter skinned person"". 

Other factors greatly impacting cutaneous vitamin D synthesis include latitude, t ime of 

day, and season. During winter months sunlight enters the earth's atmosphere at a 

more oblique angle, and a large ~mount of radiation is absorbed by the ozone layer". At 

latitudes above 370 a decreased amount of UVB radiation is able to reach the earth's 

surface from November through February_ Consequently, persons residing at or above 



37" latitude prod uce littl e, if any, vitamin 0, during these months, For this reason, 

populations in the northwestern United States are at an increased risk ofvit amin 0 

deficiency in the wintertime, Vitamin 0 is fat-soluble and may be stored in adipose 

tissue and used during winter months when little vitamin D is produced in the skin"'. 

Vitamin 0: A Historical Perspective 

As recently as 1970, researchers determined that vitamin 0 qualifies ~s a 

hormone". However, the discovery of the importance of vitamin 0 in skeletal formation 

and maturation dates back to the 17'" century. Severa l researchers noticed the high 

prevalence of rickets among children who lived in industrialized cities in Great Britain 

and northern Europe". Rickets is a bone disease caused by inadequate mineralization of 

the growing skeleton, resulting from nutritional deficiencies in vitamin D, calci um, 

and/or phosphorous'. Scientists observed that these ch il dren who were exposed to 

minimal sunlight, exhibited growth retardation, skeletal deformities, and genera lized 

muscle weakness", " , The inc idence of rickets continued to increase, and by the turn of 

the 10t~ century, it had spread to industrial ized cities of northern Europe, and the 

northeastern United States"' , One study estimated that by 1900, more than 90% of 

children in l eiden, Netherlands, and 80% of chi ldren in Boston were plagued by th is 

crippling disease", In the early 20'" century, research conducted by Edward Mellanby 

and then Elmer McCo ll um led to the discovery of vitamin D and the significant role it 

plays in bone health". These innovative findings spurred other scienti sts to introduce 

the concept of irradiating foods with UV rad iation to treat and prevent rickets"' , In itia lly 



milk was irradiated and fortified wi th erga~te rol , and then manufacturers began 

fortifying milk wit h synthet ically produced vitamin D,. Countries that adopted t his 

fortification process basical ly eliminated rickets, and by the 1930$ vitamin D was 

considered the new "miracle vitam inN. Companies began fortifying foods such as 

peanut butter, hot dogs, soda pop, bread, and dairy products with vitamin D,". 

Vitomin D Deficiency and Osteopenio 

Chronica lly low 2S(OHID levels may cause roentgenologic changes that are 

consistent with rickets'". A national study assessing 25(OHID sta tus among U.S. children 

reported that children who drank milk daily and took vitamin 0 supplements were less 

likely t o be deficient'" Further, lower 2S(OHID levels in children and adolescents were 

associated with lower serum ca lCium and elevated parathyroid hormone (PTH) levels, 

additional biomarkers of bone metabolism". Consequences of vitamin 0 deficiency 

include inabi lity to reach one's genetically programmed height and peak bone mass, as 

well as onset of rickets ... . Metabolically this occurs because insufficient vitamin 0 levels 

cause poor intestinal calcium absorption and increased renal calcium excretion, which 

lead to a mineralization defect of t he collagen matr ix laid down by osteoblasts and 

subsequent osteopenia". 

Onset of osteopenia occurs when bone density is less than normal but is not.s 

low as osteoporoSiS". More specifica lly, the World Health Organilation defines 

osteopenia by a bone denSitometry T score of -1 to 2.5, whi le a T score of -2.5 or below 

warrants a diagnosis of osteoporosis" . A T-score is defined as the SO score of t ne 



observed BMD compared with that of a norm~1 young adult". Osteopenia is highly 

correlated with vitamin D deficiency, o>teoporosi~, and other metabolic disease5". Key 

factor~ to consider when determining osteopenia risk include genetic5, diet, 

maintenance of normal vitamin 0 levels, and consistent weight-bearing exercise. 

Sufficient dietary intakes of calcium, vitamin D, and protein are important determinants 

of bone mineral den~ity. More importantly, nutrition status is a modifiable risk factor"', 

Childhood and adolescence are crucial years for bone growth and development. Optimal 

bone formation during this time period can help prevent the on5et of osteoporOSiS in 

adulthood"", 

Vitamin D in5ufficiency is a worldwide public health is~ue". Severe deficiency 

m~nifest5 as rickets in children or osteomalacia in adults, Mild to moderate deficiency is 

prev~lent among the general population and i5 often asymptomatic in individual5. Any 

symptoms expressed in mild Or moder~te cases generally manifest as bone or muscle 

pain and tenderness", Early detection of deficiency i~ import~nt, because it is associated 

with an increased fracture ri5k and onset of osteoporosis". Methods to improve vitamin 

D status Include food fortification, injections, oral supplementation, and regular 

$unlight/UVB exposure". 

Parathyroid hormone (PTH) also helps maintain homeostasis by increasing renal 

re-ab50rption of calcium, Low 2S{OH)D level5 stimulate the release of PTH, and 

therefore high PTH level~ may ~I$o indicate ~ deficiency". In other word5, circulating 

2S{OH)D levels are inversely associated with PTH levels. Currently, most laboratories 



agree that serum level5 of 30 ngjmL reflect normaI2S(OH)O concentrations', 

Concentration, below this are aS50ciated with a clinical di~gno<;is of rickets", However, 

current reseMch questions whether 30 ng/mL i5 an adequate level for optimal bone 

health", However, a recent report published by the Institute of Medicine (10M) suggest5 

that levels of 20 ngjmL may be sufficient to promote normal bone miner~lilation in 

healthy adults'. When asse5sing bone mineral density in patient5 it is important to 

evaluate the level, of bone turnover markers, which include osteocaldn and bone 

alkaline phosphatase", Serum concentrations of 25(OH)D" calcium, and phosphorus 

play signific~nt roles in bone metabolism and may be good indic~tors of bone accrual in 

children and adolescents". 

Vitamin D Recommendations 

Experts have suggested that inadequate sun exposure increases daily vitamin 0 

requirements"', A recent report published by the Institute of Medicine (10M) provides 

evidence that serum 2S(OH)D levels of 20 ngjm l (SO nmol/literJ reflect an adequate 

vitamin 0 status to promote 5keletal health'. A serum 2S{OH)D level of 20 ngfml 

reflect, a Recommended Dietary Allowance (RDA) of 600 IU/day, Thi~ Circulating serum 

(;oncentration of 20 ngJmL is based on an RDA that covers the needs of greater than 

97.5% ofthe general population', However, this dat~ does not consider children Or 

adults with metabolic disorders who are consuming special diets. 

