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Stephen Irwin Goodman (1938-2020)

The Editors take this opportunity to acknowledge Stephen Irwin Goodman,
MD—one of the pioneers in the field of diagnosis and treatment of inborn
errors of metabolism, who passed away while this book was in press, on
October 30, 2020—for his longstanding efforts and contributions to our
series Physician’s Guide in Inherited Metabolic Disease. A founding member
of both the Society for Inherited Metabolic Disorders and the American
College of Medical Genetics (and Genomics), Steve spent his entire
professional career at the University of Colorado in Denver with his wife,
Patricia, their daughters Michelle and Karen, and their families.

Steve is remembered for his role in establishing the diagnostic methods for
organic acidemias, for writing a seminal text on use of GC-MS for analysis of
organic acids (with Sanford Markey), defining and characterizing glutaric
acidurias type I and II, and contributing knowledge to the diagnosis and
management of many other inborn errors of metabolism.

In recognition of his constant guidance and valuable contributions (see Chap.
71), we wish to dedicate this edition of the Physician’s Guide to the Diagnosis,
Treatment, and Follow-Up of Inherited Metabolic Diseases to his memory.

Nenad Blau

Carlo Dionisi Vici

Carlos R. Ferreira
Christine Vianey-Saban
Clara D.M. van Karnebeek



Foreword

A new edition for an old subject

The study of inborn errors of metabolism arguably began with Garrod’s seminal 1902 paper
on alkaptonuria (Garrod 1902). At the time, the diagnosis of this disorder was achieved using
state-of-the-art technology: visual inspection of recently voided urine. Garrod’s genius was to
use this method to identify and collect a large number of individuals with this rare disorder and
to recognize, with input from Bateson, that the familial clustering and distribution of affected
individuals (19 affected of 48 individuals in 9 sibships) was consistent with observations made
by Gregor Mendel in pea plants some 37 years earlier. An additional feature of alkaptonuria,
crucial for Garrod’s study, is that, at the phenotypic level, it is a relatively mild disorder with
minimal, if any, effect on life span. To quote Garrod, “an alternative course of metabolism,
harmless and usually congenital and lifelong.” Thus, it was possible for Garrod to collect
affected individuals, many of whom were adults at the time of diagnosis.

From this modest beginning, Garrod not only demonstrated that Mendelism held true in
humans, but also suggested that alkaptonuria and a handful of similar disorders (cystinuria,
pentosuria, and albinism) were “merely extreme examples of variations in chemical behavior
which are probably everywhere present in minor degree” so that “just as no two individuals of
a species are absolutely identical in bodily structure neither are their chemical processes car-
ried out on exactly the same lines.” First stated in 1902, these ideas lead to Garrod’s definition
in 1931 (Garrod 1931) of “chemical individuality” as genetically determined biochemical
characteristics and capabilities which confer “predisposition to and immunities from the vari-
ous mishaps which are spoken of as diseases.” We are only now beginning to put meat on the
bones of these prescient predictions.

From Garrod’s time to the present, progress in identifying specific inborn errors of metabo-
lism has been dependent on technological advances. Thus, in the early 1950s following the
development of the first amino acid analyzer, a host of “new” (really “newly recognized”)
disorders were described on the basis of abnormal patterns of amino acids in plasma and/or
urine. Similarly, the development of GC/MS technology leads to the recognition of many
organic acidemias, and the development of tissue culture and somatic cell genetic techniques
leads to a burst of newly recognized lysosomal storage diseases.

Currently, we are experiencing at least two technologic revolutions: genomic sequencing
methods that began with the seminal 2009 paper of Ng et al. (2009) showing that the cause of
rare Mendelian disorders could be identified by applying genomic methods to well-phenotyped
patients and, more recently, the development of unstructured metabolomic methods that mea-
sure thousands of metabolites not previously examined by classical biochemical methods.
Application of genomic methods has already had a profound effect on our identification and
diagnosis of patients with inborn errors (Posey et al. 2019; Bamshad et al. 2019). Advances
and widespread application of metabolomics seems likely to have a similar effect (Burrage
et al. 2019; Miller et al. 2015). Moreover, the two technologies are synergistic in their power
to identify newly recognized monogenic disorders and to expose their pathophysiology.
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Foreword

While exciting and gratifying, this rapid expansion of the number of recognizable inborn
errors is a daunting challenge to the beleaguered clinicians who take care of these patients; one
can never know what the next patient who comes to clinic will have: a defect in purine
metabolism; a problem in lysosomal function; a peroxisome biogenesis disorder; or some
tRNA charging abnormality impairing translation. The possibilities are as broad as all biology
and hence justify newly revised editions of this text and associated online resources.

A salient challenge derived from the rapid expansion of our field and any such effort to
describe it, is how to modernize the definition of inborn errors of metabolism, a term, after all,
that has been in use since 1908 when Garrod coined it in his Croonian lectures (Garrod 1908).
Recent efforts to update the definition have included inclusion of phenotypic features, diagnos-
tic technologies, and limitations to specific biological systems (Morava et al. 2015; Ferreira
et al. 2019). While useful, phenotypic features for any disorder are always variable and typi-
cally overlap with those of other disorders. Diagnostic technology changes over time and will
continue to do so. A focus on biologic systems is useful for understanding pathophysiology,
but the margins of any particular system often overlap with those of others and, currently, we
do not have a well-defined list of all biological systems.

Based on these considerations, I argue that we consider all monogenic disorders as
Garrodian inborn errors of metabolism. This gene-based definition is enriched by a foundation
built on genetic principles and emphasizes the discrete monogenic cause of these disorders. It
also benefits from the fact that it is easier to enumerate and designate all the genes in the
genome than all the phenotypes that bring patients to our clinics. For example, at the time I
write this (25 November 2020), OMIM lists 4355 genes with variants that cause monogenic
disease (OMIM® n.d.). This number is increasing steadily with no asymptote in sight (Posey
et al. 2019; Bamshad et al. 2019). Moreover, all monogenic disorders have an associated bio-
chemical phenotype increasingly recognized by standard or newly developed technologies
such as metabolomics or proteomics. Identification of the biochemical abnormalities associ-
ated with each monogenic disease is sometimes challenging but feasible and leads to improved
understanding of the pathophysiology of each disorder, a necessary step on the path to rational
development of treatment.

One possible concern of a gene-based definition of IEM is that for some genes, allelic het-
erogeneity produces phenotypic variation which in some instances is so extreme that we do not
a priori expect variants in the same gene to underlie the apparently discrete phenotypes. For
example, variants in FBNI can cause either Marfan syndrome (OMIM 154700) with tall stat-
ure, arachnodactyly, loose joints, ectopia lentis and aortic root aneurysms or stiff skin syn-
drome (OMIM 184900) with short stature, no arachnodactyly, limited range of joint mobility,
and no ocular nor aortic symptoms. In fact, about a third of disease genes listed in OMIM are
responsible for two or more clinically discrete phenotypes (OMIM® n.d.). A gene-based defini-
tion of IEM would, however, anticipate this biologic complexity and incorporate it so that each
gene would be linked to a specific phenotype or set of phenotypes, with the benefit that we
would expect these genotype—phenotype relationships as a part of disease biology and use
them to inform our understanding of the disorders and the function of the protein(s) encoded
by each gene.

Using this definition, the ultimate number of IEMs depends on how many genes are found
to house variants of major effect, sufficient to produce a phenotype. The fact that evolution
seems to care about (conserve) the vast majority of protein-coding genes in the genome sug-
gests that certain variants in nearly all protein-coding genes will ultimately be found to be
capable of producing a monogenic phenotype (and thus, by this definition, be considered an
inborn error of metabolism or, perhaps better, simply an inborn error). This logic suggests that
long non-coding RNA genes, which are less well conserved, may play a much smaller role in
monogenic disease. How this will end up in the future is an uncertain but exciting prospect.



Foreword ix

One thing for sure is that new resources for clinicians and investigators such as this new edition
of a Physician’s Guide to the Diagnosis, Treatment, and Follow-Up of Inherited Metabolic
Diseases will be much needed and appreciated.

David Valle

McKusick-Nathans Department of Genetic Medicine
The Johns Hopkins University School of Medicine
Baltimore, MD, USA
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Preface

Our expert faculty of more than 170 recognized authorities has broadened the scope and con-
tent of this book, the fourth edition of the Physician’s Guide series. We overhauled the struc-
ture of the book to accommodate 18 new chapters: 73 chapters now address almost 1200
inherited metabolic disorders. The original edition, published in 1996, focused on diagnosis
only and was translated into Chinese in 2001. Today, along with a comprehensive update to
this vital aspect of care, the current edition presents the state of the art on the treatment and
follow-up, providing insight into the full clinical course of these rare diseases.

Based upon their experience, our expert faculty have created flowcharts and diagnostic
algorithms for each disorder. Initially, recommendations on confirmatory tests and initial treat-
ment regimens are provided for practitioners who lack extensive experience in the manage-
ment of inborn errors of metabolism. The second part of each chapter describes the treatment
of groups of disorders in more detail. The book presents the signs and symptoms of most of the
recognized inborn errors of metabolism in relation to age, with a chronological sequence of
signs and symptoms from infancy through childhood, adolescence, and adulthood. In addition,
reference and pathological values are provided for each of the disorders to simplify and facili-
tate the interpretation of the results of laboratory tests.

The guide will also be available in an eBook format that will allow the user to locate a dis-
order rapidly, using standard searches with keywords. Additionally, the entire content of this
edition is stored in a single database, [EMbase (http://www.iembase.org). This comprehensive
online resource provides the foundation for the current and future knowledge base of inborn
errors of metabolism.

While the major goals of this edition remain comparable to those of earlier editions, we, the
Editors, feel that this new edition takes clinical practice in rare metabolic disorders to the next
level. We hope that our readers will find this edition helpful, both now and in the future, for the
treatment and care of patients with inborn errors of metabolism.

Finally, we acknowledge the former Editors, Dr. Marinus Duran and Dr. K. Michael Gibson
in supporting this book project.

Ziirich, Switzerland Nenad Blau
Rome, Italy Carlo Dionisi Vici
Washington, DC, USA Carlos R. Ferreira
Lyon, France Christine Vianey-Saban
Amsterdam, The Netherlands Clara D. M. van Karnebeek

The original version of this book has been updated: fifth Editor Dr. Clara D. M. van Karnebeek’s affiliation has
been updated. A Correction to this book is available at https://doi.org/10.1007/978-3-030-67727-5_74
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How to Use This Book

This book is meant to supply clinicians and clinical biochemists with data that should facilitate
the diagnosis of an inherited metabolic disorder. No information about detailed laboratory
methods is given; rather, the relationship between laboratory data and clinical signs and symp-
toms is highlighted. Furthermore the current knowledge on the immediate emergency inter-
vention, standard treatment, and experimental options is given. Entry to the book is achieved
by scanning either of the indices, i.e., the signs and symptoms index, the tests index, or the
disorders index. Due to the great clinical variability of inherited metabolic diseases, one should
not restrict oneself to one disorder when observing a given symptom or sign. Most chapters
have a uniform layout as given below. In a few chapters, however, this was not possible, and
information is given for the entire related group of disorders in the chapter.

Introduction

The introduction gives a brief overview of the clinical conditions described in the chapter and
relates them to the biochemical abnormalities. Key references for further reading are
provided.

Nomenclature

Disorders in each chapter are numbered in accordance with the corresponding OMIM number,
gene symbols and gene products, and chromosomal localization if known.

Metabolic Pathway

Disorders are identified by corresponding reference numbers at the step where the defect is
localized. Pathological metabolites (“markers”) are given in most chapters.

Signs and Symptoms

The tables describe most, if not all, of the signs and symptoms for each disorder, including its
reference number, and the most important laboratory tests, in relation to age. In all instances,
the signs and symptoms are found in the untreated patients. The signs written in bold represent
characteristic features of the particular disease.

+ indicates that a sign or symptom may occur but is not inevitably present.

+ indicates that a sign or symptom is always or nearly always present. If there are significant
clinical signs and symptoms which exceed the usual, or if changes occur, this is indicated with
+to + + +, etc.

Xiii
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How to Use This Book

n (normal) is used only when it is significant and may be useful in distinguishing one condi-
tion from another.

