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NOTICE

Medicine is an ever-changing science. As new research and clinical experience broaden our
knowledge, changes in treatment and drug therapy are required. The authors and the publisher of
this work have checked with sources believed to be reliable in their efforts to provide information
that is complete and generally in accord with the standards accepted at the time of publication.
However, in view of the possibility of human error changes in medical sciences, neither the editors
nor the publisher nor any other party who has been involved in the preparation or publication of
this work warrants that the information contained herein is in every respect accurate or complete,
and they disclaim all responsibility for any errors or omissions or for the results obtained from use
of the information contained in this work. Readers are encouraged to confirm the information
contained herein with other sources. For example and in particular, readers are advised to check
the product information sheet included in the package of each drug they plan to administer to be
certain that the information contained in this work is accurate and that changes have not been
made in the recommended dose or in the contraindications for administration. This recommen-
dation is of particular importance in connection with new or infrequently used drugs.
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DEDICATION

Medicine 1s art, science, and method. Its subspecialities have been shaped by distinguished colleagues and
friends who paved the way. This history can and should be fundamental for us.
The pioneering work of our predecessors gives us knowledge, guidance, and perseverance.
[llustrious examples of such pioneering clinical scientists we commemorate are
Horst Bickel (Heidelberg), Ivar Asbjorn Falling (Oslo), Robert Guthrie (Buffalo),
James M. Tanner (London), and Richard Koch (Los Angeles).
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This book is designed as a source of practical
information for the diagnosis and manage-
ment of pediatric patients with endocrine
diseases and inborn errors of metabolism.
From its conception, Pediatric Endocrinology
and Inborn Errors of Metabolism (PEIEM)
was created with this dual purpose: to be both
a comprehensive, clinically-focused medical
reference for a broad audience from specialist
nurses and general physicians to specialists
in each discipline, and to be an information
bridge providing inroads into the fundamen-
tal concepts of the two interrelated disciplines.
The contributors and editorial team strove to
make the chapters on inborn errors approach-
able by endocrinologists and the endocrine
chapters approachable by metabolic special-
ists through what became the underlying
precept of the textbook—explanation, not
simplification. Following this paradigm,
chapters first elucidate the mechanisms
underlying a disorder and how they relate
to the corresponding phenotypes through
clinically relevant discussions of genetics and
pathophysiology, thus framing the basis of
disease; and second, provide complete and
detailed discussions of clinical features, labo-
ratory evaluations, treatment modalities, and
follow-up management. Rather than sim-
ply listing signs and symptoms under the
assumption that their occurrence within a
disorder is always self-explanatory, PEIEM
explains through the pathophysiology why
and how these manifestations occur and how
they can be approached, modified, or pre-
vented. As a result of this step-wise approach,
we hope that medical professionals at any
level involved in caring for endocrine and
metabolic patients will find this textbook a
useful and comprehensive resource.

We are very grateful for the wide accep-
tance the first edition of PEIEM quickly

achieved and are proud of recognition such as
the Medical Book Award of the British Med-
ical Association in 2010. In 2009, the New
England Journal of Medicine review stated “it
is a unique book that is pleasing to the eye,
nurturing for the mind, and instructive for
a broad readership” It has quickly become
an in-depth clinical reference resource for
inborn errors of metabolism and pediatric
endocrinology.

Since PEIEM% release in 2009, huge
advances of knowledge and important
improvements in diagnostics as well as
therapeutic approaches necessitated a second
edition. This allowed the corrections of some
errors of the first edition that maybe only
authors and editors spotted, as well as the
inclusion of additional disorders not covered
previously and those that were recently iden-
tified. Following a stringent concept, it was
still possible to provide even more detailed
and clinically relevant information concern-
ing presentation, diagnosis, and treatment of
more than 700 disorders within a single vol-
ume. To achieve this goal, we had to address
the question “What is the most pertinent
information needed for the practicing phy-
sician to fully understand the etiology and
pathophysiology of a disease in order to make
informed decisions concerning the diagnosis
and management of a patient?” To remain
a single volume, we focused on describing
disease pathogenesis, clinical presentation,
and therapy, and where relevant, the most
frequently recurring mutations in relation to
phenotype, rather than lengthy discussions of
a disorder’ historical background and item-
ized accounts of the discovery of each muta-
tion, both of which can be found in many
textbooks and established internet databases.

What 1s unique to this book and not easily
found in other textbooks or on the internet