Very few foods naturally contain vitamin 0, and only a few foods are fortified 

with it'" After World War II the vitamin 0 fortification pro(;ess was poorly monitored, 



and excess amounts of vitamin D were added to certain milk products, causing an 

outbre~k of vitamin D intoxication among infant, and young children". Following this 

outbreak, Europe banned the vitamin D fortification of most dairy products, and to this 

day, very few European foods are fortified with vitamin D". In the United States, milk, 

orange juice, bread, and some yogurts and cheeses are fortified with vitamin D"'_ 

Natural sources of vitamin D include oily fish such as salmon, mackerel, and herring, cod 

liver oil, sun-dried mushrooms, and other fish oils. However, vitamin D content of these 

foods varies considerably between sources". Today, supplements and fortified foods, 

namely dairy products, are the primary dietary sources of vitamin D in the United 

States", 

PKU, Vitamin D and BOne Minl?rol Density 

Adherence to a Phe-restricted diet can lead to other complications such as bone 

changes". Many studies have suggested that children and adolescents with PKU have a 

lower bone mineral density than healthy age- and gender-matched control,>, Ear ly 

$tudies examined the bone mineral density and skeletal status in PKU patients. A study 

published in 1966 observed several bone discrepancies between PKU patients who 

followed a Phe-restricted diet and patients on unrestricted diets_ PKU patients following 

a low-Phe diet demonstrated significant weight and height retardation. In addition, the 

researchers detected bone changes by x-ray in treated PKU patients under one year of 

age" , Another early study found that children undergoing treatment for PKU often 

presented with osteoporosis, abnormal bone growth or other bone changes. 



Researchers in the 19&Os typically attributed these radiogr~phic irregularities to protein 

malnutrition and clinical manifestation5 of the disease itself"'. Many recent studies 

repOrt the existence of impaired bone mineralilation among children with PKU, but 

provide differing reasons to explain this observation. Research performed by 

Ambroszkiewicz et al. investigated bone turnover markers in pre-adolescent children, 

and showed that serum concentrations of osteocalcin, collagen type 1 cross-linked C-

telopeptide, and cvtokine osteoprotegerin were ~ignificdntly lower in PKU children when 

compared to healthy age-matched controls. They concluded that pre-pubertal children 

with PKU may experience a decreased bone turnover rate compared to healthy 

control~". Roato and colleagues also studied the relationship between bone turnoller 

markers and bone impairment in subjects with PKU, demonstrating that increased 

osteoclast activity, concurrent with disruption of the bone formation ~nd resorption 

process'. Modan-Mose5 et al. examined peak bone m~s~ in PKU patients ~nd 

acknowledged that compromised BMD exists in the PKU population, but could draw no 

conclusions regarding the etiological mechanism'. Data from a study by Hillman and 

colleagues revealed significantly lower BMD in PKU children, in addition to lower levels 

of bone form~tion markers B-AlP and DC. This evidence suggests that decreased 

osteoblast activity may exist in PKU ch ildren, which is consistent with impaired bone 

mineralization. The authors concluded that decreased bone mineralization could be due 

to a primary bone mineralil~tion problem or may be 5econdary to reduced mineral 

availability among PKU subjects"'. Schwan et al. found that treated PKU patients exhibit 

Significant alterations in trabecylar bone, but they could not conclude whether the bone 



abnormalities were architectural or compositional in nature"'. Adamczyk and colleagues 

investigated bone metaboli~m in children with PKU compared to healthy controls. 

Biochemical measurements revealed that those who were noncompliant with the diet 

demonstrated higher levels of PTH and bone formation markers B-ALP and Oc. DEXA 

scans revealed that the noncompliant group had lower BMD measurements. 

Researchers conduded that high Phe levels were inversely related to BMD, and 

suggested that a possible bone mineralization problem exists in PKU patients with 

elevated blood Phe"". AI-Qadreh and colleagues examined the bone mineral status of 

PKU children on diet and proposed that a problem with bone mineralilation exists at all 

ages in PKU patients but the problem worsens in adolescence, likely owing to poor 

dietary compliance. Data also revealed that increased pl~sma Phe concentrations and 

urinary excretion of Phe metabolites correlates with increased miner~llosses in urine. 

This evidence further suggests that high Phe levels may be inversely related to BMO'I. 

Greeves et al. inve~tigated fr~cture incidence among PKU subjects and found that 

fracture risk increased with age. They postulated that this was due to poor dietary 

compliance after 8 years of age or dietary relaxation with an increase in plasma Phe 

concentrations. Researchers also acknowledged the possibility that fracture risk could 

be due to a cumulative disease-related or diet-related reduction in bone mass". 

McMurry et al.looked at bone mineral status in children with PKU and its relationship 

with serum Phe control and dietary intake. They also found a pattern of poor dietary 

compliance or dietary relaxation with an increase in plasma Phe concentrations in older 

child ren/adu Its (most notably after 8 years of age) . The authors felt strongly that 



compliance with dietary therapy for PKU is associated with normal bone mineral 

development in young children". Mendes et al. reported similar results when they 

investigated the relationship between dietMY adherence, bone age (BA) and BMD in 

children and <Kiolescents with PKU, Analysis of dietary intake revealed that children and 

adolescents who were non-adherent to diet demonstrated BA values greater than 

chronological age and lower BMD values. They concluded that non-adherence to diet 

and the consequent imbalance in intake of nutrients involved with bone metabolism 

plays an influential role in reduced bone mineralization among this population". 

Conversely, a study by Allen et al. acknowledged the existence of low BMD in children 

with PKU but could draw no conclusions regarding the etiology of this mechanism. They 

found no correlation between BMD and plasma Phe or between BMD and dietary 

intake', 

Nagasaka et al. investigated adequacy of nutrient intakes among PKU subjects 

and found that average daily intakes offat, calcium, and vitamin 0 were not significantly 

different in PKU individuals when compared to a healthy control group"_ No differences 

were detected in calcium and vitamin D intake between PKU patients and controls, 

However, serum measurements revealed that PKU patients had significantly higher 

levels of 1,25(OH)D and lower levels of 25(OH)D when compared to controls. Further, 

analysis of bone turnover markers showed that PKU patients had significantly higher 

levels of bone resorption markers than controls, Researchers proposed that a decreased 

vitamin D status and higher proportion of bone resorption to formation may contribute 

to impaired bone accrual among PKU patients''', This study supports the hypothesis that 



in~ufficient nutrient intake may not be the cau~e of abnormal bone mineralization in 

PKU patient~"". 