Relative increases or decreases of substances, compounds, metabolites, etc., are indicated
with the use of arrows; for example, metabolite X 1 to | |]. Where metabolite X may change,
it would be indicated by n-1 for a possible increase or |-n for a possible decrease, whichever
the case.

In all tables, the test substance, material, compound, metabolite, etc., are listed and the
source—(U), (B), (CSF), (P), (RBC), etc.—is given in parentheses, with an arrow or arrows
indicating increase/decrease or relative increase/decrease.

Body fluids, cells, tissues, etc., are defined as:

P Plasma CVv Chorionic villi

S Serum AF Amniotic fluid

B Blood AFC Amniocytes

U Urine CCV Cultured chorionic villi
CSF Cerebrospinal fluid PLT Platelets

RBC Red blood cells WBC White blood cells
LYM Lymphocytes Hb Hemoglobin

FB Fibroblasts creat Creatinine

BM Bone marrow

Age groups are defined as:

Neonatal Birth to 1 month
Infancy 1-18 months
Childhood 1.5-11 years
Adolescence 11-16 years
Adulthood >16 years

Reference Values/Pathological Values/Differential Diagnosis

Reference and pathological values are listed for all parameters relevant to the diagnosis accord-
ing to the specimen (e.g., P, U, CSF) and age. For some parameters, reference values depend
on methodology and may differ from chapter to chapter. Methods are specified where
necessary.

Pathological values are listed either as absolute values or with symbols (e.g., 1, |) according
to the disorder. Values are limited to the analyses which can be performed in a laboratory expe-
rienced in selective screening. Data on enzyme studies are not given in most cases, but can be
found in the pertinent literature.

Loading Tests

There is a brief description of the tests, with a table or figure to illustrate the interpretation.



How to Use This Book

XV

Diagnostic Flow Chart

The flow charts use simple yes/no algorithms to demonstrate the sequence for differential
diagnosis, starting with clinical symptoms or general tests and proceeding to specific tests and
a final diagnosis.

Specimen Collection

This table lists preconditions, material, handling, and pitfalls for each parameter used in the
diagnosis.

Prenatal Diagnosis

This table lists the tissue or specimen, timing, and pitfalls for each disorder.

DNA Analysis

This table lists the tissue or specimen and methodology for each disorder.

Treatment and Follow-Up

This section outlines urgent treatment to consider before a definitive diagnosis is established
for each (or each group of) disorder(s). Long-term treatment and alternative therapeutic options
are highlighted in this book.

Indices

Three indices are included: (1) disorders, (2) signs and symptoms, and (3) tests and medica-
tions. Each entry is linked to the corresponding disorder or page.



Contents

PartI General Subjects and Profiles

1 Newborn Screening for Inborn Errors of Metabolism .....................
Ralph Fingerhut, Janice Fletcher, and Enzo Ranieri

2 Simple Tests and Routine Chemistry ...................................
Carlos R. Ferreira and Nenad Blau

3 Amino Acids. . ...
Marzia Pasquali and Nicola Longo

4 Organic Acids .. ...
Isabel Tavares de Almeida and Antonia Ribes

5 Acylearnitines . . ....... ...
Dietrich Matern

6 Lysosomals. .. ... ... ...
Silvia Funghini, Sabrina Malvagia, Giulia Polo, and Giancarlo la Marca

7 Untargeted Metabolomics: Next-Generation Metabolic Screening . . .........
Karlien L. M. Coene, Judith J. M. Jans, Udo F. H. Engelke, and Ron A. Wevers

8 MRI and In Vivo Spectroscopy of the Brain . ............................
Matthew T. Whitehead and Andrea Gropman

9 Genomic Approaches for the Diagnosis of Inborn Errors of Metabolism. . . . ..
Sarah L. Stenton, Johannes A. Mayr, Saskia B. Wortmann, and Holger Prokisch

10 Other -omics Approaches and Their Integration for the Diagnosis
and Treatment of Inborn Errors of Metabolism ..........................
Clara D. M. van Karnebeek and Nanda Verhoeven-Duif

11 Emergency Diagnostic Procedures and Emergency Treatment . .............
Stephanie Griinewald, James Davison, Diego Martinelli, and Carlo Dionisi Vici

12 Nosology of Inborn Errors of Metabolism . ..............................
Carlos R. Ferreira

Part I Disorders of Nitrogen-Containing Compounds

13 Purine and Pyrimidine Disorders . ... ...... .. .. ... .. .. . .. .. .
Jorgen Bierau and Ivan Sebesta

14 Disorders of Nucleotide Metabolism. . ..................................
Min Ae Lee-Kirsch, Victoria Tiingler, Simona Orcesi, and Davide Tonduti

XVii



XVviii

Contents

15 Disorders of Creatine Metabolism. . .. ............. ... .. ... .. .......
Sylvia Stockler-Ipsiroglu, Olivier Braissant, and Andreas Schulze

16 Disorder of Glutathione Metabolism ...................................
Verena Peters and Johannes Zschocke

17 Disorders of Ammonia Detoxification. . .................................
Johannes Hiberle and Vicente Rubio

18 Amino Acid Transport Defects. . . ...... ... ... .. .. .. ... .. .. ... .. .....
Manuel Palacin, Stefan Broer, and Gaia Novarino

19 Disorders of Monoamine Metabolism. . ... ..............................
Thomas Opladen and Georg F. Hoffmann

20 Disorders of Phenylalanine and Tetrahydrobiopterin Metabolism . ..........
Alberto Burlina, Francjan J. van Spronsen, and Nenad Blau

21 Tyrosine Metabolism .. ......... ... ... .. .. . . .
Francjan J. van Spronsen, Alberto Burlina, and Carlo Dionisi Vici

22 Disorders of Sulfur Amino Acid and Hydrogen Sulfide Metabolism. .........
Ivo Barié, Viktor KozZich, and Brian Fowler

23 Disorders of Branched-Chain Amino Acid Metabolism . ...................
Manuel Schiff, Jean-Francois Benoist, Anais Brassier, and Jerry Vockley

24 Disorders of Beta and Gamma AminoAcids ... ..........................
Phillip L. Pearl and Lance Rodan

25 Amino Acid Synthesis Deficiencies ..................... ... ... ... ......
Tom J. de Koning and Gajja Salomons

26 Disorders of Glycine Metabolism . ................. ... ... ... .........
Johan L. K. Van Hove, Curtis R. Coughlin II, and Michael A. Swanson

27 Disorders of Lipoic Acid and Iron-Sulfur Protein Metabolism ..............
Antonia Ribes and Frederic Tort

Part III Disorders of Vitamins, Cofactors, Metals and Minerals

28 Disorders of Cobalamin Metabolism ...................................
Matthias R. Baumgartner and D. Sean Froese

29 Disorders of Folate Metabolism and Transport...........................
Robert Steinfeld and Nenad Blau

30 Disorders of Biotin Metabolism. ... ........... ... ... ... .. ... ... ... ...
Bruce A. Barshop

31 Thiamine Disorders . ......... ... .. .. .
Majid Alfadhel and Marwan Nashabat

32 Disorders of Riboflavin Metabolism . .. .................................
Christine Vianey-Saban, Cécile Acquaviva, and Annet M. Bosch

33 Disorders of Niacin, NAD, and Pantothenate Metabolism . .................
Anna Ardissone, Daria Diodato, Ivano Di Meo, and Valeria Tiranti

34 Vitamin Bs-Dependent and Vitamin Bs-Responsive Disorders. . .............
Barbara Plecko and Eduard A. Struys



Contents Xix

35 Molybdenum Cofactor Disorders . ............... ... ... ... .. 593
Guenter Schwarz and Bernd C. Schwahn

36 Disorders of Copper, Zinc, and Selenium Metabolism .. ................... 607
Diego Martinelli

37 Disorders of Iron Metabolism . ................. .. ... ... ... ........... 625
Maria Domenica Cappellini

38 Disorders of Manganese Metabolism . .................................. 637

Karin Tuschl, Philippa B. Mills, and Peter T. Clayton

Part IV Disorders of Carbohydrates

39

40

41

Disorders of Carbohydrate Absorption, Transmembrane Transport and
Metabolism . .. ... ... .. 649
Terry G. J. Derks, Charlotte M. A. Lubout, Mathias Woidy, and René Santer

Disorders of the Pentose Phosphate Pathway and Polyol Metabolism . . ...... 701
Mirjam M. C. Wamelink and Monique Williams
Congenital Hyperinsulinism . .......... ... ... ... ... .. .. .. .. ... ... 713

Jean-Baptiste Arnoux, Arianna Maiorana, Marlene Rio, and Pascale de Lonlay

Part V Mitochondrial Disorders of Energy Metabolism

42

43

44

45

46

47

Disorders of the Pyruvate Metabolism and the Krebs Cycle .. .............. 739
Eva Morava, Linda de Meirleir, and Rosalba Carrozzo

Disorders of Mitochondrial Carriers ............. ... ... .. ... .. ......... 765
Tom J. J. Schirris, Jan A. M. Smeitink, and Frans G. M. Russel

Isolated Mitochondrial Complex Deficiencies . ........................... 793
Mirian C. H. Janssen, Maaike C. de Vries, Lonneke de Boer,
and Richard J. Rodenburg

Disorders of Replication, Transcription and Translation

of Mitochondrial DNA ... ... ... ... . . 843
Ian J. Holt, Antonella Spinazzola, Mirian C. H. Janssen,

and Johannes N. Spelbrink

Disorders of Mitochondrial Homeostasis, Dynamics, Protein Import,

and Quality Control .. ....... ... ... .. . . . . 889
Lonneke de Boer, Maaike C. de Vries, Jan A. M. Smeitink,

and Werner J. H. Koopman

Primary Coenzyme Q,, Deficiencies . . .................................. 915
Leonardo Salviati and Rafael Artuch

Part VI Disorders of Lipids

48

49

50

Mitochondrial Fatty Acid Oxidation Disorders........................... 929
Ute Spiekerkoetter and Jerry Vockley
Disorders of Glycerol Metabolism. . .................................... 959

Katrina M. Dipple

Disorders of Ketone Body Metabolism and Transport .. ................... 967
Jorn Oliver Sass and Sarah C. Griinert



XX

Contents

51 Disorders of Complex Lipids............... ... ... ... ... ... ... ......
Frédéric M. Vaz, Saskia B. Wortmann, and Fanny Mochel

52 Disorders of Eicosanoid Metabolism. ... ................................
Ertan Mayatepek

53 Disorders of Lipoprotein Metabolism. ........... ... ... .. .. .. ... .....
Amanda J. Hooper, Robert A. Hegele, and John R. Burnett

54 Disorders of Cholesterol Biosynthesis. . .................................
Lisa E. Kratz and Richard I. Kelley

55 Disorders of Adrenalsand Gonads . ............. ... ... . ... ... ... ... ....
Anna Biason-Lauber

56 Disorders of Bile Acid Synthesis ............. ... .. ... ... ... . ...
Frédéric M. Vaz, David Cassiman, and Sacha Ferdinandusse

Part VII Disorders of Tetrapyrroles

57 Disorders of Heme Metabolism . . ........... ... ... .. .. .. .. ... .....
Ulrich Stolzel, Ilja Kubisch, Thomas Stauch, and Detlef Schuppan

58 Inherited Disorders of Bilirubin Metabolism. ............................
Namita Roy-Chowdhury, Chandan Guha, and Jayanta Roy-Chowdhury

Part VIII Storage Disorders

59 Disorders of Autophagy . ........ ... ... .. .
Carlo Dionisi Vici, Heinz Jungbluth, Rita Carsetti,
and Clara D. M. van Karnebeek

60 Lipidoses: The Sphingolipidoses, Lysosomal Acid Lipase Deficiency,
and Niemann-Pick Type C . . ... ... ... . . . . i
Carla Hollak

61 The Neuronal Ceroid Lipofuscinoses .. .............. .. .. .. .. .......
Maurizio Scarpa, Cinzia Maria Bellettato, and Annalisa Sechi

62 Mucolipidoses, Multiple Sulfatase Deficiency, and Cathepsin
Kand CDeficiency . ... ........ .. .. i
Hidde H. Huidekoper and Esmee Oussoren