is a single organized source that provides
detailed information for the practicing phy-
sician concerning the pathophysiology, diag-
nosis, and management of both inborn errors
of metabolism and endocrine disorders. By
combining the two disciplines, a physician
contemplating the differential diagnosis of a
patient with hypoglycemia, for example, will
need only one textbook to find full cover-
age of the potential underlying disorders (ie,
hyperinsulinism, glycogen storage diseases,
fatty acid oxidation disorders, adrenal insuffi-
ciency, and disorders of growth). As there can
be many subtypes of a disorder, to assist in
identifying the information you need quickly,
disease-oriented chapters begin with the
At-A-Glance page, a quick reference summary
for easy access to the biochemical profile, pre-
sentation, occurrence rate, locus, etc., of the
disorders covered in the chapter. Another
important feature of this textbook that aids
in the differential diagnosis is that many sub-
types of disorders—even rare ones—covered
within a chapter are individually discussed
following a specific format. In most cases,
each subtype of a disorder is structured in the
following format: Etiology/Pathophysiology,
Presentation, Diagnosis, and Treatment. Full
descriptions of the etiology/pathophysiology
of the overall disorder are aided by multiple
graphics to show how the different enzymatic
defects affect a pathway, rather than a single
graphic with a multitude of defect markers.
Thus, with PEIEM, the reader can readily and
consistently find the information (s)he seeks.
The structured format also has the added
benefit of addressing the heterogeneity of
contributors and writing styles created by any
multi-author textbook.
Kyriakie Sarafoglou, MD
Georg F. Hoffmann, MD
Karl S. Roth, MD
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Protecting children from the burden of inher-
ited diseases 1s the aim of newborn screening.
Selection of candidate disorders depends upon
the following prerequisites: 1) feasible means
of disease detection in a presymptomatic/
early stage of the disease; 2) treatability of the
disease; 3) ability to start of treatment in the
presymptomatic/early stage.

Screening of neonates for signs of disease
or distress has several components, with
the perinatal clinical evaluation being of
first and foremost importance. The clini-
cal approach to screening is limited to the
detection of symptoms, which in many dis-
orders have been proven to be irreversible if
not treated. For example, classic phenylke-
tonuria (PKU) due to phenylalanine (Phe)
hydroxylase deficiency is characterized by
the insidious development of irreversible
neurological damage unless treatment is ini-
tiated within the first few weeks of life.
Newborn screening was first developed for
the identification of this inborn error of
amino acid metabolism, which was typically
not diagnosed before 6 months of life and
mostly even much later when developmental
delay or other nonspecific neurologic symp-
toms become apparent. Treatment based
on a Phe-restricted diet was developed by
Horst Bickel in the 1950s, but it was quickly
realized that therapy only improved the
patient’s symptoms but was inadequate to
reverse neurologic damage.! Furthermore, it
was recognized that a limited intake of the
essential amino acid Phe requires the regular
monitoring of its concentration in blood. A
simple method for Phe determination was
developed by Robert Guthrie, a scientist
initially working in cancer research and the
father of a child with mental retardation.’
This test was a bacterial inhibition assay
(BIA) performed on serum dried on filter
paper. Guthrie then began to apply his BIA
to the analysis of Phe in small blood samples
also dried on filter paper with the aim of
allowing the presymptomatic identification
of PKU 1n patients and facilitating the timely
initiation of dietary intervention.’ Once the

Newborn Screening
Aadreas Shulze, M) PhD) FRORC Detnch Mitem, M) PhiD XM and

Ceorg E Hoffimann, MD

efficacy of this assay was established, new-
born screening began 50 years ago in several
regions of the United States and Germany
and rapidly spread around the world using
the Guthrie test.** Over the ensuing 30 years,
a few additional disorders such as congenital
hypothyroidism, galactosemia, and sickle
cell disease were gradually added to many
newborn screening programs, usually one
new assay for each additional disorder.

The BIA was initially modified to detect
other disease markers and eventually more
sophisticated technologies were applied,
such as fluorometric, colorimetric, and
immunoassays to determine either dis-
case-related metabolites or specific enzyme
activities. Over the last two decades, the
introduction of tandem mass spectrometry
(MS/MS) into newborn screening laborato-
ries has dramatically expanded the number
of disorders that can be detected in a single
blood spot. More than 30 additional condi-
tions can be detected by simultaneous acyl-
carnitine and amino acid analyses, including
inborn errors of amino acid, organic acid,
and fatty acid metabolism.

DISORDERS INCLUDED IN
NEWBORN SCREENING
PROGRAMS

To aid in the selection of diseases to be
included into screening programs, screening
principles were developed by Wilson and
Jungner on behalf of the World Health Orga-
nization in 1968.° Although these principles
were not developed specifically for newborn
screening, with some adaptation they remain
the most commonly used selection criteria for
newborn screening in almost all countries.
However, despite seemingly agreed-upon cri-
teria, diseases included vary widely between
countries—for example, in Europe from 1 to
30 conditions.” In general there is an increase
in the number of conditions screened for in
many countries over the last years. Screening
raises concerns about privacy and autonomy,

highlighting the importance of the evaluation
of ethical, legal, and societal aspects. As most
screened conditions are inherited disorders,
consequences for family members often exist.
Furthermore, healthcare expenses need to be
balanced: if screening programs are funded,
other activities may not be possible. When
deciding which diseases to include in any
newborn screening program, careful con-
sideration must be given to weighing the
impact for affected individuals against the
burden for unaffected individuals. Detailed
recommendations for screening policy will
vary from country to country and region to
region, depending on local economic, polit-
ical, and medical factors and public health
organizations.