Overall, a majority of studies suggest that PKU patients following a Phe-

restricted diet have compromised bone mineral denSities. However, the etiology behind 

t his phenomenon remains uncertain. 

Further Re5earch Needed 

Current research provides no conclusive evidence regarding an increased 

incidence of low BMD and/or reduced vitamin D status in children with PKU undergoing 

treatment. Further, the relationship between BMD and biochemical and dietary factors 

remains unclear in this population. However, numerous studies have suggested that this 

population 'iubset is at elevated ri~k for low bone mineral density and rickets, which is 

correlated with a compromised vitamin D status. Low bone density places children and 

adolescents at a high risk for developing skeletal fractures and osteoporosis. If children 

with PKU are indeed found to have a compromised bone mineral content associated 

with low vitamin D stores, then future studies can investigate the efficacy of vitamin D 

supplementation in this population. 



Chapter 3 

Methods 

General Desir;n 

The work pre~ented in this thesis represents both a retrospective case-control 

chart review and ~ prospective observational study car ried out at the Metabolic Clinic 

investigating vit~min 0 status and bone mineral density in children with inborn errors of 

metabolism including the aminoacidopathy Phenylketon~ri~ (PKU). The retrospective 

chart review compared vitamin D stat~s in children with inborn errors of metabolism 

(I EM) against other children without an IEM diagnosis. The EPIC electronic medical 

record was queried to obtain serum vitamin D concentrations in children treated at the 

metabolic clinic and the serum vitamin D concentrations of i1ge- and sex-mJtched 

subjects treated in ~ separ~te DCH clinic. The results were statistically compared using 

~ ncond itional regression analysis. I n addition, twenty children 9-20 years of age were 

recr~ited into the prospective study. Measurements of bone mineral density, serum 

vitamin 0, and parathyroid hormone (PTH) were taken during routine clinic visits. Bone 

mineral density WdS determined by DEXA. Correlation analysis was used to examine the 

relationship between these markers of bone metabolism and bone mineral density. 

Written informed parental and child consent was obtained for the prospective study. 

Specific Aim 1: We queried the Research Data Warehouse (ROW) for all serum 

vitamin 0 concentrations of subjects with the diagnosi~ of a metabolic disorder utilizing 

the ICD 9.0 codes. The list of relevant ICD 9.0 codes is fo~nd in Table 1. 



Table 1. ICD-9 Codes for Case Subjects with the Diagnosis of a Metabolic Di~order 

Diagnosis ICD-9 

Hyperphenylalaninemia, PKU 270.1 

Homocystinu ria 270,4 

Maple Syrup Urine Disease (MSUD) Z70.3 

Tyrosinemia, Type 1/11 270.2 

Disorders of Urea Cycle Metabolism 270.6 

Lysinuric Protein Intolerance 270.0 

Propionic Acidemia (PA) Z70.6 

Methylmal ACidemia/Cobalamin C & 0 276.2 

Multiple Carboxylase Def (MCD) Z70.7 

Isovaleric Acidemia (IVA) Z76.1 

Glutaric Aciduria, Type I 170.7 

G313ctosemi3 271.1 

Histidinuria 270.5 

The data was carefully reviewed and a list of all subject'~ age, sex and date on 

which the blood sample for vitamin D was dr~wn was noted. We also queried the RDW 

to obtain data for age- and sex-matched controls with serum vi t amin 0 measurements .. 

Data obtained f rom control subjects was screened for ICD 9.0 codes that might impact 

serum 2S-0H vit amin 0 status. Control ~ubj ects presenting with a diagnosis thilt may 

impact vitamin D status such as an eating disorder were excluded from t he chart review. 

SpeCific Aim 2: We recruited ch ildren ages 9-20 with the diagnosis of PKU who 

were regularly followed at the metabolic clinic. Prior to their clinic vi sit, packets were 

mailed out to potential study su b jects invi t ing th em to partici pate in the research study. 

" 



Mailed packets conhined an explanatory letter of invitatkln, consent form, and child 

assent form. The study coordinator made follow-up phone calls to recruit these 

potential subjects. On the day of their clin ic visit, the 5tudy coordinator met with study 

subjects and collected consent and assent forms before data collection began. Table 1 

shows t he criteria followed for subject recruitment. 

Table 2. Inclusion and ExcluSion Criteria for Subject Recruitment 

Indusion Criteria 

Diagnosis of Phenylketonuria 

Aged 9-20 

Written parental consent and child assent 
obtained 

Currently receilling treatment at the 
metabolic cl inic 

Blood Sample Collection and Analyses 

Exclusion Criteria 

Pregnant 

Serum samples were obtained during routine cli nic lIisits. Vitamin D 

concentratkln was measured as the biologically inactive form of 25(OH1D2 and 

25(OH1D, .lntact PTH levels, and plasma cakium and alkaline phosphatase 

concentrat ions were also measured. Dat a obtained was compared to established 

normal ranges for each laboratory measurement. 



Table 3. Markers of Bone Mineral Density 

Blood and Urine Analysis Lab Test 

2S(OH)D MSjMS 

Calcium Automated 

Intact PTH 

PediCitric Minimum 
required sample 

0.6 ml serum 

0.5 ml plasma 

0.5 ml serum 

4 mL of whole blood was collected into a serum tube and allowed to clot. A 

green top, lithium heparin tube was used t o collect 2 mlofwhole blood and placed on 

ice. Both tubes were spun at 4°C x 2500 g x 10 min. The serum and plasma were then 

removed and stored at -BOaC until the t ime of an~lysis. 

Vitamin D, and D. were measured in serum by using a high pressure liquid 

chrom~tography tandem mass spectrometry (HPlC-MSjMS) method in the OHSU 

Bioanalytical Shared Resource/PhMmacokinetics Core Laboratory. Serum samples (200 

j.lL) were treated with 0.7 ml of acetonitrile:methanol (95:5) that contained 10 ng/mL of 

the internal standard, (['H,]-2S-0H-Dl ). StandMds ranging in concentration from 1 

ng/mL to 200 ng/mL were prepared in phosphate buffered saline containing bovine 

serum albumin and treated exactly as the serum samples. Fifty j.ll of the treated ,ample 

or standard~ were analyzed using a Shimadzu Prominence HPLC interfaced to an Applied 

Bio,y,tems 4000 Q-TRAP hybrid triple quadropolejlinear ion-trap mass spectrometer 

with an atmo5pheric pressure ionization source (APCI) operating in the positive mode. 