63 Oligosaccharidoses and Sialic Acid Disorders . ...........................
Michael Beck and Zoltan Lukacs

64 The Mucopolysaccharidoses .............. ... ... ... .. . i,
Giancarlo Parenti and Roberto Giugliani

65 Cystinosis. . .. ...
Elena Levtchenko and Francesco Emma

Part IX Disorders of Peroxisomes and Oxalate

66 Peroxisomal Disorders . .......... ... . ... ... ... . ...
Ronald J. A. Wanders, Femke C. C. Klouwer, Marc Engelen,
and Hans R. Waterham

67 Disorders of Oxalate Metabolism ......................................
Bernd Hoppe, Bodo B. Beck, and Cristina Martin-Higueras



Contents XXi

Part X Congenital Disorders of Glycosylation

68 Congenital Disorders of Glycosylation . ... .............................. 1335
Jaak Jaeken and Lambert van den Heuvel

Part XI Various

69 Cerebral Organic Acidurias. . ............... ... .. ... ... .. ..., 1399
Stefan Kolker

70 3-Methylglutaconic Acidurias ............ ... ... .. .. ... .. 1417
Saskia B. Wortmann and Johannes A. Mayr

71 Biochemical Phenotypes of Questionable Clinical Significance.............. 1431

72

73

Stephen I. Goodman

Knowledge Base of Inborn Errors of Metabolism (IEMbase):

A Practical Approach . . . ... ... .. 1449
Tamar V. Av-Shalom, Jessica J. Y. Lee, Carlos R. Ferreira, Nenad Blau,

Clara D. M. van Karnebeek, and Wyeth W. Wasserman

WikiPathways: Integrating Pathway Knowledge with Clinical Data . ........ 1457
Denise N. Slenter, Martina Kutmon, and Egon L. Willighagen

Correction to: Physician’s Guide to the Diagnosis, Treatment,

and Follow-Up of Inherited Metabolic Diseases. . . .......................... Cl
Disorder Index. . . .. ... ... 1467
Test and Medication Index: Strange Association. . ........................ 1493

Sign and Symptoms Index .. .......... .. ... ... . 1513



Contributors

Cécile Acquaviva CHU de Lyon, Department of Biochemistry & Molecular Biology, Division
of Inborn Errors of Metabolism, Lyon University Hospital Centre, Bron, France

Majid Alfadhel King Abdullah International Medical Research Centre, King Saud bin
Abdulaziz University for Health Sciences, Riyadh, Saudi Arabia

Anna Ardissone Unit of Child Neurology, Fondazione IRCCS Istituto Neurologico
Carlo Besta, Milan, Italy

Jean-Baptiste Arnoux French Metabolic Network G2M, Necker-Enfants Malades Hospital,
APHP, Paris, France

Rafael Artuch CIBERER, Instituto de Salud Carlos III, Madrid, Spain
Clinical Chemistry Department, Institut de Recerca Sant Joan de Déu, Barcelona, Spain

Pathology Department, Institut de Recerca Sant Joan de Déu, Barcelona, Spain

Tamar V. Av-Shalom Department of Medical Genetics, Centre for Molecular Medicine and
Therapeutics, BC Children’s Hospital Research Institute, University of British Columbia,
Vancouver, BC, Canada

Ivo Barié¢ Division for Genetics and Metabolic Diseases, Department of Pediatrics, University
Hospital Center Zagreb and University of Zagreb, School of Medicine, Zagreb, Croatia

Bruce A. Barshop Department of Pediatrics, University of California San Diego, La Jolla,
CA, USA

Matthias R. Baumgartner Division of Metabolism and Children’s Research Center,
University Children’s Hospital Ziirich, University of Ziirich, Ziirich, Switzerland

Bodo B. Beck Department of Human Genetics, University Hospital Cologne, Cologne,
Germany

Michael Beck SphinCS GmbH-Clinical Science for LSD, Hochheim, Germany

Cinzia Maria Bellettato Regional Coordinating Center for Rare Diseases, Udine University
Hospital, Udine, Italy

Jean-Francois Benoist APHP, Reference Center for Inborn Error of Metabolism and Filiere
G2M, Pediatrics Department, Necker Univ Hospital, Paris, France

Anna Biason-Lauber Division of Medicine, University of Fribourg, Fribourg, Switzerland
Jorgen Bierau Department of Clinical Genetics, Erasmus MC, Rotterdam, The Netherlands
Nenad Blau Division of Metabolism, University Children’s Hospital, Ziirich, Switzerland

Annet M. Bosch Department of Pediatrics, Emma Children’s Hospital, Amsterdam University
Medical Centers, Amsterdam, The Netherlands

xxiii



XXiv Contributors

Olivier Braissant Service of Clinical Chemistry, Department of Laboratories, University
Hospital and University of Lausanne, Lausanne, Switzerland

Anais Brassier APHP, Reference Center for Inborn Error of Metabolism and Filiere G2M,
Pediatrics Department, Necker Univ Hospital, Paris, France

Stefan Broer Research School of Biology, The Australian National University, Canberra,
ACT, Australia

Alberto Burlina Division of Inherited Metabolic Diseases, Reference Centre Expanded
Newborn Screening, Department of Woman’s and Child’s Health, University Hospital, Padova,
Italy

John R. Burnett Department of Clinical Biochemistry, Royal Perth Hospital and Fiona
Stanley Hospital, PathWest Laboratory Medicine WA, Perth, WA, Australia

School of Medicine, University of Western Australia, Perth, WA, Australia

Maria Domenica Cappellini Fondazione Ca Granda Policlinico IRCCS, Universita di
Milano, Milan, Spain

Rosalba Carrozzo Molecular Genetic, Bambino Gesu Children’s Hospital, Rome, Italy

Rita Carsetti Diagnostic Immunology Clinical Unit, Bambino Gesu Children’s Hospital
IRCCS, Rome, Italy

David Cassiman Center for Metabolic Diseases, University of Leuven, Leuven, Belgium
Peter T. Clayton UCL GOS Institute of Child Health, University College, London, UK

Karlien L. M. Coene Translational Metabolic Laboratory, Department Laboratory Medicine,
Radboud University Medical Centre, Nijmegen, The Netherlands

Curtis R. Coughlin IT Section of Clinical Genetics and Metabolism, Department of Pediatrics,
University of Colorado, Children’s Hospital Colorado, Aurora, CO, USA

James Davison Metabolic Unit, Great Ormond Street Hospital for Children, NHS Foundation
Trust and Institute for Child Health, London, UK

Lonneke de Boer Department of Pediatrics, Radboud Center for Mitochondrial Medicine,
Radboud University Medical Centre (Radboudumc), Nijmegen, The Netherlands

Tom J. de Koning Department of Clinical Sciences, Lund University, Lund, Sweden

Pascale de Lonlay French Metabolic Network G2M, Necker-Enfants Malades Hospital,
APHP, Paris, France

Linda de Meirleir Department of Pediatric Neurology, UZ-Brussel, Brussels, Belgium

Terry G. J. Derks Section of Metabolic Diseases, Beatrix Children’s Hospital, University
Medical Center Groningen, Groningen, The Netherlands

Maaike C. de Vries Department of Pediatrics, Radboud Center for Mitochondrial Medicine,
Radboud University Medical Centre (Radboudumc), Nijmegen, The Netherlands

Ivano Di Meo Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto
Neurologico Carlo Besta, Milan, Italy

Daria Diodato Neuromuscular and Neurodegenerative Disease Unit, Children Hospital
Bambino Gesu, Rome, Italy

Carlo Dionisi Vici Division of Metabolism, Department of Pediatric Medicine, Bambino
Gesu Children’s Research Hospital, IRCCS, Rome, Italy

Katrina M. Dipple Division of Genetic Medicine, Department of Pediatrics, University of
Washington School of Medicine and Seattle Children’s Hospital, Seattle, WA, USA



Contributors

XXV

Francesco Emma Department of Pediatric Subspecialties, Division of Nephrology and
Dialysis, Bambino Gesu Children’s Hospital, IRCCS, Rome, Italy

Marc Engelen Departments of Pediatric Neurology, Emma Children’s Hospital, Amsterdam
University Medical Centers, Academic Medical Center, Amsterdam, The Netherlands

Udo F. H. Engelke Translational Metabolic Laboratory, Department Laboratory Medicine,
Radboud University Medical Centre, Nijmegen, The Netherlands

Sacha Ferdinandusse Laboratory Genetic Metabolic Diseases, Amsterdam UMC,
Amsterdam, The Netherlands

Carlos R. Ferreira Division of Genetics and Metabolism, Children’s National Health System,
Washington, DC, USA

Ralph Fingerhut SYNLAB MVZ Weiden, Weiden, Germany
Janice Fletcher SA Pathology (at Women’s and Children’s Hospital), Adelaide, SA, Australia

Brian Fowler Division for Metabolic Diseases, University Children’s Hospital, Ziirich,
Switzerland

D. Sean Froese Division of Metabolism and Children’s Research Center, University Children’s
Hospital Ziirich, University of Ziirich, Ziirich, Switzerland

Silvia Funghini Newborn Screening, Clinical Chemistry and Pharmacology Lab, Meyer
Children’s University Hospital, Florence, Italy

Roberto Giugliani Department of Genetics, Federal University of Rio Grande do Sul, Porto
Alegre, RS, Brazil
Medical Genetics Service, Hospital de Clinicas de Porto Alegre, Porto Alegre, RS, Brazil

Stephen I. Goodman University of Colorado Denver School of Medicine, Aurora, CO,
USA

Andrea Gropman Department of Neurology, Children’s National Health System, Washington,
DC, USA

Sarah C. Griinert Zentrum fiir Kinder- und Jugendmedizin, Universititsklinikum Freiburg,
Freiburg, Germany

Stephanie Griinewald Metabolic Unit, Great Ormond Street Hospital for Children, NHS
Foundation Trust and Institute for Child Health, London, UK

Chandan Guha Marion Bessin Liver Research Center, Albert Einstein College of Medicine,
Bronx, NY, USA
Departments of Radiation Oncology and Pathology, Albert Einstein College of Medicine,
Bronx, NY, USA

Johannes Hiiberle Division of Metabolism and Children’s Research Center, University
Children’s Hospital, Ziirich, Switzerland

Robert A. Hegele Schulich School of Medicine and Dentistry, University of Western Ontario,
London, ON, Canada

Georg F. Hoffmann University Children’s Hospital, Heidelberg, Germany

Carla Hollak Division of Endocrinology and Metabolism, Department of Internal Medicine,
Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands

Ian J. Holt Biodonostia Health Research Institute, San Sebastidn, Spain
IKERBASQUE, Basque Foundation for Science, Bilbao, Spain



XXVi

Contributors

CIBERNED (Center for Networked Biomedical Research on Neurodegenerative Diseases,
Ministry of Economy and Competitiveness Institute Carlos III), Madrid, Spain

Amanda J. Hooper Department of Clinical Biochemistry, Royal Perth Hospital and Fiona
Stanley Hospital, PathWest Laboratory Medicine WA, Perth, WA, Australia

School of Medicine, University of Western Australia, Perth, WA, Australia
Bernd Hoppe Hyperoxaluria Center, German Hyperoxaluria Center, Bonn, Germany

Hidde H. Huidekoper Center for Lysosomal and Metabolic diseases, Department of
Pediatrics, Erasmus MC University Medical Center, Rotterdam, The Netherlands

Jaak Jaeken Center for Metabolic Disease, University Hospital Gasthuisberg, Leuven,
Belgium

Judith J. M. Jans Translational Metabolic Laboratory, Department Laboratory Medicine,
Radboud University Medical Centre, Nijmegen, The Netherlands

Mirian C. H. Janssen Department of Internal Medicine, Radboud Center for Mitochondrial
Medicine, Nijmegen, The Netherlands

Heinz Jungbluth Department of Paediatric Neurology, Evelina Children’s Hospital, Guy’s
and St Thomas’ Hospital NHS Foundation Trust, London, UK

Richard I. Kelley Central Pennsylvania Clinic, Belleville, PA, USA

Femke C. C. Klouwer Departments of Neurology and Pediatric Neurology, Emma Children’s
Hospital, Amsterdam University Medical Centers, Amsterdam, The Netherlands

Stefan Kolker Division of Pediatric Neurology and Metabolic Medicine, Clinic I, Center for
Pediatric and Adolescent Medicine, Heidelberg, Germany