In 2002, the American College of Medical
Genetics (ACMG) was commissioned by the
Maternal and Child Health Bureau of the
Health Resources and Services Administra-
tion ofthe United States Department of Health
and Human Services to review the scientific
basis of newborn screening and develop rec-
ommendations for which disorders should
be included in newborn screening programs.
The impetus for a comprehensive review of
the status of newborn screening was the scat-
tered implementation of MS/MS in screening
laboratories in the United States, which led
to marked discrepancies in the number of
conditions included in the various screening
programs. Several states provided newborn
screening for only three diseases, whereas
those that implemented amino acid and acyl-
carnitine profiling by MS/MS were screening
for more than 30 conditions. (A regularly
updated list of conditions screened for in each
state 1s available at: http://genes-r-us.uthscsa.
edu/.) In 2006, the ACMG reported their
conclusions,®*” recommending screening for
29 diseases by all programs, and three addi-
tional conditions have been added since then
(core conditions; Table 1-1). These conditions
were considered to fulfill three basic principles
that were developed to update and replace the
original Wilson and Jungner criteria: 1) each
condition is identifiable in a period of time
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Newbom screening is an mmportant and widely estab-
lished program of preventive medicne. It typically is a
public health program and represents a population-based
nethod to identify newboms with inherited or congenital,
metabolic, endoaine, and other disorders. Detection of
affected children in the pre-synptonmtic state of the
disease 1s the prerequisite for early initiation of treatrent,
to prevent most 1f not all disecase nanifestations and
conplications.

Newbom sareening was implenmented for phenylketonuria
(PKU) nore than halfa century ago and today more than 50
different conditions can be tested for. However; agreenrent
on and mterpretation of aitena such as those outlined by
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(

Wilson and Jungner® (Rble 1-1) for indusion of a condition
nto a sarening program 1s not universal. Athough there
1s consensus that a careful balance between benefit and
ham 1s inportant, the nunber of conditions induded n
newbom sareening prograns is variable between and also
within countries.

Bood fiom newbams is taken dunng the first 1 to 4 days
of life by a heel pridg spatted onto filter paper; and sent to
a scareening laboratory: The laboratory mvestigates the dried
blood spats for the diseases of the respective screening panel.
In addition to testing of dried blood spats, bedside testing for
hearing loss and artical congenital heart disease are ncreas-
ingly added to newbom sareening prograns. In the najonty

ofnewboms, the presence of disease can be ruled out as result
of the first imvestigation. In the case of a positive result in the
sreening test, oSt sareening prograns request a repeated
blood spat sanple (recall); sore refer positive-tested new-
bams to treatment and follow-up centers for recall testing
and counseling, (F those newbams who underwent a recall
imvestigation, up to AP/eare nat affected Distinct abnomml-
ities in the prnary test or confimmation of abnomal primary
results in the recall mvestigation raise strong suspicion for a
Recause the conditions sareened for are rare and confimmation
and treatment are conplex, care of the presunptively affected
newboms should ocaur in dose consultation and collaboration
with a pediatric specialist.

DISORDER PREVALENCE'  KEY METABOLITE COMMENTS/CONFIRMATION ANALYSIS

Phenylketonuria (PKL) 1:~10,000 T Pe (Onfirmation: Plasma Phe, Br; ptenns in unne, dihydropteridine reductase activity
(1216,5(D)b l FEI m]E nrieaﬂargexﬁicemlysisd
T Phe/Frratio
(alactosenmia 1:~70,000 7 Ttal galactose Gilactokinase def’ and UP-gal-epinerase def. are also detected by total galactose
(1:53,500)° | Gilactose- 1-phosphate saeemng"ﬁtal @lactosesaeemng gives false negatives when baby has not yet received
(Onfirmation: Ewzyme in erythrocytes, molecular genetic analysis.®
Galactokinase def’ and U P-gal-epinerase def. are not detected by GN Tsareening
Botmidase deficiency 1:~60,000 | Botinidase activity (Onfirmation: Hizyme in serum nolecular genetic analysis.¢
(1:68,000f
(Ongenital hypothyroidism ((H) 1~3500 1 Thyod-stimulating T, mayalso be measured as part of newbom sareening. Hypothalanmo-hypophyseal fomrs
honmone (TSH) of hypothyroidismare not detected by TSHsareening, Girate and HIAblood causes false
.
(Onfirmation: Plasna thyroid homones.
(Ongenital adrenal 1~13,000 T 17-(HBogesterone Screening does not reliably detect 11- and 17-hydraxylase/ 17,20-Iyase, and 33-(Hsteroid
hyperplasia (CAH) (17-aP) dehydrogenase deficency, For pretermnewboms aut-offs adjusted for gestational age, birth
weight, and/ or age at sanple collection are necessary!
(Onfirmation: Plasima steroids, molecular genetic analysis.¢
(Qucose-6-phosphate 1:~3000 | GoPDactivity Bzyme in HIAblood, molecular genetic analysis.
dehydrogenase ((bPD)
deficiency
Maple syrup urine 1:160,000 1 Teuane + koleuane + Streening dunng the first 24 hours might miss cases.
disease (MSLD) (1:198,000p Alo-Koleuane (Onfirmation: Plasm anino acds and urine organic acids, molecular genetic analysis
1 \dline
T (leut-Tet Allo-Tley
Phe -ratio
Hepatorenal tyrosinemia type 1 1:100,000 (1) ke (Onfirmation: Plasma amino adds, o-fetaprotein, succnylacetone, enzyre in fibroblasts,
(TR 1) (1:781,000f t Sicryacetone molectir geneticanaiysis
Homocystnuria (HCY) <1:200000 T Methionine (Onfirmation: Ttal homocysteine in plasima, molecular gencticanalysis, enzyime in
(1457000 t Homooysteine fibroblasts

(ntinved)
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(CONTINUED)