Optimal multiple reaction moni toring pM~meters were obtained for each analyte and 



consisted ofthe following parent/product ion pairs: 2510H) DJ m/z = 383.3 ~ 257.2; 

2510H)D2 mh. = 395.4 ~ 209.3; and ['H6]-25-0H-DJ m/z ,,389.4 --7 263.3. Peak area 

ratios of a na IVte to internal stan d ard were obtained and the resulting linear regression 

equation was used to cakulate serum 25(OH)D3 and 25(OH)Dl concentrations. The 

laboratorv used this assay in conjunction with the National Instit ute of Standards and 

Technologv (NIST)/Nationallnstitutes of Health (NIH) Vitamin D Metabolites Quality 

Assurance Program (modified from Stephanie Miba's Thesis). 

Serum iPTH was measured bV an automated chemiluminescent immunoassay 

run on the immulite platform from Siemens Diagnostics (Deerfield, IL 6(015). We used 

the turbo version which produces faster results and recognizes intact iPTH. The 

analytical sensitivity is 4.0 pg/mL and the reportable range is 5-2,500 pg/mL 

PI~sma calcium and alkaline phosphatase were measured in plasma by the OHSU 

hospital clinical chemistry laboratory by automated analysis. 

Bone Mineral Density Measurements and Analysis 

Dual-energy x-ray absorptiometry (DEXA) scans were performed during 

outp~tient clinic appOintments. DEXA appointments were scheduled at the Oregon 

Clinical and Translational Research Institute (OCTRI) after subject consent was acquired. 

No complications occurred with DEXA. The scan took ten to thirty minutes to complete 

for each subject. DEXA scans were performed on lower spine and hips to measure BMD 

in these areas. The <;tudy coordinator accompanied subjects to the DEXA scan. DEXA 

scan re<;ults were expressed as a .-score. The I-score is a value that compares the 



amount of bone an individual has to age-and sex-matched controls. A ~core above -1 i, 

considered normal; a score between -1 and -2.5 is classified as osteopenia; and a score 

below -1.5 is defined as osteoporosis. 

Dietary Intake Analysis 

Three-day diet records were given to each participant during their scheduled 

clinic visit. Subjects were asked to mail their completed 3-day diet records back to the 

study coordinator. The study coordinator mailed a gift card back to participants once 

completed 3-day diet records were received in the mail. Dietary analysis of each record 

was performed using the web-based nutrient ana~sis software program MetabolicPro. 

Food intake was analyzed for content of vitamin D, calcium, phosphorous, calories, 

protein, and phenylalanine. Dietary content of these nutrients was then compared to 

individual BMD scores. 

Statistical Analysis 

Specific Aim 1: We used unconditional regression analysis to compare serum 

25(OH)D levels between the subjects with an inborn error of metabolism and control 

subjects consuming a diet not requiring medical formula. The RDW Query yielded more 

than one control subject per subject with an inborn error of metabolism. The 

unconditional regression ana~sis allowed us to conduct an analysis comparing multiple 

control values for each subject. In this analysis, it was important to control for the 

seasonal variability in vitamin D status based on when the serum vitamin D 

concentration was measured. P< 0.05 was considered statistically significant. 



Specific Aim 2: We used correlation analysis to investigate the relationships 

between bone mineral density and the markers of bone metabolism: sel\Jm 2S(OH)D 

levels, and PTH concentration. Factors significantly associated with BMD were 

determined using a backwards stepwise multiple linear regression model. The 

dependent variable was BMD. Independent variables that were incorporated in the full 

model included vitamin D, PTH, alk phos, plasma Phe, and dietary intake of calories, 

protein, vitamin D, calcium, and Phe. P< 0.05 waHonsidered statistically significant. 

Statistical analys is was done using IBM SPSS Statistics Version 20. 



Chapter 4 

Results - Aim 1 

Descriptive Slalistin 

Subject characteristics among those with a diagnosis of a metabolic disorder verSU5 

without the diagnosis of a metabolic disorder obtained from the retrospective ROW 

database query are given in Table 4. A total of 918 records were obtained with the 

query. Data was rigorously evaluated as outlined in Figure 1 ba5ed on our prior criteria. 

Subjects who were missing data on age, lip code, diagnosis, or serum 2S(OH)D level 

were excluded from the chart review. If mUltiple serum 2S(OH)D concentrations were 

provided for a subject, only the earliest draw date was considered. Subjects who resided 

outside of Oregon and Washington were excluded from the chart review. Control 

subjects were excluded if they had an ICD 9.0 code that could impact serum 25(OH)D 

status. The ICD 9.0 codes that we excluded from our data set are listed in table 5. 

Controls with other ICD 9.0 codes not believed to be directly associated with either 

altered bone and mineral metabolism or a diet that excluded vitamin D containing foods 

were included. These ICD 9.0 codes are listed in table 6. Case subjects were excluded if 

their diagnoses list did not include an ICD 9.0 code for a metabolic disorder. 

Demographics; Statistical analysis was performed on data derived from S37 total 

subject> obtilined from the database. Ninety-two ofthese subjects (17.1%) represented 

the population with the diagnosis of a metabolic disorder (casi's). Fou r-hund red forty-



five of these subjects (82.9%) did not have the diagnosis of a metabolic disorder at the 

time of the database query (controls). Of those subjects in the case group, 47 (51.1%) 

Table 4. Baseline characteristics and comparisons between cases and controls 

Characteristic C'Sf! Control 
(n 92) (n~445) p-value 

Me~n (iSO) age on draw 12.5 i 3.47 14.6 ± 3.39 <O.OCI1 

date in years 

Sex,. n (%) 0.264 

Male 47 (51.1) 199 (44.7) 

Female 45 (48.9) 246 {55.3} 

Region A
• n ('Yo) 0.531 

Northwest 60 (65.2) 318 (71.5) 

Southwest 24 (26. 1) 101 (22.7) 

Northeast 4 (4.3) 10 (2.2) 

Southeast 4 (4.3) 16 (3.6) 

Sea50n of blood draw, n (%) 0.331 

Winter (10/1·-5/31) 65 (70.6) 291 (65.4) 

Summer {6/1--9/30} 27 (29.4) 154 ("".6) 

Mean (tSD) [25{OH)D} in 27.1 ± 10.9 27.6 i 11-2 0.672 
serum in ng/ml 

A N/S demarcation made r~lative to 45'-" parallel; E/W d"m~rcation was the Cascade mountain 

range {det~rmined via GIS}. 