Werner J. H. Koopman Department of Biochemistry, Radboud Institute for Molecular Life
Sciences (RIMLS), Radboud Center for Mitochondrial Medicine, Radboud University Medical
Centre (Radboudumc), Nijmegen, The Netherlands

Viktor Kozich Department of Pediatrics and Inherited Metabolic Diseases, Charles
University-First Faculty of Medicine and General University Hospital in Prague, Praha, Czech
Republic

Lisa E. Kratz Department of Neurogenetics, Kennedy Krieger Institute, Baltimore, MD,
USA

IIja Kubisch Center of Internal Medicine II, Gastroenterology, Hepatology, Endocrinology,
Metabolic Disorders, Oncology, Saxony Porphyria Center, Klinikum Chemnitz gGmbH,
Chemnitz, Germany

Martina Kutmon Department of Bioinformatics—BiGCaT, NUTRIM, Maastricht University,
Maastricht, The Netherlands

Maastricht Centre for Systems Biology—MaCSBio, Maastricht University, Maastricht, The
Netherlands

Giancarlo la Marca Newborn Screening, Clinical Chemistry and Pharmacology Lab, Meyer
Children’s University Hospital, Florence, Italy

Department of Experimental and Clinical Biomedical Sciences, University of Florence,
Florence, Italy

Jessica J. Y. Lee Department of Medical Genetics, Centre for Molecular Medicine and
Therapeutics, BC Children’s Hospital Research Institute, University of British Columbia,
Vancouver, BC, Canada

Min Ae Lee-Kirsch Department of Pediatrics, Medizinische Fakultit Carl Gustav Carus,
Technische Universitidt Dresden, Dresden, Germany



Contributors

XXVii

Elena Levtchenko Department of Pediatric Nephrology, University Hospitals Leuven,
Catholic University of Leuven, Leuven, Belgium

Nicola Longo University of Utah and ARUP Laboratories, Salt Lake City, UT, USA

Charlotte M. A. Lubout Section of Metabolic Diseases, Beatrix Children’s Hospital,
University Medical Center Groningen, Groningen, The Netherlands

Zoltan Lukacs Newborn Screening and Metabolic Diagnostics Unit, Hamburg University
Medical Center, Hamburg, Germany

Arianna Maiorana Division of Metabolism, Department of Pediatric Subspecialties,
Bambino Gesu Children’s Hospital, Rome, Italy

Sabrina Malvagia Newborn Screening, Clinical Chemistry and Pharmacology Lab, Meyer
Children’s University Hospital, Florence, Italy

Diego Martinelli Division of Metabolism, Department of Pediatric Medicine, Bambino Gesu
Children’s Research Hospital, Rome, Italy

Division of Metabolic Diseases, Bambino Gesu Children’s Hospital, IRCCS, Rome, Italy
Cristina Martin-Higueras Department of Pediatrics, Division of Pediatric Nephrology,
University Hospital Bonn, Bonn, Germany

Department of Basic Medical Science, Faculty of Medicine, University of La Laguna, La
Laguna, Spain

Dietrich Matern Biochemical Genetics Laboratory, Department of Laboratory Medicine and
Pathology, Mayo Clinic, Rochester, MN, USA

Ertan Mayatepek Department of General Pediatrics, Neonatology and Pediatric Cardiology,
University Children’s Hospital, Heinrich-Heine University Diisseldorf, Diisseldorf, Germany

Johannes A. Mayr University Children’s Hospital, Paracelsus Medical University, Salzburg,
Austria

Philippa B. Mills UCL GOS Institute of Child Health, University College, London, UK

Fanny Mochel Reference Center for Adult Neurometabolic diseases, La Pitié-Salpétricre
University Hospital, Paris, France

Eva Morava Department of Medical Genetics, Mayo Clinic, Rochester, MN, USA
Marwan Nashabat King Abdulaziz Medical City, Riyadh, Saudi Arabia
Gaia Novarino Institute of Science and Technology (IST) Austria, Klosterneuburg, Austria

Thomas Opladen Division of Neuropediatrics and Metabolic Medicine, Department of
Pediatrics, University Children’s Hospital, Heidelberg, Germany

Simona Orcesi Unit of Child Neurology and Psychiatry, IRCCS Mondino Foundation, Pavia,
Italy

Esmee Oussoren Center for Lysosomal and Metabolic diseases, Department of Pediatrics,
Erasmus MC University Medical Center, Rotterdam, The Netherlands

Manuel Palacin Institute for Research in Biomedicine (IRB Barcelona), Barcelona Institute
of Science and Technology, Barcelona, Spain

Barcelona, Centro de Investigaciéon Biomédica en Red de Enfermedades Raras (CIBERER),
Spain

Department of Biochemistry and Molecular Biomedicine, Faculty of Biology, University of
Barcelona, Barcelona, Spain



XXViii

Contributors

Giancarlo Parenti Department of Translational Medical Sciences, Federico II University,
Naples, Italy

Telethon Institute of Genetics and Medicine, Pozzuoli, Italy
Marzia Pasquali University of Utah and ARUP Laboratories, Salt Lake City, UT, USA

Phillip L. Pearl Department of Neurology, Boston Children’s Hospital, Harvard Medical
School, Boston, MA, USA

Verena Peters Centre for Pediatric and Adolescent Medicine, University of Heidelberg,
Heidelberg, Germany

Barbara Plecko Department of Pediatrics and Adolescent Medicine, Division of General
Pediatrics, Medical University of Graz, Graz, Austria

Giulia Polo Division of Inherited Metabolic Diseases, Department of Women and Children’s
Health, Regional Center for Expanded Neonatal Screening, University Hospital of Padova,
Padova, Italy

Holger Prokisch Institute of Human Genetics, Technische Universitit Miinchen, Munich,
Germany

Institute of Neurogenomics, Helmholtz Zentrum Miinchen, Munich, Germany
Enzo Ranieri SA Pathology (at Women’s and Children’s Hospital), Adelaide, SA, Australia

Antonia Ribes Section of Inborn Errors of Metabolism, Department of Biochemistry and
Molecular Genetics, Hospital Clinic de Barcelona, IDIBAPS, CIBERER, Barcelona, Spain

Marleéne Rio Genetic Department, Necker-Enfants Malades Hospital, APHP, Paris, France

Lance Rodan Department of Neurology, Boston Children’s Hospital, Harvard Medical
School, Boston, MA, USA

Richard J. Rodenburg Department of Paediatrics, Translational Metabolic Laboratory,
Radboud Center for Mitochondrial Medicine, Nijmegen, The Netherlands

Jayanta Roy-Chowdhury Depatments of Medicine and Genetics, Albert Einstein College of
Medicine, Bronx, NY, USA

Marion Bessin Liver Research Center, Albert Einstein College of Medicine, Bronx, NY, USA

Namita Roy-Chowdhury Depatments of Medicine and Genetics, Albert Einstein College of
Medicine, Bronx, NY, USA

Marion Bessin Liver Research Center, Albert Einstein College of Medicine, Bronx, NY, USA

Vicente Rubio Structural Enzymopathology Unit, Department of Genomics and Proteomics,
Instituto de Biomedicina de Valencia of the Spanish National Research Council (CSIC) and
Centre for Biomedical Network Research on Rare Diseases (CIBERER-ISCIII), Valencia,
Spain

Frans G. M. Russel Department of Pharmacology and Toxicology, Radboud Center for
Mitochondrial Medicine, Radboud Institute for Molecular Life Sciences, Radboud University
Medical Center, Nijmegen, The Netherlands

Gajja Salomons Department of Genetic Metabolic Diseases, Amsterdam University Medical
Centers, Amsterdam, The Netherlands

Leonardo Salviati Clinical Genetics Unit, Department of Women and Children’s Health,
University of Padova and IRP Citta della Speranza, Padova, Italy

René Santer Department of Paediatrics, University Medical Center Eppendorf, Hamburg,
Germany



Contributors

XXixX

Jorn Oliver Sass Research Group Inborn Errors of Metabolism, Department of Natural
Sciences & Institute for Functional Gene Analytics (IFGA), Bonn-Rhein-Sieg University of
Applied Sciences, Rheinbach, Germany

Maurizio Scarpa Regional Coordinating Center for Rare Diseases, Udine University
Hospital, Udine, Italy

Manuel Schiff APHP, Reference Center for Inborn Error of Metabolism and Filiere G2M,
Pediatrics Department, Necker Univ Hospital, Paris, France

Tom J. J. Schirris Department of Pharmacology and Toxicology, Radboud Center for
Mitochondrial Medicine, Radboud Institute for Molecular Life Sciences, Radboud University
Medical Center, Nijmegen, The Netherlands

Andreas Schulze Division of Clinical and Metabolic Genetics, The Hospital for Sick
Children, Toronto, ON, Canada

Departments of Pediatrics and Biochemistry, University of Toronto, Toronto, ON, Canada

Detlef Schuppan Institute of Translational Immunology and Research Center for Immune
Therapy, University Medical Center, Johannes Gutenberg University, Mainz, Germany

Division of Gastroenterology, Beth Israel Deaconess Medical Center, Harvard Medical School,
Boston, MA, USA

Bernd C. Schwahn Willink Metabolic Unit, Manchester Centre for Genomic Medicine,
Manchester University Hospitals NHS Foundation Trust, Saint Mary’s Hospital, Manchester,
UK

Guenter Schwarz Department of Chemistry, Center for Molecular Medicine, Institute of
Biochemistry, University of Cologne, Koeln, Germany

Ivan Sebesta Institute of Medical Biochemistry and Laboratory Medicine, Institute of
Inherited Metabolic Disorders, First Faculty of Medicine, Charles University, Prague 2, Czech
Republic

Annalisa Sechi Regional Coordinating Center for Rare Diseases, Udine University Hospital,
Udine, Italy

Denise N. Slenter Department of Bioinformatics—BiGCaT, NUTRIM, Maastricht University,
Maastricht, The Netherlands

Jan A. M. Smeitink Department of Pediatrics, Radboud Center for Mitochondrial Medicine,
Radboud University Medical Center, Nijmegen, The Netherlands

Johannes N. Spelbrink Department of Paediatrics, Radboud Center for Mitochondrial
Medicine, Nijmegen, The Netherlands

Ute Spiekerkoetter Department of Pediatrics and Adolescent Medicine, University Children’s
Hospital, Albert Ludwigs University, Freiburg, Germany

Antonella Spinazzola MRC Centre for Neuromuscular Diseases, UCL Queen Square
Institute of Neurology and National Hospital for Neurology and Neurosurgery, London, UK

Department of Clinical and Movement Neurosciences, UCL Queen Square Institute of
Neurology, London, UK

Thomas Stauch Department of Clinical Chemistry and Toxicology, German Competence
Center for Porphyria Diagnosis and Consultation, MVZ Labor PD Dr. Volkmann und Kollegen
GbR, Karlsruhe, Germany

Robert Steinfeld Division of Pediatric Neurology, University Children’s Hospital Ziirich,
Ziirich, Switzerland



XXX

Contributors

Sarah L. Stenton Institute of Human Genetics, Technische Universitit Miinchen, Munich,
Germany

Institute of Neurogenomics, Helmholtz Zentrum Miinchen, Munich, Germany

Sylvia Stockler-Ipsiroglu Division of Biochemical Genetics, BC Children’s Hospital,
Vancouver, BC, Canada

Department of Pediatrics, University of British Columbia, Vancouver, BC, Canada

Ulrich Stolzel Center of Internal Medicine II, Gastroenterology, Hepatology, Endocrinology,

Metabolic Disorders, Oncology, Saxony Porphyria Center, Klinikum Chemnitz gGmbH,
Chemnitz, Germany

Eduard A. Struys Metabolic Unit, Clinical Chemistry, VUmc Medical Center, Amsterdam,
The Netherlands

Michael A. Swanson Section of Clinical Genetics and Metabolism, Department of Pediatrics,
University of Colorado, Children’s Hospital Colorado, Aurora, CO, USA

Isabel Tavares de Almeida Metabolism and Genetics, iMed.UL, Faculdade de Farmacia da
Universidade de Lisboa, Lisboa, Portugal

Valeria Tiranti Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto
Neurologico Carlo Besta, Milan, Italy

Davide Tonduti Child Neurology Unit, COALA (Center for Diagnosis and Treatment of
Leukodystrophy)—V. Buzzi Children’s Hospital, Milano, Italy