DISORDER PREVALENCE KEY METABOLITE COMMENTS/CONFIRMATION ANALYSIS

Gtrullinemia (AS)

Argininosuccinate lyase
deficiency (ASD

Mediumrchamn acyl-(OA
dehydrogenase deficiency
(MAD)

(Mery) long-chain acyl-(0A
dehydrogenase deficiency
(MCD)

Long-chain 3-CHacyl-(0A
dehydrogenase deficiency
(ICHAD) and trifunctional

protein deficiency (TFP)

(Amitine-palmitoyl transferase [
deficiency ((PTT)

(Gmitine-palmitoyl transfer-
ase [ deficiency ((PTT) and
carnitine-acylcaritine-
translocase deficiency (CAI)

(Gmitine uptake deficiency
@n

Isovalericaciduria (IVA)

(utaricaciduria type 1 (Gx1)

Propionic aciduria (PA)

Methylmalonicaciduria (VVA)

1:~250,000
(1:156,000
1:220,000

(1:3065,000)°

1:~15,000

(1:18000p

1:85,000
(1:63,500p

1250000
(1:300,000°

<1:750,000

<1:750,000

177,000
(1:142,000y

1: 100,000
(1:159000p

1:100,000
(1:92,000p

1:200,000
(1:238000f

1:150,000
(1:160,000°

1 Gtrulline

| Agnine

1 Apnino-succnate
1 Gtrulline

| Agnine

1 (Bcamitine

1T @Qratio

1 ®AO0ratio
T ®A2ratio
1 A4:1 camitine
1 (4 camitine

1 A6CHcamitine
1 A8CHcamitine

T (O(fiee) camitine

| d6camitine

| d8camitine

T @/A6+AY) ratio
1 (4 camitine

1 A6 camitine

1 A8 camitine

1 A8:1 camitine

1 | ©(free) camitine

1 G camitine

t GIC

1 QUG
T QUG

1 G camitine

1 G/Oratio

T Mthylatrate

1 G camitine

1 G/@ratio

T Methyimelonicaad
T Mithylatrate

(Onfirmation: Plasma amino acids, aroticacid in urine, nolecular genetic analysis.

(Onfirmation: Plasima and unne amino adds, aticaad m unne, enzye in erythrocytes/
fibroblasts, nolecular genetic analysis.!

(Drray cause a non-inforrative acylcamitine profile; G may be also elevated in glutaric
type Il (along with other acylcamitines).

(Onfirmation: Acylcamitines in 1B blood, urine arganic acids, moleaular genetic
analysis, enzyie in lynphocytes/ fibroblasts,

(Dar glucose mitsion may cause a non-mfommative acylcamitine profile. Bood for
acylcamitine profiling has to be talen prior to (not after) regular meal.

(Onfirmation: Acylcamitines in B blood, urine arganic acids, molecular genetic
analysis”, enzyne in lymphocytes/ fibroblasts.

(Diay cause a non-nfommetive acylcamitine profile. Bt mfusion nay cause false positives.
A6(Hnmy be the onty abnommal finding in ICHAD TR deficiency even with nomral .
(Onfirmation: Acylcamitines in [THY blood, nolecular genctic analysis.® enzyime in
Iynphocytes/ fibroblasts.

(@mitme supplementation (prenatures) may cause false positives.

(Onfirmation: Acylcamitines in [18Yblood, fiee camitine n blood, enzyie in
Iymphocytes/fibroblasts, molecular genetic analysis.

Dy cause a non-infommative acylcamitine profile. Secial premature fomula gives false
.

(Onfirmation: Acylcamitines n IIBS'blood, enzynte in lynphocytes/ fibroblasts, nolecular

geneticanalysis.

Qganic aad disorders, prenaturnity; and matemal camitine deficency may also cause low

free camitine. Mitemal camitine supplententation can cause false negatives.

(Onfirmation: Retermine fiee camitine in plasa and unne, detenmine fractional tubular

reabsorption of free camitine (nomml >98%6) in child and nmother; camitine uptake studies

in fibroblasts and/ar molecular genetic analysis®

(Dmay cause a non-infommtive acylcamitine profile. Teatment with pivalic acid con-

taning antibiotics may cause false positive results. (5 camitine 1s also elevated in SBAD

deficiency.

(onfirmation: Uine arganic acdds and acylghycnes, acylcamitines in B blood, nolecular

gencticanalysis®

(Drmay cause a non-infommative acylcamitine profile.

(Onfirmation: Uine arganic aads (glutanic and 3-hydroxyelutaric acd by a sersitive stable

1sotape dilution method), acylcamitines in [BYblood, enzynre n Iyimphocytes/ fibroblasts,

nolecular genetic analysis.

(Diay cause a non-infommative acylcamitine profile.

(Onfirmation: Uine arganic aads, acylcamitines in B blood, anmmonia, enzyne in

fibroblasts, molecular genetic analysis®

(Diay cause a non-infommetive acylcamitine profile.

(Onfirmation: Uine arganicadds, plasma nethylnelonic aad, plasna amino acids

(methionine) and total homocysteine, ammonia, enzye in fibroblasts, noleaular genetic

analysis?