Table 5. ICO 9.0 codes excluded from data set that 

could impact serum 25(OH)D status 

ICD 9.0 Code Diagno§is 

242.00 Graves' Disease 

245.2 Hashimoto Thyroid itis 

244.9 Hypothyroid 

733.90 Osteopenia 

733.00 Osteopetrosis 

246.9 Thyroid Disease 

245.9 ThyroiditiS 



Table 6. ICO 9.0 tQdes among COOlrol sub jects induded In data set 

0(' 
9.0 Oiagnosis Namll ICD 9.0 Diagnosis Name 

Code Cod' 

170.9 Ewings San;oma 330.8 Rett Syndrome 

190.5 Ret inoblastoma '" Mult iple Sclerosis 

194.0 Neuroblastoma 343.9 Cerebral Palsy 

204.00 ALL (Acute Lymphoblast ic Leukemia) 401.9 Hypenension 
Diabetes Mellitus Type II , 

2S0.00 Uncontrolled 477.9 Allergic Rhiniti5, c~use unspecified 

250.01 Type I Diabetes Mellilu> 493.90 Asthma 
GERD (GastrO@>Oph~geal Reflux 

253.2 Hypopltl.lli arism 530.81 Disu,e) 
Crohn 's Disease of Small lind l lirge 

2S6.4 PeOS (Polycyst ic Ovarian Syndrome] 555.2 Intest ines 

277.00 (y$tic Fibrosis 556.9 Ulcerative Colit l$ 

2711.00 Obesity 729.1 F ibromya '8i~ 

278.02 Overweight 756.17 Spina Biflda OCcult .. 

279.11 DiGeorge Syndrome 758.0 Down Syndrome 

2SO.9 Iron Deficiency Anemia 758.S Tri~my B 

282.5 Slc~le Cell TraI t 760.71 fetal AJcohol Syndrome 

286.0 Moderate Hemophilia A 780.39 Sellllres 

286.4 './WO (Von Wlilebrand'$ Dis.eas.e] 783.43 Short Stature 

299.00 Auti~m 790.29 Insulin ReSistance 

3004 Dysthymia VOB HIV- l 
First Norm~1 Pregnanc~ 

3H Oepre5510n V22.0 Supervision 

314.00 ADD (Attention Deficit DI~rd erl V42.7 Uver Transplant 

AOHD (Attention Deficit 
314.01 Hyperact ivity Oisorder) V69.2 High Risk Sexual Behdviot" 

315.9 UnspecifiH Delay In ~Iopmen l 

34 
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serum 2S(OH)D value form the retrospective ROW query. 
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were m~le ~nd 45 (48.9%) were female, and of the control group 199 (44.7%) were male 

and 146 (55.3%) were female. The age range of subjects in both groups was B to 10 

years of age. For cases, the average age at which serum 15(OH)D draw date occurred 

was 12.5 years ± 3.47, while the average age at draw date for controls was 14.6 years ± 

3.39. Table 4 summarizes the distribution of subjects in the case and control groups. 

Sun exposure: Subjects were assigned a geographic region in Oregon and 

Washington according to zip code. Regions were determined to account for disparities 

in annual sun exposure based on region of residence. The east/west division was 

separated by the Cascade mountain range. The 45'" parallel was used as the 

north/south division. This resulted in 4 different geographic regions into which subjects 

were grouped: Northwest, Southwest, Northeast, and SOutheast. A majority of subjects 

resided in the Northwest, with 60 cases (65.2%) and 318 controls (71.5%) grouped in 

that region. Twenty-four cases (16.1%) were from the Southwest, and 101 controls 

(12.7%) were from the Southwest. Four cases (4.3%) and 10 controls (2.2%) resided in 

the Northeast region. Four cases (4.3%) and 16 controls (3.6%) were grouped in the 

Southeast region. 

Seasonality: In order to account for the seasonal variability of sun induced 

vitamin 0 synthesis, serum 15(OH)D draw dates were categorized by either a 'winter" 

or «summer" date. A winter draw date was defined as a serum 25(OH)D that was 

measured between October 1 and May 31. A summer draw date was defined as a serum 

25(OH)D that was measured between June 1 and September 30. Sixty-five cases (70.6%) 



and 291 cont rols (65.4%) had a win ter draw date, while 27 cases (29.4%) and 154 

contro ls (34.6%) had a summer draw date. 

Statistical Anolysis 

T-test: A two-sample t-test performed on mean age at draw date between cases 

and controls revealed a significant difference in age at draw date (p<O.OOl). We carried 

out a two-sample t-test to compare mean serum 25(OH)D levels between cases and 

controls (p=0.672). The average serum 25(OH)D concentration in cases was 27.1 ng/mL 

± 10.9. The average serum 25(OH)D concentrat ion in controls was 27.6 ng/m L ± 11.2. 

Serum 25(OH)D levels in cases ranged from 4.0-58.9 ng/mL. The range of serum 

25(OHjD in controls was 5.0-87.0 ng/mL. There was no difference in the group means or 

range of serum 25(OH)D concentration between cases and contro ls . 

Further tests were used to determine if there were differences by t he season 

when the blood sample was obtained (seasonal ity) and if there were differences by 

region of residence between cases and controls. We used a chkquare 2 (case or 

control) x 2. (winte r or summer) test with 1 degree of freedom to determ ine a ny 

significant differences between cases and controls in regard to season of blood draw 

(p=O.331). We used a chi-square 4 (regional quadrants) x 2. (case or control) test with 3 

degrees of freedom to comp~ re differences in geographical region between cases and 

control (p=0.531). There was no difference by season of blood draw or by regional 

Quad rant of residence between cases and controls that could potentially influe nce our 

resu lts. Mean 25(OH)O concentrations did not diffe r ~igni fi ca ntly by season of blood 



draw in both case and control groups, demonstrating that seasonality did not impact 

vitamin D status (Figure 2). For cases, the mean 2S(OH)D concentration for both a 

winter and summer draw was equivalent at 27.4 ng/ml. For controls, the mean 25(OH)D 

concentration for a winter draw was 27.5 ng/mL, and for a summer draw it was 27.4 

ng/ml. 

Unconditional Logistic Regression Analysi5 

To control for the many variables th~t m~y impact serum 15(OH)D 

concentration, we used unconditional logistic regression an~lysis to compare serum 

2S(OH)D between cases and controls. In the full model, we adjusted for mean age, sex, 

season of blood draw, and geographical region. There was no significant difference 

between serum 25(OH)D levels in cases and controls when data was adjusted for these 

five factors (p=O.549). Figure 3 uses a Whisker Box plot to demonstrate the range of 

serum 25(OH)D levels in cases ~nd controls. Serum 25(OH)D concentrations were similar 

between our metabolic population consuming specialized diets and a control population 

who consume ~ normal diet. 
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Results - Aim 2 

Descriptive Statistiu 

Figure 4 5ummariles the distribution of subjects with PKU who were recruited 

from the metabolic clinic to participate in this research study. A total of 20 subjects 

were enrolled over a period of 6 months, from January 2012 through June 2012 

Demographics: Subject ages ranged from 9-19 years, with a mean of 11.6 ± 1.8 

years. Eleven (55%) males and 9 (45%) females partiCipated in this study. All subjects 

were diagnosed at newborn screening and treated with a low Phe diet from birth. 