Frederic Tort Section of Inborn Errors of Metabolism-IBC, Department of Biochemistry and
Molecular Genetics, Hospital Clinic de Barcelona, CIBERER, Barcelona, Spain

Victoria Tiingler Department of Pediatrics, Medizinische Fakultit Carl Gustav Carus,
Technische Universitidt Dresden, Dresden, Germany

Karin Tuschl Department of Developmental Neurobiology, Kings College, London, UK
Department of Cell and Developmental Biology, University College, London, UK

UCL GOS Institute of Child Health, University College, London, UK

Lambert van den Heuvel Institute for Genetic and Metabolic Disease, Nijmegen Medical
Centre, Radboud University, Nijmegen, The Netherlands

Johan L. K. Van Hove Section of Clinical Genetics and Metabolism, Department of
Pediatrics, University of Colorado, Children’s Hospital Colorado, Aurora, CO, USA

Clara D. M. van Karnebeek Departments of Pediatrics and Human Genetics, Emma
Children’s Hospital, Amsterdam University Medical Centers, Amsterdam, The Netherlands

Francjan J. van Spronsen Division of Metabolic Diseases, University of Groningen,
University Medical Center Groningen, Beatrix Children’s Hospital, Groningen, The
Netherlands

Frédéric M. Vaz Laboratory Genetic Metabolic Diseases, Amsterdam UMC, Amsterdam,
The Netherlands

Nanda Verhoeven-Duif Section Metabolic Diagnostics, Department of Genetics, University
Medical Center Utrecht, Utrecht, The Netherlands

Christine Vianey-Saban CHU de Lyon, Department of Biochemistry & Molecular Biology,
Division of Inborn Errors of Metabolism, Lyon University Hospital Centre, Bron, France

Jerry Vockley Children’s Hospital of Pittsburgh, University of Pittsburgh Medical Center,
University of Pittsburgh, Pittsburgh, PA, USA



Contributors

XXXI

Mirjam M. C. Wamelink Metabolic Unit, Department of Clinical Chemistry, Amsterdam
UMC, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands

Ronald J. A. Wanders Departments of Pediatrics, Emma Children’s Hospital, and Laboratory
Medicine, Amsterdam University Medical Centers, Academic Medical Center, Amsterdam,
The Netherlands

Wyeth W. Wasserman Department of Medical Genetics, Centre for Molecular Medicine and
Therapeutics, BC Children’s Hospital Research Institute, University of British Columbia,
Vancouver, BC, Canada

Hans R. Waterham Departments of Pediatrics, Emma Children’s Hospital, and Laboratory
Medicine, Amsterdam University Medical Centers, Academic Medical Center, Amsterdam,
The Netherlands

Ron A. Wevers Translational Metabolic Laboratory, Department Laboratory Medicine,
Radboud University Medical Centre, Nijmegen, The Netherlands

Matthew T. Whitehead Department of Radiology, Children’s National Health System,
Washington, DC, USA

Monique Williams Metabolic Unit, Department of Clinical Chemistry, Amsterdam UMC,
Vrije Universiteit Amsterdam, Amsterdam, The Netherlands

Egon L. Willighagen Department of Bioinformatics—BiGCaT, NUTRIM, Maastricht
University, Maastricht, The Netherlands

Mathias Woidy Department of Paediatrics, University Medical Center Eppendorf, Hamburg,
Germany

Saskia B. Wortmann Institute of Human Genetics, Academic Medical Center, Munich,
Germany

Institute of Neurogenomics, Helmholtz Zentrum Miinchen, Munich, Germany
University Children’s Hospital, Paracelsus Medical University, Salzburg, Austria

Radboud Centre for Mitochondrial Medicine, Amalia Children’s Hospital, Radboudumc,
Nijmegen, The Netherlands

Johannes Zschocke Institute of Human Genetics, Medical University Innsbruck, Innsbruck,
Austria



Part |

General Subjects and Profiles



®

Check for
updates

Newborn Screening for Inborn Errors

of Metabolism

Ralph Fingerhut, Janice Fletcher, and Enzo Ranieri

Contents

INEPOAUCHION. ...ttt nes 3
History of Newborn SCreening................cccoceeiiirininininintntnninieeseeeeeeeeeeeseeesesesesesesenens 4
Newborn Screening: A Public Health Program...............c.ccocooooiiiiiiiinniececreneenesesesesesesesesesessssenene 5
Principles and Practice in the NBS Laboratory.............c.cccccccoiiiniinninnncnneennceneeceeecenes 6
PEISPECLIVE. ...ttt ettt ettt ettt ettt s s s b s ettt ettt et ettt ettt 15
CONCIUSION. ...ttt ettt bbb s naea s 15
REfEIENCES.........c.cociiniiiiiiiiiii e s 15

Abstract

Newborn screening (NBS) is a public health measure for the
early detection of inborn errors of metabolism (IEM), endo-
crinopathies, and a variety of other disorders, where early
presymptomatic detection and treatment can prevent mental
retardation, disabilities, or death, or at least can improve the
quality of life and extend the life span of affected patients.
Newborn screening started in the early 1960s, however
there are still countries around the world, that do not have a
newborn screening program. Newborn screening has
evolved over the years and has become a program, that goes
far beyond the laboratory test alone. However, long-term
follow-up is still very often neglected by stakeholders,
health insurance companies, and governmental authorities.
Although this chapter focuses on the laboratory tests, which
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use whole blood, taken by heel prick, dried on special blood
collection devices, the so-called dried blood samples (DBS),
it also touches additional topics.

Introduction

Newborn screening (NBS) is a public health measure for the
early detection inborn errors of metabolism (IEM), endocri-
nopathies, and a variety of other disorders, where early pres-
ymptomtic detection and treatment can prevent mental
retardation, disabilities, or death, or at least can improve the
quality of life and extend the life span of affected patients.
This chapter focuses on the laboratory tests, which use whole
blood, taken by heel prick, dried on a special blood collec-
tion device, the so-called dried blood samples (DBS). During
the last 20 years, other genetic conditions, like hemoglobin-
opathies, cystic fibrosis, infectious disease like HIV and
CMYV, immunodeficiencies like SCID, or muscular dystro-
phies like Duchenne muscular dystrophy (DMD), or spinal
muscular atrophy (SMA), were added to the NBS panel. In

N. Blau et al. (eds.), Physician’s Guide to the Diagnosis, Treatment, and Follow-Up of Inherited Metabolic Diseases,
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addition, there are also conditions that use point-of-care test-
ing, which are not lab-based tests, like newborn hearing
screening, using otoacoustic testing, or screening for critical
congenital heart defects (CCHD) using pulse oximetry. This
chapter also provides an overview of the history of NBS,
principles, goals, and some pitfalls.

History of Newborn Screening

Newborn screening as a laboratory test started with the inven-
tion of the bacterial inhibition assay for the detection of phe-
nylketonuria (PKU) in 1963 by Robert Guthrie (Guthrie and
Susi 1963; Guthrie 1996). However, sometimes forgotten, at
least three mothers of mentally retarded children should be
mentioned, who pushed scientists on, because they would not
just accept the disability of their children as fate, but wanted
a diagnosis or treatment. The first is Pear] S. Buck. Although
she was not successful, she wrote down the story of her child
in a touching book: The Child Who Never Grew. The second
are Harry and Borgny Egeland from Oslo who got in touch
with Dr. Ivar Asbjgrn Fglling, who finally could isolate phe-
nylpyruvic acid from the urine of their two disabled children,
which also gave the name, phenylketonuria, to the disorder
(Folling 1934). Then in 1951 again there was a mother, Mrs.
Jones, who had a diagnosis for her daughter Sheila (PKU),
who now insisted that the pediatrician, Dr. Horst Bickel,
should look for a possible treatment. Maybe the persistency
of Mrs. Jones, lead Horst Bickel to introduce a phenylalanine-
free diet (Bickel et al. 1953), which has been proposed a few
years before by Woolf et al. (Woolf and Vulliamy 1951; Woolf
et al. 1955). The initiation of treatment and the proof of effec-
tiveness have been very well documented also on Super 8
films and can be found at https://www.youtube.com/
watch?v=0qZ7QHOS5_hs. Sheila Jones’ diagnosis was made
at the age 2 years with the ferric chloride test, or the Fglling-
Test as it is called in some countries. But although the treat-
ment with the phenylalanine-free diet could improve the
clinical situation of the patient, it could not reverse mental
retardation. However, with the introduction of a treatment
option for PKU and a simple urine test, all newborn siblings
of PKU patients could be tested and treated early, from birth
on. The next step was the introduction of the so-called diaper
test by Dr. Centerwall et al. (1960). They adopted the ferric
chloride test for newborns by just pouring ferric chloride
solution onto the wet diapers of newborns to detect excreted
phenylpyruvic acid. The test worked in principle, only the
sensitivity was poor. With the diaper test only the very severe
cases of PKU could be detected, who already had a very high
concentration of phenylpyruvate in urine. And again, it was a
father of a child with PKU who approached Robert Guthrie at
a meeting of families with disabled children, whether he
could not try to develop a more sensitive test, so that all chil-
dren with PKU could be treated early enough to prevent men-
tal retardation. This was the start of NBS for PKU in the USA

Table 1.1 Wilson and Jungner classic screening criteria

1. The condition sought should be an important health problem

2. There should be an accepted treatment for patients with

recognized disease

Facilities for diagnosis and treatment should be available

There should be a recognizable latent or early symptomatic stage

There should be a suitable test or examination

The test should be acceptable to the population

The natural history of the condition, including development

from latent to declared disease, should be adequately

understood

There should be an agreed policy on whom to treat as patients

9. The cost of case finding (including diagnosis and treatment of
patients diagnosed) should be economically balanced in relation
to possible expenditure on medical care as a whole

10. Case finding should be a continuing process and not a “once
and for all” project
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in 1963, and many countries followed in the following years.
And still today, the NBS test, using whole blood taken by heel
prick and dried on a special blood collection device, is often
called the “Guthrie Test.”

Then step by step new tests for other disorders were devel-
oped and included into NBS in several countries, like galactose-
mia (Paigen et al. 1982), biotinidase deficiency (Heard et al.
1984), maple syrup urine disease, MSUD (Naylor and Guthrie
1978), homocystinuria (Whiteman et al. 1979), congenital
hypothyroidism (Larsen and Broskin 1975; Dussault et al.
1976), and congenital adrenal hyperplasia (Cacciari et al. 1982).

In 1968, the World Health Organization (WHO) had initi-
ated a study to define criteria for the introduction of popula-
tion screening, which had been accomplished by Wilson and
Jungner (Wilson and Jungner 1968; Jungner et al. 2017).

The introduction of tandem mass spectrometry (TMS) has
somehow revolutionized NBS. It changed the paradigm from
one disorder—one test, to one technology—multiple disorders.
This changed the interpretation of criteria no. 9 from the Wilson
and Jungner criteria totally. Once TMS was introduced, the
cost of adding another disorder, which could be detected in the
profile of amino acids or acylcarnitines was more or less zero.
Therefore, it was necessary to revise the Wilson and Jungner
criteria the new situation (Andermann et al. 2008) (Table 1.1).