(Gntinved)
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DISORDER PREVALENCE'  KEY METABOLITE COMMENTS/CONFIRMATION ANALYSIS

(Obalamin deficiency(HLAB C  1:100,000
D E J, X'TCII) and succinyl-(OA

synthetase (SUIA?) deficiency
3-Methylarotonyl-(OA 1:60,000
carboxylase deficiency (1:39,000p
(3-MQ

3-Hydroxy- <1:200,000
methylgutaryl-(OAlysase (1:1,528,000)
deficiency (HMO

Gpstic fibrosis ((F) 1:5000
Severe combined immuno- 1:~70,000
deficiency syndrome (SID)

Severe Beell deficiency 1:100,000
Sickle cell disease

<1:200,000— 1:30Cr Henoglobin analysis by elec-

1 G camitine

T G/Oratio

T Methyimelonicaad
T Mithylatrate

1 G(Hcamitine

. -
> danel AT

2 X
. oy

J oo
‘fbm\\

Dy cause a non-infommative acylcamitine profile.

(Onfirmation: Uine oganic acids, plasima methylmalonic acid and acylcamitines, plasima
amino acids (methionine) and total homocysteine, anmonia, nolecular genetic analysis®
conplerrentation analysis in fibroblasts; vitamin B, levels in the mother:

(Dnmay cause a non-infommative acylcamitine profile. (SCHcamitine can also be elevated in

3 nethyloutaconic aciduria type L mitiple carbxylase deficiency induding biotinicse and
holocarbylase deficiency; biotin deficiency; -letothiolase deficiency; 2-methyl 3-hyclroxy
butyryt-(@Adetydrogenase deficency and 3-ydroy-methylgiutaryl (FMO-(0Abase

deficiency:

(Onfirmation: Uine arganic acds, blood ammonia, enzynee in fibroblasts, nolecular
genetic analysis;? acylcamitines and urine organic acids in the mother:

1 Ihmune reactive
trypsinogen (IRT)

. .. tod
protein (PAP)
Presence of common (FIR
mutations

1 Feell receptor exaision
ardes (TR

| Kappe-deleting reconrbina-
tion exasion arcles (KR

ng); sweat chlonde.

(Onfirmation: (mprehensive noleaular genetic analysis (ifnot part of newbom screen+

In addition to SUDN22q11.2 deletion syndronte is detected by TRECsaeening but not Beell
defocts. Xlnked agammaglobulinenia, Aaxia Eleangiectasia and Njmegen-Beakage
Syndrone are detected n a Diplex RRassay (TRECZKR.

(Onfirmation: (BCwith differential and lymphocyte enunreration, antibody levels, tym-
phacyte proliferation tomitogens, and molecular genetic testing®

trophoresis, FPICor MYVS

(Onfirmation: Hemoglobin electropharesis with ather than sareening nethod

“Rrevalence as estinated frommnewbom sarening in a (Gucasian population, it may vary among sareening populations of different ethnic badkground.

"Newbom sareening data (520012010,
“Inbladkpopulation.

NBlecular geneticanalysis s typically not required to establish a diagnosis and its value should be evaluated on a case-by- case besis.
@) camitine deficiency; TS dried blood speciimen; Phe, pherylalanine; K tyrosine.

Note: Infommation and suggestions for followup of abnomnal newbom screening results is also available at: http:// wwwwmndbinimnih.gov/ books/NBOS83Y .

(24 to 48 hours after birth) at which it would
not ordinarily be clinically detected; 2) a test
with appropriate sensitivity and specificity is
available; and, 3) benefits of early detection,
timely intervention, and efficacious treatment
have been demonstrated. Because screening
tests do not primarily determine disease sta-
tus, but measure analytes that in most cases
are not specific for a particular disease, the
ACMG report also included 25 conditions
(secondary targets) that did not meet all three
selection criteria but are identified neverthe-
less because most of them are included in
the differential diagnosis of screening results
observed in core conditions (Table 1-1). Most
of these secondary conditions are identi-
fied through metabolite profiling by MS/MS,
which enables the determination of more

than 50 analytes and analyte ratios in a small
newborn screening blood spot punch. This
also increases the responsibility of newborn
screening laboratories to provide testing with
the highest sensitivity and specificity to allow
identification of affected patients while mini-
mizing the false-positive rate.

The current state of newborn screening
programs in Europe was evaluated through
a comprehensive survey in the European
Union (EU) program of Community Action
in Public Health 2010/2011 among 27 EU
member states, four candidate countries, three
potential candidates, and two European Free
Trade Association (EFTA) countries. The
comprehensive overview addressed all aspects
of screening, spanning from the supporting
legislation to confirmation diagnostics and

start of treatment. For each step it evaluated
existing guidelines, actual practices, quality
assurance, and training schemes and resulted
in an agreed-upon Expert Opinion document
with recommendations to the EU Commission
for improvement. Ethical aspects and the sys-
tematic evaluation of the screening programs
were investigated. The survey documented
large discrepancies concerning 1) education of
parents, including informed consent; 2) which
conditions are screened for, ranging from 2 to
more than 30; 3) age at sample collection; 4)
screening methodology; 5) storage of resid-
ual specimens, varying from 1 to 1000 years.
Confirmatory diagnostics, treatment, and fol-
low-up displayed similar differences.”'*!" All

reports are available at: http://www.iss.it/cnmrt/
prog/cont.php?id=1621&lang=1&tipo=64.