Consent and assent were obtained from each subject prior to participation. This 

research study was approved by the IRB. 

Biochemical Analysis 

We were unable to do a blood draw on 1 participant, so serum analysis was 

performed on samples obtained from 19 of the 20 participants. Analysis of serum 

25(OH)D concentrations found undetectable levels of serum 25(OH)O, in 17 of the 19 

subjects. Serum 25(OH)O, levels were greater than 10 ng/mL in all 19 subjects. 

Consequently, 25(OH)D) data was used for statistical analysis purposes. Table 7 

summariles the mean and range of 25(OH)Dl and iPTH level~. Mean serum 15{OH)D, 

concentration was 34.8 ng/mL ± 85, with a range of 20.0-53.5 ng/mL. Mean iPTH level 

was 59.1 pg/mL ± 23.5. Plasma calcium and alkaline phosphatase concentrations are 

given in Table 7. The mean plasma calcium level was 9.48 mg/dL± 0.271. Mean alkaline 



phosphatase concentration was 202,89 IUjl ± 81.32. Plasma phenylalanine was 

measured in all 20 subjects during their same-day outpatient clinic appointment (Table 

8). Plasma Phe levels ranged from 154-1204 j.lmol/L, with a mean level of 489.0 j.lmol!l 

± 310,4. 
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Table 7. Mean serum and plasma levels amonK 'iUbjects 

Mean 
I±SO} levet 

Range 

Numberot 
5ubj~ls (nJ 

25-0H OJ 
(ngfmL) 

34.8 ± 8.5 

20.0-53.5 

19 

'OTH 
(ee/ml ) 

59,1 ± 23.5 

28.5- 125.0 

19 

Calcium Alk phos 
(mgfdL) (lUlL) 

9.48 ± .271 202.89 ± 
81.32 

8.70-9.90 59 - 321 

19 19 

Table B. Average 3-day nutrient intake ~mong subjects In=12) 

Mun (1$0) 
3·day Intak~ 

,~'" Prot~ln 2S.oHD Caltium 
(ktal) (,m) (Illl (mg) 

2042.3 ~ 48. 9 t 11.3 :!: 1392.25 
844.8 ."., 9.35 112037 

1149.7- 6.8- 0 - 30.0 82.0-
3601.2 153 5 44 1'1.0 

Phm 
(m,) 

13587 :!: 
1126.7 

et" 
(1m) 

0.61 i 
.33 

120 -
1., 

Ph. 
(I1mol/L) 

489.0± 
310.4 

154 -1204 

20 



Dietary Intake 

Three-d~v food records were returned for 12 out of the 20 study participants. 

The ages of the subjects who provided dietary intake data ranged from 11 to 17 years. 

We ~nalyzed the average amount of calories, protein, vitamin 0, calcium, phosphorus, 

and phenylalanine consumed by each individual over a 3-day period. Table 9 

summarizes data on the range and mean of the 3-day intakes. Medical foods were the 

primary source ofvitamin 0, calcium, and protein. 

Bone Mineral Density 

OEXA scans were performed on all 20 subjects. However, the data from 1 subject 

was excluded during analysis because a full body scan was performed, rather than the 

hip-and-sp ine SCiln mandated by the research protocol. Statistic~1 analysis was 

performed using information obtained from the remaining 19 participants. Z-score 

means and range> for hip and spine DEXA scans are summarized in Table 10. Mean spine 

BMD z-scores were -0.4632 i 1.12, and mean hip BMDz·scores were -0.4737 ± 1.22. 

Fifteen subjects have z-scores within normal limits. Four subjects demonstrated either 

an abnormal spine or hip BMO I-score. One subject had a high spine I-score at 3.1; 

another subject had a slightly low spine z-score at -2.1, suggesting osteopenia. Two 

other subjects had low hip l-scores at -3.6 and -2.4, .ugge>ting compromi.ed BMO. 



Table 9. Z-scores from hip-and- spine DEXA an~lyses {n"19) 

z-score {spine) z-score (hip) 

Mean (±SD) -.4632 ± 1.12 -.4737 ± 1,22 

Range ·2.10-3.10 -3.50 -1,60 

Correlation Analysis 

Spearman's Correlation analysis was performed to investigate the relationships 

between both spine and hip BMD and the markers of bone metabolism: serum 25(OH)D 

levels, iPTH concentration, plasma Phe levels, plasma calcium levels, plasma alkaline 

phosphatase, and average 3-day int~ke of c~lories, protein, calcium, vitamin D, 

phosphorus, and phenylalanine. Table 10 summarizes the results of the correlation 

analysis performed using all 19 subjects. There were no stat istically significant 

associations between plasma or serum measurements when compared to both spine 

and hip z-scores, We ran this same correlation analysis wit h 11 subject. who had 

complete data sets, and this analysis yielded the same results as above. Therefore, we 

are presenting the statistics using all available data here {Table 10). Previous studies 

have suggested that BMD is related to metabolic control. We did not see a significant 

correlation between plasma Phe at this time point and BMD, A significant association 

was found between spine l-scores and mean dietary protein intake {pooO.028), dietary 

calcium intake (p=O,OQ7), and dietary phosphorus intake {p",O.048), Subjects who had 



highe r int akes of diet ary protein, calcium and phosphorous had higher BMD l-x:ore,. No 

sig nificant re lationship Wil ~ observed b"tween hi p l-scores and dietary int ake variableI. 

After th is ini t ial dnaly.is, we performed dieta ry normalil ~ tion to adjust for the 

vari ~ bility of in take with age. We norma lized the data fo r die tary intake5 of protein 

(gram/kilogram), calcium (mg/1000 kcal)' and phosphorous (mg/1000 kcal). Correlation 

ilnalysis using the adjusted variables revea le d a significant relationship be tween spine 

BMD and mean calcium intake (p='O.OO7). bu t no signi ficant relationship between spine 

BMD and mea~ prot"in int ak" (p=1.28) or m"an phosphorus intake (p: 0. l 10) (TJble 11). 