Three points of these criteria should be especially dis-
cussed. First, criteria no. 7, “The natural history of the condi-
tion, including development from latent to declared disease,
should be adequately understood.” This works easily, while
screening an adult population for a certain disease. Medical
history of the patients (or probands) are normally available,
repeat testing can be easily done, and normally there are
well-defined criteria, who should be declared as a patient
(criteria no. 8). For conditions that are included in NBS, the
knowledge of the natural history is not always well under-
stood, due to several reasons. First of all, it has to be beared
in mind that scientific and medical knowledge expands over
time. For example, before NBS for PKU was started, variant
hyperphenylalaninemias were more or less unknown, and
also disorders of the cofactor metabolism of the phenylala-
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nine hydroxylase, tetrahydrobiopterine, were unknown or
not well understood (see Chap. xx). The introduction of NBS
for PKU also developed a new “condition”: Maternal PKU,
which could not be anticipated beforehand. Another example
is NBS for galactosemia. It started with the measurement of
total galactose in DBS (Paigen et al. 1982), which was
accomplished by the so-called Beutler test (Beutler et al.
1964), which was a qualitative or semiquantitative test to
measure the activity of the galactose-1-phosphate uridyl-
transferase, the enzyme deficient in classical galactosemia.
The introduction of the Beutler test led to the detection of a
variant form of galactosemia, the so-called Duarte-2 galacto-
semia. At the beginning, the patients with the Duarte-2 vari-
ant were treated the same way as patients with classical
galactosemia, and it was only in the 1990s, when increasing
knowledge about the natural history of galactosemia showed
that these Duarte-2 variant patients normally do not need any
treatment at all. And just recently, a fourth disorder in the
galactose metabolism has been described, galactose mutaro-
tase (GALM) deficiency (Iwasawa et al. 2019). Other exam-
ples are histidinemia, which was introduced in several
countries, probably after a single case report (Garvey and
Gordon 1969) and a method paper, which afterwards proved
that elevated histidine in blood is a condition without clinical
significance (Brosco et al. 2010). There are also other condi-
tions, where the clinical relevance or the clinical penetrance
of the disorder is unclear or very low, like SCADD, and
3-MCC deficiency. A last example are pilot urine newborn
screening programs for neuroblastoma in Quebec, Austria,
Germany, the UK, and Japan. But, although early treatment
with a combination of surgery and chemotherapy seemed to
work well, the death rate from neuroblastoma tumors did not
change. Therefore, it was suspected that NBS for neuroblas-
toma had detected previously unrecognized mild tumors that
would have spontaneously regressed, also without any ther-
apy (Riley et al. 2003; Maris and Woods 2008). Secondly,
criteria no. 3, “Facilities for diagnosis and treatment should
be available” in connection with criteria no. 8 again. A “facil-
ity for the diagnosis,” together with an “agreed policy on
whom to treat,” should be interpreted as: After a positive
NBS test, there should be a definite diagnostic test avail-
able to decide directly after the diagnostic test, whether a
child has a condition, and needs immediate treatment, or
whether the child is not affected, and can be released as
healthy. There are some disorders that do not fulfill this cri-
teria, for example, VLCADD, where acylcarnitine profiles
can be totally normal when the patients are in an anabolic
status (Spiekerkoetter et al. 2010), or several of the lyso-
somal storage disorders, where the residual enzyme activity
alone, cannot predict 100% whether the disease will prog-
ress, and also genetic analysis is not 100% helpful, and often
there is no other metabolic marker available to determine the
progression, or normalization. And the third point directly
emerges from this problem, it is criteria no. 6, “The test
should be acceptable to the population.” Different stakehold-

ers of NBS programs can have totally different opinions
about it. Pediatricians and patient organizations for a certain
disorder can be extremely in favor for NBS, even if there is a
long time of uncertainty, whether treatment is necessary or
not. At the other end, there may be a big number of parents
who rather not want to have this particular disorder included
because of this uncertainty. However, informed consent,
although it is nowadays included in most countries is not an
easy task, and the burden of false-positive NBS results have
been described by several groups (Morrison and Clayton
2011; Schmidt et al. 2012; Johnson et al. 2019).

Decision-making for NBS programs is not an easy task. In
many countries, it is formalized like in the USA (DHHS
2013), Germany, Switzerland, the UK, for example, but
although many countries have celebrated their 50™ anniversary
of NBS during the last years, there are still a lot of countries
around the world that have not started any newborn screening,
or just had some pilot programs (Pandey et al. 2019), and
sometimes NBS is only available for a small part of the popu-
lation, who can afford to pay for NBS by themselves.

Newborn Screening: A Public Health
Program

Newborn screening is not just a laboratory test; it should be
recognized as a whole program. It includes midwives, nurses,
gynecologists, neonatologists, the laboratory, special diag-
nostic centers, and specialized treatment centers. NBS pro-
grams should include information material about the extent of
the program for parents and midwives, nurses, gynecologists,
and neonatologists, for the latter especially also information
how a positive NBS result will be communicated. Ideally,
there should also be designated specialized centers for the
final diagnostic test, and specialized centers for the treatment.
And there must be a feedback about the outcome of the diag-
nostic test, back to the newborn screening laboratory, in order
to generate reliable statistical data: Number of newborns
screened, and for each disorder, recall rate, positive predictive
value (ppv), negative predictive value (npv), and incidence.

The structure of NBS programs is quite diverse world-
wide and also the way how new disorders are integrated into
existing NBS programs is diverse. A helpful guideline for
countries thathave no legitimate guideline, the Recommended
Uniform Screening Panel (RUSP) of the US Advisory
Committee on Heritable Disorders in Newborns and Children
could be a helpful guide for decision-making. The latest
update can always be found at https://www.hrsa.gov/
advisory-committees/heritable-disorders/rusp/index.html.

In addition, the Clinical and Laboratory Standards Institute
(CLSI) has published several guidelines (https://clsi.org/stan-
dards/products/newborn-screening/) for the implementation
of NBS.

One problem that NBS programs are faced with is often
the lack of financial support for those parts of the NBS pro-
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gram that are not directly related to the laboratory test, and
often there is no connection between the DBS-NBS, and new-
born hearing screening, and screening for CCHD. One exam-
ple is the state of Bavaria in Germany, where a public health
screening center coordinates tracking of all NBS tests state-
wide. This includes checking of completeness, follow-up of
positive NBS results, and diagnostic tests, and also whether
the patients with a definite diagnosis have been admitted to a
specialized center (https://www.lgl.bayern.de/gesundheit/
praevention/kindergesundheit/neugeborenenscreening/index.
htm). Another issue is often the enormous costs of new thera-
pies, for so far untreatable disorders, like enzyme replace-
ment therapy for LSDs, or the treament for SMA.

Principles and Practice in the NBS
Laboratory

It should be kept in mind that every NBS test, whether immu-
noassay, enzymatic assay, metabolite determination by tandem
mass spectrometry, determination of profiles by HPLC, IEF, or
determination of copy numbers by rtPCR, is ONLY a
SCREENING TEST, and not a diagnostic test. A definition of
screening (not only NBS) has been published by Wald (1994):
“Screening is the systematic application of a test or enquiry to
identify individuals at sufficient risk of a specific disorder to
benefit from further investigations or treatment, among persons
who have not sought medical attention on account of symp-
toms of that disorder.” This definition implements three things:

ideal situation

normal population

(a) Newborn screening is not a diagnostic test, (b) it needs fur-
ther investigations to confirm a positive screening test, (c)
among the screened population there can be individuals that
have a low risk of having a certain condition, according to the
screening result, but still can have or develop the disease.

Improvements in instrumentation and methodology have
continuously improved the detection limits of analytes, and
the sensitivity and specificity of laboratory tests. Still every
newborn screening laboratory has to define cut-offs for their
primary screening test, which will effect sensitivity, specific-
ity, ppv, and npv.

Sensitivity and Specificity

Ideally, the distribution of metabolite concentrations or
enzyme activities shows a normal distribution. Ideally, the
affected and unaffected individuals are completely seperated
from each other (Fig. 1.1a). However, normally there is always
on overlap between these two groups (Fig. 1.1b). The cut-off
is normally choosen in a way that there are no fn results.

However, this would for some disorders (like CF) result in
an enormous number of fp results. In these cases, a second-
tier test can improve the situation (Fig. 1.2). But sometimes
it has to be accepted that a screening test is not able to pick
up all cases. However, sometimes the combination of marker
metabolites can result in 100% sensitivity and 100%
specificity, like in CPT-I deficiency (Fingerhut et al. 2001)
(Fig. 1.3).

affected population

normal situation

normal population

affected population

Fig. 1.1 Frequency distributions between normal and affected population
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Sensitivity is the percentage of affected individuals that
are detected with the respective test.

Specificity is the percentage of unaffected individuals that
are correctly detected as unaffected.

Sensitivity = rp /rp + fn,Specificity =rn/ fp+rn

(rp = right positive; rn = right negative; fp = false positive; fn
= false negative)

What Is a “False-Positive” Result?

Different NBS programs often use different terminology. In
this chapter, we will use “abnormal” result and “normal”
result, which are ultimately defined by the choosen cut-off
for each laboratory test. If the first measurement from a spe-
cific NBS card is “abnormal,” the test should always be
repeated from the same NBS card in duplicate. This will

eliminate a laboratory error. If two results are not plausible,
the laboratory should search for an explanation. Since every
test has also a certain uncertainty of measurement, this needs
to be included into the cut-off consideration. If the repeat
testing is again “abnormal,” this will result in a “Positive
Screening Result” for a specific disorder. If then, either a
second DBS is taken, or a specific diagnostic test is made,
and this second test results in a “normal” test result, or the
diagnostic test excludes the condition, for which the initial
screening test was “positive,” then the initial screening will
be called a “False-Positive” result.

False-positive results (fp) are expected in NBS because
the major goal is not to miss a patient that has the respective
condition. There are several reasons for a false-positive
screening result. (a) Screening tests with a high uncertainty
of measurement also tend to have a higher fp rate. (b) Higher
biological variation of the disease marker will also lead to a
higher fp rate. (c) If the marker metabolite is not specific for
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a certain disorder. (d) The metabolite level is influenced by
nutrition and diet. (¢) The metabolite levels are influence by
the mother, for example, free carnitine levels in CUD, or
Vitamin B12 levels in disorders of cobalamin metabolism.

Fp result can be effectively reduced, when it is possible to
use not only one primary disease markers, but several mark-
ers or additional ratios. Even more effective are second-tier
tests which are more specific than the primary test, but too
expensive or labor intensive to apply them directly to all
DBS. For example, second-tier genetic testing in CF screen-
ing, or the determination of allo-isoleucine by HPLC or
UPLC in MSUD screening (Fig. 1.4). Major causes of fp
results are summarized in Table 1.2 (Table 46.2 from the pre-
vious edition of this book).

When comparing fp rates between different NBS programs
and published data, it is important that a clear definition has
been given for fp results. For example, a DBS of a newborn
with a complete glucose-6-phosphate dehydrogenase defi-
ciency will give an abnormal screening result for classical
galactosemia, if only the Beutler test is used. This could be
counted as a fp result for galactosemia screening, however

Fig. 1.4 Separation of leucine,
isoleucine, and allo-isoleucine by

from the design of the Beutler test, which uses four different
enzymes that are present in the DBS, galactose-1-phosphate
uridyltransferase (GALT), phosphoglucomutase (PGM), glu-
cose-6-phosphate dehydrogenase (G6PD), and
6-phosphogluconate dehydrogenase, it is an expected finding,
and therefore it could be as well defined as a true positive
result.

What Is a “False-Negative” Result?