PERFORMANCE OF A NEWBORN
SCREENING PROGRAM

An ideal screening test would detect all new-
borns in a population affected with the dis-
ease with 100% sensitivity and the unaffected
newborns would have normal results (100%
specificity). In practice, every screening test
fails under certain circumstances and to a
different extent. Metabolites or hormones are
used as marker(s) for most of the screening
conditions (eg, Phe in screening for PKU, thy-
roid stimulating hormone [TSH] in congeni-
tal hypothyroidism [CH]). These metabolites
reveal usually a bimodal distribution, where
the “disease range” is ideally separated from
the “normal range” (Figure 1-1). However,
based on the (patho)physiologic distribution
of the metabolite(s) and the characteristics
of the screening test the ranges often overlap.
Diagnostic sensitivity and specificity then
depends on how the decision limit (“cutoff™
point) for the marker is set. In the example
given in Figure 1-1, the cutoff set at point A
yields 100% sensitivity but many false pos-
itives; the cutoff set at point B yields 100%
specificity but many false negatives, and at
point C yields some false positives and false
negatives. Note that sensitivity and specificity
vary reciprocally to the setting of the cutoff.

Setting the cutoff at the 99.5th percentile
of healthy newborns often results in 100%
sensitivity while keeping the specificity in an
acceptable range. A higher cutoff is feasible
when missing of disease variants (mildly
affected subjects not needing treatment) is
acceptable or when there is a gap between
“normal” and “disease.”

Applying a screening test to a popula-
tion will produce four categories of results
(true positives, false positives, false nega-
tives, and true negatives; Table 1-2). If the
number of cases for each category is known,
the false-positive rate and positive predic-
tive value (PPV) can be calculated. The
false-positive rate should be low and the PPV,
which is a measure of the proportion of per-
sons with positive test results who are truly
affected, should be high. These measures
provide insight into the performance of a
screening program and physicians receiving
newborn screening results should be able to
obtain this information from their respec-
tive screening programs. Physicians must be
aware, however, that screening programs have
different definitions of what constitutes a
positive result. Some programs count any
abnormal result as positive, whereas others
consider only a confirmed abnormal result
on a repeated blood spot test as positive.'>!

To illustrate how indices help in the assess-
ment of a screening test, consider the situation

TAHEI-1 Recommended Uhiform Screening Panel (UB) and Key Analytes

(hapter 1 | Newborn Screening

Analyte (Ore (Ondition Secondary Targets (ther Identifiable (Onditions
Phe PKU BS
HA
RG
[ew/Tie/ Allolle, \al MID BIXK(ifbranched-cham anmmo acids
belowreference range)
Mt HY MET RVD(if Mt s below reference range)
G, Ag A M AG
dar dFI
Tr TYRI TYRI TIN
TYRII
@ ab (PFI(when elevated) Mitemal (Dar conditions associated
with secondary (O deficiency
G (HAMB
MIT ACAHD HF
PA HJ
HX
I
SR
¢ IBH AU
2D
(6} N HAD Medication artifact
REhylnalonic encephalopathy
G- KT
MG
MC MAI Mitemal MC
MD MBD
¢ M2D GAIl
MEKAr
MSHD
G MAL
ao2 IR
G-I GAI
Ad41,d6,Adsl MQD 020}
(PFI
(PFI (when belowreference
1ange)
aeM [(HAD
TP
Hotinidase BOX
17-GP H
M™Hand/or {1, H
"bral galactose and/ AT AE
or (AT AAK
RI+/-PP+/-FR ~ (F
nutation panel
TRC SID Secondary immunodeficiencies
(eg [Cearge syndrone,
tnsomy 21, (HARCE
syndrone)
(Cntmued)



TAHEI-1 Recommended Uhiform Screening Panel (UB) and Key Analytes ((ontmued )

Analyte (Ore (Ondition Secondary Targets (ther Identifiable (Onditions
Henoglobin Sdde cell anemia; (Qher henoglobinopethies
electrophoresis S [-thalassermia;
SCdiscase
Axdioetry Rearing loss
Rulse oxinretry (itical congenttal
heart disease