T~ b l " 11. Spearman's Correlation betwee~ ~pine and hip Bone Mineral Density 

z-score5 and di"ta ry factors after normalization 

Spin" BMD I-score 
Corr"latlon COt!fficient 

p-value 

Hip BMO z-score 
Correlation Coefficient 

p-value 

Dit!tary PRO 
(gm/kg) 

.487 

.128 

-.342 

.304 

Oit!tary Ca 
(mg/U.lOO kcal) 

.756 

.00' 

.2 19 

Dietary Phos 
(mg/l000 kCilI) 

.497 

.110 

.018 

.958 
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Table 10. SiJeilrman's Correlation betwe-en spine and hlp Boone Minerai O£!flsity Z-$cores il nd serum, plilsm~, ilnd diet~rv filCIO<"S 

Plasma PI~sma Plum .. s.,um 25- Se,um Ditttary O~t;lfY Oidary Diet,ry Dietary Dietary 

" Ilk phDS ... 01103 IPTH .,,' '"0 vitD C, Phos """ 
Spln.6MO ."" -.177 .121 .015 -.364 .381 .656 .'" .1&1 606 005 
<-score 
Correlltion 
Coefficient 

, 
" " " " 18 U U 11 11 11 U 

P-Villue .993 .483 .621 .766 .116 .239 .028 .071 "" .048 .989 

Hlp BMO -.038 0," ·.027 .183 .Q20 ·.323 ·.050 -.165 -Nl -123 -.273 
~-~on 

COInlillion 
Coettldent 

, 18 l8 " " 18 11 U U 11 U U 

p-value "" .877 .9H .467 .938 m 8 .. 628 .90' . 71~ .416 
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Figure 7. Plasma pr.enylalani"" V5. Ag~ in Sub,et of 
Children wit~ PKU. S~ade d r~ ctan81 ~ re pre,e nt, 
recommer>d~ treatment range of 120-3£.0 Ilmol/L. 
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Correlation between spine BMD and dietary protein (n=11) 
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Chapter 5 

Discussion 

Summary 

This retrospective study examined information extracted from a RDW d~tabase 

query about serum 25(OH)D levels on 537 children between the ages of 8 and 20. We 

investigated whether serum vitamin D status differed between children who COn5Ume 

vitamin D containing foods and children who consume a medically modified diet. We 

determined that in this popul~tion subset there was no significant difference in vitamin 

D status between these groups. This did not change when we adjusted data according to 

subject age, sex, geographic region, or season of blood draw. These results suggest that 

vitamin D, either from endogenous synthesis or from dietary sources, is similar between 

controls and children consuming medical foods. 

This is a unique study in that it looked exclusively at serum 2S(OH)D 

concentrations in a large retrospective database query of children consuming medic~1 

foods versus control children. It is noteworthy thaI the control children are not 

necessarily "healthyN children but they do not have diseases th~t could potentially 

impact serum 25(OH)D concentrations or bone mineralization. However, they do not 

have disorders which require them to consume specialized medical foods or avoid 

vitamin D containing foods. It is possible, though, that some of the control children had 



conditions that could result in poor intake or malabsorption, such as Ulcerative Colitis or 

Crohn'5 Disease. 

There are several prospective studies that have provided research on 5erUm 

25(DH)D concentrations and other markers of bone metabolism in children with 

metabolic disorders versus healthy controls. Rubio-Golalbo and colleagues investigated 

vitamin D metabolites in patients with galactosemi~ and found them to have normal 

serum 2S(OH)D concentrations". Hillman et al compared BMD and biochemical 

parameters in healthy chi ldren versus children with PKU. They found similar 

concentrations of serum 2S(OH)D in the case and control groups". Modan-Moses el al 

measured serum 2S(OH)D in a subset of patients with PKU and found normal 

concentrations in groups of subjects who reported to be diet-adherent as well as non· 

adherent'. AI-Qadreh et al measured serum 25(OH)D in children with PKU versus 

healthy controls, and observed that there was no significant difference in serum 

2S(OH)D concentrations when cases and controls were compared, and that serum 

25(OH)D was within normal ranges". Naga5aka and colleagues investigated serum 

25(OH)D concentration5 in adults with PKU. They observed that both males and females 

with PKU had significantly lower serum 25(OH)D levels when compared to controI5", 

McMurry and colleagues looked at bone mineral status and laboratory par~meters of 

preschoolers, grade-schoolers, and older children with PKU compared to healthy 

controls. Investigators found no significant differences between serum 25(OH)D 

concentrations between grade-school age and older children with PKU when compared 

to heallhy children. However, they did find that pre-school aged healthy controls had 



significantly higher levels of serum 2S(OH)D compared to pre-school aged PKU 

subjects". 

Of the 6 studies discussed here, 2 of them found lower concentrations of serum 

2S(OH)D in a subset of subjects with PKU when compared to healthy controls. All of 

these prospective research ,tudies examined a small population of subjects with ~ 

specific inborn error of metabolism. Our study differs from previous research because 

our results from this retrospective database query provide serum 2S{OH)D data on a 

large group of both case and control subject, residing in the Northwest. Further, case 

,ubjects in this 5tudy included all children with an ICD 9.0 diagnostic code for a 

metabolic disorder that requires a modified diet for treatment in the RDW databa,e. 

Our study found that for both case and control subject5, serum 2S(OH)D 

concentrations were within the recommended range (Figure 2). These results indicate 

that children in this population subset demonstrate adeq uJte serum 2S(OH)D levels. 

One statistically significant difference was that case subject5 had a sign ificantly lower 

mean age at draw date (p<O.OOl). A likely explanat ion for this distinction is that children 

with inborn errors or metabolism are usua lly diagnosed at bi rt h or early on in life, and 

subsequently rece ive regular medical attention beginning at a young age. We tested if 

age wa, correlated with serum 2S(OH)D concentration but there was no significant 

relationship between age and ,eru m 2S(OH)D concentration (Figure 13). This difference 

in age does not appear to be a factor that influences our results. 
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Future research could investigate the dietary intakes of healthy children versus 

children with metabolic disease, and specifically examine intakes of vitamin D. Children 

with metabolic di50rders are prescribed medical foods that contain vitamin DJ, and 

theoretically ~hould receive an adequate amount of exogenous vitamin D if they 

consume the medical food. According to the f indings pre~ented here, the influence of 

both endogenous and exogenous vitamin D 50urces appears to be sufficient i ~ our 

population. 

Summory 

Aim 2 

This study investigated bone mineral density, dietary intake, and biochemical 

parameters in 20 children with PKU recrui ted from the metabolic clinic. Our findings 



indicated that this subset of child ren with PKU do not have low BMD. This i, cont rary to 

other studies which h~ve fo und that a majority of the children with PK U have low BMD. 

There are several possible reasons for the discrepancy between our fi nd ing5 and 

previous research. 