False-negative results (fn) in screening are unwanted, but it
is important to keep in mind that a screening test can never
be 100% sensitive. There are several examples, where bio-
logical variability will result in fn results. One example is
homocystinuria. The primary marker is methionine because
the determination of total homocysteine is not feasible as a
primary test. However, with methionine as a marker only
patients with classical homocystinuria (cystathionine
synthase deficiency) can be detected. In addition, earlier
sampling due to improved sensitivity, earlier discharge from
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Table 1.2 Commonly® used methods in bloodspot NBS (historic or currently used)

Bacterial
inhibition assay

Fluorescent or
other
colorimetric

Immune assay

Electrophoresis

Enzyme assay

MS/MS

DNA mutation
analyses

DNA repeat
size
DNA—TREC

Principle

Measures analyte by effect
of analyte level on growth of
bacteria selected for
dependence on analyte

Measures analyte by the
amount of fluorescence or
color compared with
standard

Measures the presence of
protein based on interaction
with an antibody against the
protein; various markers for
levels, e.g., radioactivity for
radioimmunoassay (RIA)
Measures the presence or
absence of protein with
specific mass and charge
Measures the ability of
enzyme in sample to
transform substrate to
product; semiquantitative or
quantitative determination

Tandem mass spectrometry,
inferring levels of
metabolites based on
amounts of (and ratios of)
molecular fragments
compared against
isotopically labeled
standards

Analyzes the presence or
absence of specific sequence
changes or specific known
deletions or duplications

Analyzes the length of
triplet repeat segments
Quantifies fragments of
DNA (cell receptor excision
circles) generated in T-cell
function maturation

False positives

Physiologic variations of
analyte levels, effect of other
medical conditions, effect of
intake (feeding,
hyperalimentation)
Physiologic variations and
effect of other medical
conditions, effect of intake
(feeding, hyperalimentation)
Physiologic variation

Transfusion

Heat inactivation of enzyme
in transport; deficiency of
other pathway required for
generation of marker for
product (Beutler assay for
galactosemia depends on
integrity of the enzyme
G6PD); pseudodeficiency

Physiologic variations and
effect of other medical
conditions, effect of intake
(feeding, hyperalimentation),
effect of some medications

Unless method identifies all
mutations (see false-negative
column), it may be necessary
to perform diagnostic testing
on those identified by
screening as having one
mutation

Two mutations may be
present in cis in an individual
who is carrier but not affected

Hypothetically none

Physiologic

False negative
Physiologic variations of
analyte levels, effects of
antibiotics

Physiologic variations of
analyte levels, effects of
dietary intake of analytes

Physiologic variation; for
CF it is notable that
immunoreactive trypsinogen
(IRT), the marker for CF, is
not elevated in babies with
meconium ileus

Transfusion

Transfusion

Physiologic variations of
analyte levels, effects of
dietary intake of analytes

For virtually all conditions,
there will be false negatives
if DNA is the primary
screen or required to be
positive as a second-tier test
in screening. The number of
cases missed depends on the
number of mutations for
which the sample is
screened and the frequency
with which individuals in
the screened population
have disease caused by
mutation(s) not on the panel
Mosaicism for repeat size

Some cases of adenosine
deaminase (ADA)
deficiency

Uses and comments

The original method of
screening for PKU and other
IEM as designed by R. Guthrie
and used until replaced by
fluorescence and/or MS/MS
PKU, maple syrup urine disease,
homocystinuria, galactosemia

Thyroid and thyroid-stimulating
hormone (for hypothyroidism);
immunoreactive trypsinogen
(IRT) for cystic fibrosis; steroid
hormone analytes for congenital
adrenal hyperplasia
Hemoglobinopathies; method in
use for decades also identifies
carrier status

Galactosemia (by assay called
“Beutler”), biotinidase
deficiency, some lysosomal
enzymes. Can identify carriers,
identifies healthy individuals
with pseudodeficient states, and
(especially for lysosomal
disorders) identifies affected
individuals who may have
adult-onset phenotype

PKU and other amino
acidopathies, methylmalonic
acidemia, and other organic
acidemias, MCADD, and other
disorders of fatty acid oxidation
and carnitine metabolism, some
urea cycle disorders. The
accuracy of levels and the ability
to examine ratios dramatically
improve sensitivity and
specificity compared with
bacterial inhibition and
fluorescence

Occasionally used as primary
screen but more often used as
second-tier test for cystic
fibrosis, medium-chain
acyl-CoA dehydrogenase
deficiency and galactosemia
Will identify carriers

To screen for spinal muscular
atrophy, DNA testing must be
used as primary method

Fragile X; should also identify
carriers

Severe combined immune
deficiency, including several
conditions which can present
with immune deficiency, such as
T-cell deficiency due to deletion
of 22q

“Includes methods used for IEM and for other (including nongenetic as well as non-metabolic) conditions. Less commonly used methodologies,
e.g., HPLC, are not included here
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hospital, and inclusion of more severe disorders with earlier
onset, like MSUD, will lead to more fn results because
methionine rises rather slowly, even in classical homocystin-
uria. A second example is tyrosinemia type I. Again using
tyrosine as the primary marker will lead to fn results because
in case of tyrosinemia type I it is not the enzyme block that
will lead to the elevation of tyrosine, it is the liver damage
that produces the elevation of tyrosine, together with ele-
vated phenylalanine, methionine, and the branched chain
amino acids. The third example is glutaric aciduria type I
(GA-I). In GA-I, it is well known that the so-called non-
excretors, patients with clinically and genetically proven
GA-I that do not excrete 3-hydroxyglutaric or glutaric acid
in the urine, are missed by NBS (Gallagher et al. 2005). Also
for CF it is well known that the sensitivity is only around
95-96%, meaning that 4-5% of cases are missed by NBS
(Heidendael et al. 2014).

Positive and Negative Predictive Values

The positive predictive value (ppv) and the negative predic-
tive value (npv) are necessary measures, when communicat-
ing a NBS result.

npv=rnlm+ fn,ppv=rp/rp+ fp

The npv and ppv describe, how reliable a test result is, related
to the disease state of the respective newborn. If the npv is
100%, it means the risk for a newborn with a normal test
result to have this respective disorder is zero. On the other
hand, a ppv of 100% means that the chance for newborn with
a positive test result, not to have the respective disorder is
also zero. In reality, neither npv nor ppv reach 100%.
However, the npv is normally >99.9%, but it still means that
there is still a chance that a newborn with a normal test result
can have the respective disease. The ppv is quite variable,
and as already discussed above, dependent on the choosen
cut-off. However, very often the ppv can also be dependent
on the test value. For example, a TSH value of >100 mU/L
has probably a ppv of 100%, while a TSH value of 21 mU/L
has probably a ppv of only 1-5%. Or when we look at CF
screening with second-tier genetic testing: if second-tier test-
ing finds two disease causing mutations, the ppv is 100%,
irrespective of the initial IRT value. However, if no mutation
is found, then the ppv is most likely again dependent on the
IRT level.

Methodology
Since this book deals with inborn errors of metabolism, the

description of methodology focuses on detection of amino
acids and acylcarnitines by flow injection tandem mass spec-

trometry (FI-MS/MS). For the determination of amino acids
and acylcarnitines by FI-MS/MS, there are two different
methods in use. Extraction into an organic phase either (a)
after derivatization to the respective butyl esters, or (b) with-
out derivatization. The method with butylation results in
higher signal intensities than the method without derivatiza-
tion; however, the modern tandem MS instruments tend to be
so sensitive that this has no effect on the sensitivity of the test
results. It only has to be kept in mind that same isobaric com-
pounds are not isobaric anymore after butylation, e.g., C4DC
and C50H. Dicarboxylic acid will add two butyl ester
groups, while the hydroxyacids will only have one butyl
group.

Table 1.3 provides an update from Fingerhut (2009) of
target diseases for NBS, which can be compared with the
RUSP.

Table 1.4 provides a list of the primary marker metabo-
lites that can be detected by FI-MS/MS, and possible sec-
ondary markers.

The Newborn Screening Process

The primary responsibility for the whole NBS process is
very often in the hands of the newborn screening laboratory,
unless it is embedded in a clearly defined NBS program. The
integration of non-laboratory screenings, like newborn hear-
ing screening and screening for CCHD, is even more com-
plex and will not be discussed in detail here.

Blood Sampling
The standard specimen for NBS is capillary whole blood
dried on a special blood collection device, the so-called dried
blood spots (DBS). The test cards should be distributed by
the screening laboratory to their customers, midwives, hospi-
tals, pediatricians, and general physicians, and they should
include all necessary information that are needed for the cor-
rect interpretation of test results. The blood collection device
must have a special quality and should (ideally) by approved
by FDA, or a comparable national institution (Hall 2017).
Since the number of people involved in blood sampling is
normally quite high, it is necessary to provide regular infor-
mation and education to the customers (Evans et al. 2019).

Laboratory Test

The number of tests, and the methodology used for NBS
varies between different countries (Loeber et al. 2021). A
summary is given in Table 1.3.

Confirmatory Testing

Confirmatory testing is often not performed in the screening
laboratory, but it is a crucial part of the NBS program. It is
already mentioned by Wilson and Jungner (criteria no. 8):
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Table 1.4 Primary markers, and secondary markers and/or ratios for FI-MS/MS

Metabolite (primary) Disorder Secondary markers/ratios
Free carnitine (CO) N, | Carnitine transporter deficiency Total carnitine |
Free carnitine (CO) N, | All OAs, FAO disorders
Free carnitine (CO) N, 1 CPT-I deficiency CO/(C16 + C18) 1
Acetyl carnitine (C2) Unspecific
Propionylcarnitine (C3) 1 PA, MMA C3/C2, C3/C4, C3/C16
0 Disorders of cobalamin metabolism C3/C2, C3/C4, C3/C16 1
Met N, |
Malonylcarnitine (C3DC)* 0 Malonyl-CoA decarboxylase deficiency C3DC/C5DC
Butyrylcarnitine (C4) 1 MADD C5DC, C5, C12, C14, C14:1
Methylmalonylcarnitine/Succinylcarnitine 1 MMA (mut 0)
(C4DC)*
Isovalerylcarnitine (C5) 1 IVA C5/C4, C5/C8
Glutarylcarnitine (C5SDC)* C5DC/C4, C5DC/C12, C5DC/C8, C5DC/
C3DC
Hydroxyisovalerylcarnitine (C5-OH)* 0 3-MCC def./3-HMG-CoA lyase C5-OH/C3, C5:1, C6DC
def./B-Ketothiolase
Pentenoylcarnitine (C5:1) 1 B-Ketothiolase C5-OH; C5-OH/C3
Methylglutarylcarnitine (C6DC)* T HMG-CoA lyase def. C5-OH; C5-OH/C3
Hexanoylcarnitine (C6) 1 MCADD
Octanoylcarnitine (C8) 0 MCADD C8/C12, C8/C6, C8/C10, (C60OH)
Decanoylcarnitine (C10) 1 MCADD
Decenoylcarnitine (C10:1) 1 MCADD
Hydroxyhexanoylcarnitine (C6OH)* N, 1 MCADD
Dodecanoylcarnitine (C12) 1 VLCADD, LCHADD, MADD
Tetradecanoylcarnitine (C14) 0 VLCADD, LCHADD, MADD, CPT-II,
Translocase
Tetradecenoylcarnitine (C14:1) 1 VLCADD, LCHADD, MADD, CPT-1I, C14:1/C4
Translocase
Tetradecadienoylcarnitine (C14:2) 1 VLCADD, LCHADD, MADD, CPT-II,
Translocase
Hydoxytetradecanoylcarnitine (C14-OH) T LCHADD, CPT-II, Translocase
Hydroxypalmitoylcarnitine (C16-OH) 0 LCHADD, CPT-1I, Translocase
Hydroxyhexadecenoylcarnitine 1 LCHADD, CPT-II, Translocase
(C16:1-OH)
Hydroxyoctadecenoylcarnitine (C18:1-OH) 1 LCHADD, CPT-II, Translocase
Palmitoylcarnitine (C16) 0 CPT-II, Translocase
Palmitoylcarnitine (C16) | CPT-I deficiency CO/(C16 + C18) 1
Stearylcarnitine (C18) 1 CPT-II, Translocase
Stearylcarnitine (C18) l CPT-I deficiency CO/(Cl16 + C18) 1
Phenylalanine (Phe) 1 PKU, liver disease Phe/Tyr
Tyrosine (Tyr) ) PKU Phe/Tyr
Tyrosine (Tyr) 0 Tyrosinemia Type I, II, and IIT Tyr/Ser
Methionine (Met) 1 Homocystinuria, MAT Met/Leu, Met/Phe
Methionine (Met) ! Disorders of cobalamin metabolism C3, C3/C2, C3/C4, C3/C16 1
Leucine (Leu)* 1 MSUD, liver disease, Leu/Phe, Leu/Ala, FQ
hydroxyprolinemia
Valine (Val) 0 MSUD, liver disease Val/Phe, Val/Ala, FQ
Citrulline (Cit) 0 Citrullinemia Cit/Phe, Cit/Tyr
Citrulline (Cit) | UCDs
Arginine (Arg) | UCDs
Arginine (Arg) ) Arginase def. Arg/Phe
Ornithine (Orn) ) Hyperornithinemia Orn/Phe, Orn/Ser
Alanine (Ala) 1 Lactic acidosis
Alanine (Ala) l MSUD
Gly (Gly) T NKH Gly/Ala
5-Oxoproline/Pyroglutamate (PyrGlu) 1 5-Oxoprolinemia, Glutathionsynthase PyrGlu/Phe
def.

Metabolites marked with an asterix (*) have isobaric compounds, that cannot be destinguished from each other with the screening method.
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“There should be an agreed policy on whom to treat as
patients.” That means there must be a well-defined testing for
the confirmation of the so far “suspicion” that an abnormal
NBS result represents. Without a definite positive confirma-
tory test, no screening program should count an abnormal
NBS result as a detected case. Unfortunately, this is often
neglected, which can be seen from a lot of publications on
screening for CH during the last years that can be summa-
rized under the title: “Increasing incidence for CH by lower-
ing the cut-off for TSH.”