Phe, phemylalanine; PRU phenylketonuna; BS defects of biopterin cofactor biosynthesis; HPA, benign hyperpherylalaninemia; RIG defects of
bigpterin cofactor regeneration; Lew, leucne; lle, isoleucne; Allolle, Allo-isoleucine; \l, valine; MY naple syrup unne disease; BIK brandhed-
chain ketoacid dehydrogenase kinase deficiency; Met, methionine; HCY homocystinuna (due to cystathionme [3 synthase deficiency); MEL hyper-
nethioninemia; RV remethylation disorders; TIN transient tyrosinemia of the neonate; G, atrulline; A, argmine; Asa, argininosuccinate; ASA,
argininosuccinic acidemia; (T atrullinemia; ARG arginmemia; (TFIL atrullinenmia type 11 (atrin deficency); K, tyrosine; TYRL tyrosmemia type |;
TYRIL tyrosinemia type IL TYRIL tyrosinemia type IIl; TIN transient hypertyrosinemia of the newbom; (1D camitine uptake defect; (H., nethyl-
nelonic addemia due to a cobalamin deficiency, ML methytimalonic acidemia (nutase deficiency); PA, propionic acidennia; TG, transcobalanmn 1T
deficency, LI A, sucany-(@Asynthetase deficency; IHH isobutyry-(0Adehydrogenase deficiency;, SCAD shart-chain acy-(©Adehydrogenase
deficiency; HALJ glutanmate formminotransferase deficency;, I isovaleric acdennia; SB2AD shart branched-chain acy-(©Adehydrogenase
deficiency; B<I' B-ketothiolase deficiency, HM 3-hydraxy 3-methyl ghutaric acduria (HMG (©Alyase deficiency); MC 3-methylaotonyl-(0A
carbaxylase deficiency; MID) multiple carbaxylase deficiency, MAL methylghutaconic adduria type L MAH) 2-methyl 3-hydroxybutyryl-(0A
dehydrogenase deficiency; MCAD medium - chain acyl-(0Adehydrogenase deficiency; GA L, ghutaric aciduna type 1l (multiple acyl-(OAdehydro-
genase deficiency); MIKAL medium:-chain ketoacyl-(OAthiolase deficiency, M SCHAD mediuny short-chain 3-hydroxy acyl-(0Adehydrogenase
deficiency; MAL, malonic acduria; IR dienoyl-(0Areductase deficiency; GAL glutanic aademia type I, MCAD) very long-chain acyl-(0Adehydro-
genase deficiency; AT camitine:acylcamitine translocase deficiency; (PF, camitine paimitoyttransferase I deficiency;, (PFIL camitine palintoyl-
transferase 1l deficiency; ICHAD long-chain 3-hydraxy acyl-(OAdehydrogenase deficiency; TR trifunctional protemn deficiency;, BOL biotnidase
deficiency; 17-CHR 17-(H Progesterone; CAH congenital adrenal hyperplasia (21-hydroxylase deficiency); T8 thyroid-stimulating homone; (H
congenital hypothyroidisny GAT dassical galactosemia; GALE galactose epinerase deficiency; GALK galactokinase deficiency; IRT immune reactive
trypsinogen; PAR pancreatitis associated protein; (B cystic fibrosis; TR Feell receptor exaision ardes; SN severe conbined immune deficiency
syndronre. (hitpy//wwwihrsa.gov/ advisorycommttees/ mchbadwisory hentabledisorders/ recommendedpanel/ index htrd).

of screening for tyrosinemia type I (TYR-I).
Traditionally, the primary marker used to
identify patients (with TYR-I is tyrosine Tyr);
however, Tyr levels in newborns with TYR-I
can be in the normal range. Furthermore, Tyr
elevation i1s most often associated with other
disorders or benign transient hypertyrosine-
mia of the newborn. Assuming two patients
with TYR-I were born among a screened
population of 200,000 newborns and Tyr
was 160 and 240 pumol/L in the patients’
respective screening samples, a cutoff for Tyr

‘“‘Normal”

A ‘“Borderline”

chosen at the 99.5th percentile corresponding
to a Tyr concentration of 180 umol/L would
yield an insufficient sensitivity of only 50%,
a false-positive rate of 0.5%, and a PPV of
0.1% (Table 1-3). Lowering the cutoff to the
97th percentile (150 wmol/L) raises the sen-
sitivity to 100% but has its drawback in an
increased false-positive rate (3%), and further
reduction of the PPV (0.03%) (Table 1-3).
To overcome this untenable situation, some
screening programs have stopped screen-
ing for TYR-I and others have implemented

‘Diseased”

HAREI-1. Bimodal distribution of a variable (eg, the marker metabolite for a screening disease) in a

population.

testing for succinylacetone, a specific marker
for TYR-1'*'® The latter can be performed as
a primary screening'® test or in a second-tier
approach in which any sample yielding an
elevated Tyr value will be analyzed for succi-
nylacetone.'*!> Using the two-tier approach,
which 1s not 100% sensitive, only samples
containing both elevated analytes would be
reported as abnormal."”

A second-tier approach has also been intro-
duced for several other conditions associated
with high false-positive rates and poor PPV
in which biochemical or molecular genetic
approaches are used.'®** For example, screen-
ing for cystic fibrosis (CF) is performed by
determining immunoreactive trypsinogen. If
trypsinogen is abnormally elevated, DNA
is extracted from the existing blood spot to
determine the presence of at least the most
common CFTR mutations. A screening report
1s not issued until both tests have been com-
pleted.?'*? Despite this approach, however, the
false-positive rate for CF screening remains
high because any elevated immunoreactive
trypsinogen (IRT) concentration associated
with at least carrier status for one of the eval-
uated CFTR mutations requires follow-up,
thereby identifying mostly CF carriers. As an
alternative, IRT/PAP (pancreatitis-associated
protein) protocols have been shown to have
similar sensitivity with respect to detection of
CF patients when compared to an IRT/DNA-—
based protocol.”?*> One advantage of using
PAP as second tier test is that in contrast to
genetic CF newborn screening the majority
of carriers are not detected. This strategy can
be combined with DNA testing as third tier.