The etiology for low BMD in this population remains unknown, but previous 

studies have suggested the following (auses: 1) poor Phe (antral causes 

deminerali>:ation of bone; 2) a disruption in the bone turnover process; 3) inadequate 

diet of key nutrients prevents peak BMD from being rea<:hed; find 4) a decreased serum 

vitamin 0 st~tus despite sufficien t dietary intake. 

Many studies have supported the postul~tion that bone deminera lization ~mong 

t his population is related to poor Phe contro l. Further, sever~1 researchers have 

observed relaxed dietary adherence as children enter pre-adolescence and ~dolescence, 

and a concurrent decrease in BMD"H'. Bone demineral ization was not ~ perva,ive 

problem among our study population. Ni ne children had average plasma Phe levels on 

the day of their clinic visit t hat fell above the recommended treatment range (Figure 6). 

However, our analysis revealed that there was no significant corre lation betwcQn 

plasma Phe levels and BMD. In add ition, age seemed to have no reflection on BMD 

status. Older subjects in our study did not have higher plasma Phe levels th an younger 

subjects. Therefore we cannot support the hypothesis that bone demineralization is 

rel~ted to poor Phe control. 



A few researcher~ investigated markers of bone formation and resorption among 

children with PKU and observed a decreased rate of bone mineralization""''''_ Our 

biochemical data suggested no abnormal trends in markers of bone metabolism in this 

population when we looked at serum markers of 25(OH)D, and iPTH, as well as plasm~ 

marj(er<; of alkaline phosphata<;e and plasma calcium. However, we were not able to 

look at other markers of bone metabolism <;uch a<; osteocaicin, osteoprotegrin, bo~e 

alkali~e phosphatase, and collage~ type 1 cross-linked C-telopeptide that other studies 

have investigated"". It is possible that if we had measured additional m~rkers of bone 

resorption and formation we could have found abnormal concentrations but this is 

unlikely bec~use the 8MD was normal in our population. 

Several researchers have suggested that an inadequate intake of key nutrients 

related to bone health prevent children from reaching their peak bone mass''''''. Our 

data suggest a significant relationship between 8MD and dietary intake of nutrients 

related to bone health - specifically calcium. We did ~ot find a significant correlation 

between 8MD and vitamin D intake. When we normalized nutrient intake to body 

weight (protein) or total energy (phosphorous), the relationship to BMD became ~on

significant_ The earlier correlation that we observed was most likely influenced by the 

relationship between increased nutrient intake, increasing bone mineral density and 

age. The p-values were trending towards significance and with only 11 diet records in 

our data, this is also influenced by a small n. However, after adjusting forthis 

confounder, our ~nalysis maintained a significant relation~hip between spine 8MD and 

dietary c~lcium intake. These findings suggest that dietary intake of key nutrients plays a 



crucial role i~ bone development among th is population. The relationship we observed 

between BMD and calCium intake war ra nts further investiga tion into overa ll dietary 

intake ~ nd bone health among children with PKU. 

Nagasaka et al. propo,ed that a ~ufficient nutrient intake might not nece.sMity 

result in normal bone minera lization among adults with PKU, They ob,erved tha t 

average intakes offat, cakium, and vitamin D met the RDAs and did not differ 

significantly between the PKU and control populations. However, 5erum measurements 

revealed that 1,25(OKhO levels were significantly higher and 25(OK)O l evel~ were 

,ignific~ntly lower among subjects with PKU when compared to he~lthy controls. They 

attributed low BMO in this populat ion to a decreased vi tamin 0 status and incre~~ed 

bone resorption", Our data cannot sufficiently 5Upport the hypothesis th~t patients 

with PKU who are adherent to diet present with a decrea5ed vitamin D statu. and low 

BMD because ou r study subject, had normal serum 2S(OH)O, concentrations. However, 

we compared vitamin 0 5tatu5 in our prospective 5tudy popul~ t ion (~im 2) to that of the 

case popul~tion in our retrospective study (aim 1), and found a difference between the 

average serum 25(OH)O concentrations between the 2 populations. Our PKU subset of 

19 participants had d higher mean serum 25(OH)Ol of 34.8 ng/mL± 8.5, while ourn 

case subjects had a mean serum 2S(OH)O concentration of27.1 ± 10.9 ng/mL Thi~ 

suggests a ,elect ion bias in our prospective study such that healthy, more compliant 

subjects were more likely to volunteer t o partidp~te, Subjects in the prospective portion 

participated on a voluntdry baSiS, wh ile we did not require subject consent for the 

retrospective portion. Consequently, these serum 2S(OH)O level5 m~y reflect 



differences in dietary compliance between the larger metabolic popul~tion and our 

smaller volunteer sub-5et of ~ubiects with PKU. 

In this study we used one plasma Phe mea,urement, taken on the same day as 

the DEXA scan, to perform our analysis. Many other studie5 also U5e the pla.ma Phe 

level taken on the same day as the BMD mea5urement(5) for analysis purposes. 

However, one study took the average of 12 pla5ma Phe levels t~ken monthly over the 

preceding year". Another researcher used all plasma Phe measurements taken from the 

1"" month after birth up until the day of the DEXA scan". Hillman and colleagues took an 

<lverage of 3 plasma Phe values prior to the study"". It is suggested that calculating ~n 

average of plasma Phe levels for a year is more reflective of dietary adherence. Taking 

this into account, we cakulated the mean of 3 plasma Phe levels for each study subject 

over the preceding ye~r. On average, these children are seen at the metabolic clinic 3 

times per calend~r year. Figure 9 demon5trates the BMD of each subject compared to 

the ir mean plasma Phe level for the preceding year. It is noteworthy that two ofthe 

.ubjects with the highest mean plasma Phe levels had the be5t spine BMD z-scores, 

perhaps further suggesting that control of plasma Phe concentrat ions does not 

significantly impact bone mineralization. 

Future Research 

The re5earch present ed her~ suggests that dietary intake of key nutrients such as 

calcium plays a crucial role in optimal bone development in this population. Future 

research may benefit by further investigating dietary inta ke in ch i Idren with PKU as it 

relates to bone health. Further studies may also benefit by looking at other biochemical 

'" 



markers, such as Osteocalcin and Magnesium. A 24-hour urine analy,is could also be 

useful in examining cai<;ium and protein turnover in this population. A case-control 

prospective study wu ld compare BMD, dietary and biochemical markers among 

children with PKU and a matched healthy control population. 

Conclusion 

Children with PKU living in the Northwest had normal ElMO associated with 

normal serum vitamin D. The only significant association we found occurred between 

BMO and dietary intake of protein, calcium, and phosphorous. Our data support a 

primary role of diet and adequate intake of key nutrients in maintaining bone health in 

this popu lation. 
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