In addition to second-tier tests, an increas-
ing number of screening programs have
improved their performance at least for the
conditions identified through amino acid and
acylcarnitine analysis by departing from the
use of strict and arbitrary cutoffs to determine
whether a result can be considered normal or
abnormal.?® The Region 4 Collaborative’s Lab-
oratory Performance Database (freely avail-
able by registering at: https://www.nbstrn.org/
research-tools/lab-performance-database)
has established a web-based system that
allows laboratories to determine within sec-
onds the relevance of amino acid and acyl-
carnitine results obtained by MS/MS analysis.
This system establishes risk factors for a result
being presumptive positive for relevant con-
ditions by determining and weighing the
degree of penetration into the disease range of
multiple analytes and ratios of analytes. The
disease ranges are based on a minimum of 50
true positive result sets obtained from a con-
tinuously growing number of collaborating
newborn screening programs worldwide.”
Application of these tools in routine newborn
screening leads to significant performance
improvements over the static use of cutoffs
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TAHEI-2 The Performance of a Soreening Test

No. of Newborns w/ Positive ~ No. of Newborns w/ Negative
Screening Result Screening Result Total
N of newbams "Tue positives (TP) Rlse negatives (BN TP+ BN
W disease
N of newbams w/o Rlse positives (HP) "ue negatives (TN P+ IN
discase
"bral P+ P BNFIN Alnewbams screened
st Affoted newbams with positive test (TP)

Al affected newbars mn tested population(TP= BN
= Ropation of affcted petients that have a positive test result

Realthy newboms with negative test (TN

Secificity =

Al healthy newbams 1n tested population (P + TN

= Rropation of unaffoted newbams having anegative test result

Ralse-positive rate =

Al newbams with positive test (TP+ HP)

_ Afidted newbars with positive test (TP)
Al postive tests (TP + HP)

— Propartion of newbams with positive test results who are truly affécted

“Rositive predictive value.

for single analytes while avoiding unneces-
sary costs for repeat analyses and follow-up
investigations.*®

Additional performance improvements
in the interpretation of metabolite profiles
such as those obtained for amino acids
and acylcarnitines can be achieved when
any available information provided on the
newborn screening card is considered. Such
result interpretation requires knowledge of
and experience with not only detectable dis-
eases but also with typical clinical situations
encountered in neonates. For example, C5
acylcarnitine is a marker for isovaleric aci-
duria (IVA), a classic organic aciduria that
can result in a devastating outcome unless
metabolic decompensation is prevented.
IVA is therefore included in most screening
panels; however, C5 acylcarnitine 1s also
elevated in 2-methylbutyrylglycinuria and
in a milder variant of IVA, both of which
are of uncertain clinical significance.?*-!
To further complicate the differential diag-
nosis of C5 acylcarnitine elevations, this
analyte 1s also present at abnormal levels in
patients treated with pivalic acid—containing
medications.’? Simple notification of the
referring birthplace about any C5 acylcar-
nitine elevation will therefore increase the
number of false-positive results, in particu-
lar when it 1s encountered in premature neo-
nates exposed to particular medications.’**

A screening program? performance is also
determined through ongoing assessment of
the outcome or consequences of abnormal
results. The impact of false-positive results
was documented through an objective and
quantitative assessment by Waisbren et al.***

(hapter 1 | Newbomn Screm\I-

Although it was found that expanded screen-
ing provides better long-term outcome for
those patients subjected to early initiation
of treatment because of early identification
of their condition, infants with false-positive
screening results were more often hospitalized
than healthy children with normal screening
results. Families who received false-positive
newborn screening results were at higher
risk of developing dysfunctional parent—child
relationships.”> Furthermore, with the abil-
ity to identify newborns with conditions of
either uncertain clinical significance (ie, short
chain acyl-CoA dehydrogenase [SCAD] defi-
ciency) or for which there is no effective long-
term treatment (ie, carnitine-acylcarnitine
translocase deficiency), the impact of these
conditions on the newborns, their families,
and the healthcare system must be continu-
ously evaluated to obtain evidence that can
be used to determine whether to continue
screening for specific conditions. Despite the
major advantages of newborn screening for
physical and cognitive outcome, living with a
metabolic disorder causes considerable stress
on patients and their families. Although in
a German study more than 90% of families
expected that their childs future develop-
ment will be normal and that their child will
lead an independent adult life, the majority
of families also reported a significant strain
posed on the family (child) by the disorder.*
For some disorders the perceived burden
was highly variable between families, and
disorders grouped as potentially very bur-
densome according to expert rating were
not necessarily perceived as such by parents.
This emphasizes the need for comprehensive

TAHEI-3 Hiect on Screenig Performance of Vanable Git-off Tevels of Tyrosine in Detecting Two (ases of r-Iina

Population of 200,000 Newbomns
No. of Newborns
Br Git-off Set at 99.5% No. of Newborns w/ Positive w/ Negative Screening
(180 pmol/D) Screening Result Result Total
N of newbams W' disease 1 (5r240 1My 1 (kr 160UV 2
N of newboms wo disease 99 198999 199,998
Tral 1000 199000 200,000

Sensitvity; 307/ specficity; 99.5%6 false-positive rate, 0.5% PPV0.1%

Case #2

No. of Newborns
Br Qit-off Set at 95% No. of Newborns w/ Positive w Negative Screening
(150 pmol/D) Screening Result Result Total
N of newboms W' disease 2 (' 160 and 240 LMiespectively) 0 2
N of newboms wo disease 5998 194,000 199,998
Ttal 6000 194,000 200,000

Sensitivity; 1007/ specficity; 97/ false-positive rate, 3% PPV 0.03%