Treatment and Follow-up

The last part of the NBS process is the referral of newborns
with a positive screening test to a specialized center, initia-
tion of treatment, and follow-up. While the quality of the
NBS tests can be measured by the number of correctly
detected cases (e.g., ppV, {p rate, fn), the quality and success
of the NBS program will be measured by the outcome of
detected cases. Therefore, long-term outcome studies are
extremely important for the evaluation of NBS programs
(Badawi et al. 2019). Unfortunately, the costs for this quality
assessment are mostly neither covered by the health insur-
ance, within the reimbursement for NBS, nor by the health
authorities. This is absolutely incomprehensible in these
times of quality control, where nearly everything is certified,
or accredited by any “ISO-XXXX.”

Perspective

Newborn screening will steadily improve and the number of
disorders will increase. This will be driven either by improved
methods and technology, which makes screening possible,
when marker metabolites get measurable, or by new treat-
ment option, when sofar untreatable disorders get treatable
by the invention of new therapeutics, like SMA.

And last but not least, the decrease in cost for next-
generation sequencing (NGS), whole exome sequencing, or
whole genome sequencing, have started the debate, whether
this will be the future of NBS (Yang et al. 2019; Phornphutkul
and Padbury 2019).

Conclusion

Newborn screening is surely one of the most effective pre-
ventive health care programs in the world. It has a history of
more than 50 years (in some regions), not to forget those
countries, where they just start to think about introducing
NBS. During the last 50 years, NBS has evolved from a labo-
ratory test, to a public health care program, still there is work
to do to improve. In addition, new technologies will continu-
ously challenge the newborn screening laboratories.
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Abstract

A variety of routine chemistry tests are useful in both spe-
cialist and non-specialist laboratories to assist in the differen-
tial diagnosis of inherited metabolic disorders. We provide a
list of metabolic diseases associated with abnormalities in
urine tests (color, odor, ferric chloride, reducing substances,
DNPH, Acetest, nitroprusside test) and routine blood chem-
istry (hypoglycemia, hyperglycemia, hyperammonemia,
hyperlactatemia, low and high creatinine, acidosis, alkalosis,
hypocholesterolemia, hypercholesterolemia, hypertriglycer-
idemia, increased liver transaminases, increased creatine
kinase, increased lactate dehydrogenase, hyperphosphatase-
mia, hypophosphatasemia, decreased and increased urea
nitrogen, hyperuricemia and hypouricemia, hyperferri-
tinemia and hypoferritinemia, myoglobinuria, anemia,
thrombocytopenia, neutropenia, and reticulocytosis).
Although some of these tests are considered obsolete in
modern metabolic laboratories, we decided to include them
in this chapter from the historic point of view and to maintain
the information for laboratories in developing countries.

This chapter draws substantially from previous chapter by
Duran M and Gibson KM (Duran and Gibson 2014), which
the authors gratefully acknowledge.
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A variety of rapid qualitative tests (colorimetric, dipstick,
precipitate, color and smell, etc.) are useful in both special-
ist and non-specialist laboratories to assist in the differential
diagnosis of inherited metabolic disorders. Most are limited
by some level of interference; yet these tests still have impor-
tant utility, especially in emergency situations.

The color and odor of a patient’s urine may be a valu-
able analysis for initial testing (Tables 2.1 and 2.2). Odor can
only be reliably interpreted when the urine is preserved in an
adequate way (pH 5-7, no signs of bacterial contamination
as evidenced by a negative nitrite dipstick). Alkaptonuria
patients show a rapid blackening of the urine upon standing;
this process can be accelerated by adding a few drops of an
ammonia solution to the urine test tube.

Although most of the following simple tests are consid-
ered to be obsolete in modern metabolic laboratories, we
decided to include them in this book from the historic point
of view and to maintain the information for laboratories in
third world counties.

The ferric chloride test (Table 2.3) is employed to look
for the presence of oxo-acids (formed by transamination or
oxidation-reduction reactions). This test has been routinely
used in the identification of classical phenylketonuria, but
several other species (in addition to the intermediates of phe-
nylalanine metabolism) react with ferric chloride to form a
number of colored complexes. An alternative for the ferric
chloride test is the Phenistix dipstick.

Reducing substances in urine (see Table 2.4; also com-
monly referred to as Benedict test or Clinitest®, Bayer
Corporation) reacts with a broad spectrum of reducing sug-
ars in urine with the formation of colored complexes (green
to orange). It is commonly used for the detection of urine
galactose on the suspicion of galactosemia in neonates with
severe liver disease and renal Fanconi syndrome. One should
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Table 2.1 Color (urine)

Color Compound Disorder—source
Black Homogentisic acid Alkaptonuria
Black Melanin Metastatic melanoma; levodopa or alpha-methyldopa in
alkaline urine
Black Ferrous sulfide Iron sorbitol citrate
Black Cresol Intoxication (household disinfectant)
Purple Indirubin + indigo Purple urine bag syndrome
Blue Indican Hartnup disorder; Drummond syndrome; severe intestinal
malabsorption
Green Pyocyanin Pseudomonas infection
Green Biliverdin Hyperbiliverdinemia
Green Anmitriptyline, indomethacin, metoclopramide, promethazine, Drugs
cimetidine, methocarbamol, propofol, triamterene, carbolic
acid (phenol), methylene blue, mitoxantrone, zaleplon
Green Thymol Listerine mouthwash
Chlorophyll Clorets mints
Green Imazosulfuron, mefenacet Herbicide intoxication
Brown Methemoglobin Methemoglobinemia
Brown Myoglobin Myoglobinuria
Brown Metronidazole, nitrofurantoin, chloroquine, primaquine Drugs
Red-brown Hb/methemoglobin Hemoglobinuria
Red Erythrocytes/lysate Hematuria
Red Porphyrins Porphyria
Red Pyrazolones, phenothiazines (chlorpromazine, thioridazine), Drugs
deferoxamine, hydroxycobalamin (Cyanokit, >5 g IV)
Red Doxorubicin, senna, cascara Anthraquinone
Red Phenolphthalein, phenolsulfonphthalein Chemicals
Light red/pink  Urates Hyperuricosuria
Red Beets, rhubarb, blackberries Nutritional
Orange Carotene Nutritional (carrots)
Orange Rifampin, phenazopyridine, warfarin Drugs
Orange-yellow Sulfasalazine Drugs
Orange-yellow Fluorescein Retinal angiography
Yellow Riboflavin Vitamins
Yellow Bilirubin Hyperbilirubinemia (jaundice)
White* Chyle Chyluria; filariasis; schistosomiasis
White? Caseous material Urinary tuberculosis
White? White blood cells Pyluria
White* Calcium Hypercalciuria
White? Oxalate Hyperoxaluria
White? Phosphate Phosphaturia
White* Fat Lipiduria
aSediment

be aware that the Fanconi syndrome includes renal glucos-
uria; hence the presence of galactose cannot be deduced
from the positive Clinitest.

Dinitrophenylhydrazine (DNPH, Brady’s reagent) reacts
with a-ketoacids to produce insoluble hydrazones, forming
precipitates in urine samples (Table 2.5); it is seldom used
nowadays, partly due to its explosive hazard. Conversely,
Acetest analysis in urine (Bayer Corporation) complexes with
urinary ketones (Table 2.5). Parallel use of DNPH and Acetest
provides slightly more diagnostic capacity. A positive result of
either test will always be followed up by an immediate analysis
of urine organic acids. Acetest is also frequently used for the
home monitoring of patients with MSUD and propionic and
methylmalonic acidurias; it will give a good indication for the
catabolic state of the patient, necessitating dietary intervention.

This test will be of use in establishing hypoketotic hypoglyce-
mia although the degree of ketonuria in several fatty acid oxi-
dation disorders may be marked, especially MCAD.

The cyanide nitroprusside test (or Brand reaction) iden-
tifies sulfur-containing amino acids, with the formation of
brightly colored complexes (Table 2.6). It will find its pri-
mary use in the detection of homocystinuria (both homo-
cysteine and the cysteine-homocysteine disulfide react
positively) and cystinuria. Arginine—and at a slower rate
argininosuccinic acid—will react by forming a differently
colored product (blue/green). A concern with the Brand test
is the use of toxic cyanide.

Additional colorimetric tests can be employed for
more selective identification. The Ehrlich’s test employs
4-dimethylaminobenzaldehyde to assess the presence of uri-
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Table 2.2 Odor (urine)

Odor

Musty, mousey
Maple syrup or burnt
sugar

Sweaty feet

Compound
Sotolone

Isovaleric acid

Phenylacetic acid

(4,5-dimethyl-3-hydroxy-2[5H]-furanone)

Idem + butyric + isobutyric acid

Cat urine
acid
Cabbage-like Dimethylsulfide
Methanethiol

3-Hydroxyisovaleric acid/3-methylcrotonic

2-Oxo-4-methylthiolbutyric acid

Rancid butter

2-Ox0-4-methylthiolbutyric acid

Rotten eggs Sulfur

Fish Trimethylamine
Dimethylglycine

Dried malt or hops, Alpha-hydroxybutyric acid

celery or yeast
Swimming pool,
chlorine

4-Hydroxyphenylpyruvic acid (?)

HSCT hematopoietic stem cell transplantation

Table 2.3 Ferric chloride test (urine)

Color Compound

Blue-green Phenylpyruvic acid
Imidazolepyruvic acid
Catecholamines
Xanthurenic acid

Transient Homogentisic acid

blue-green

Greenish-gray Branched chain oxoacids

Green 4-Hydroxyphenylpyruvic
acid

Yellow Lactic acid

Gray-black Melanin

Deep green Bilirubins

Cherry red Acetoacetic acid

Purple 2-Oxobutyric acid

red-brown

Purple Ketones
Salicylates

Purple or Phenothiazines

green

Disorder—source
Classical PKU
Histidinemia
Pheochromocytoma;
neuroblastoma
Xanthurenic aciduria
(B6 def.)
Alkaptonuria

MSUD
Tyrosinemia types 1 and

Lactic acidosis
Melanoma
Conjugated
hyperbilirubinuria
Diabetic ketoacidosis;
3-oxothiolase def. +
other organic acids
Methionine
malabsorption
3-Oxothiolase deficiency
Drug treatment

Drug treatment

nary porphobilinogen and urobilinogen, markers for the heri-
table porphyrias, but it will also react with substances such
as hydroxyproline, tryptophan, citrulline, and homocitrulline.
The nitrosonaphthol test represents a colorimetric analysis
of 4-hydroxylated phenol acids and metabolites of tyrosine
metabolism (e.g., 4-hydroxyphenylpyruvate, 4-hydroxy-
phenyllactate, and 4-hydroxyphenylacetate). Artefactual results
with nitrosonaphthol are common in patients with liver disease
and severe intestinal malabsorption and those receiving paren-
teral nutrition. The sulfite dipstick qualitatively assesses urine

Disorder—source
Classical PKU; treatment of urea cycle disorders with phenylacetate
MSUD; fenugreek; lovage

Isovaleric acidemia

3-Hydroxy-3-methylglutaric aciduria

MADD (Glutaric aciduria type 2)
3-Methylcrotonylglycinuria

Multiple carboxylase deficiency

Methionine adenosyltransferase deficiency (Mudd disease);
methanethiol oxidase deficiency; DMSO cryoprotectant (HSCT)
Methanethiol oxidase deficiency

Tyrosinemia type 1

Tyrosinemia type 1

Cystinuria, cysteamine administration

Trimethylaminuria; carnitine supplementation
Dimethylglycinuria

Oasthouse syndrome (methionine malabsorption)

Hawkinsinuria

Table 2.4 Reducing substances (urine)

Compound Disorder—source

Galactose Galactosemia
Galactokinase deficiency
Fanconi-Bickel syndrome
Citrin deficiency

Fructose Hereditary fructose

intolerance
Essential fructosuria

4-Hydroxyphenylpyruvic acid Tyrosinemia types 1 and 2

Homogentisic acid Alkaptonuria
Xylose Pentosuria
Glucose Diabetes mellitus

Renal Fanconi syndrome;
cystinosis; etc.
Hyperoxaluria
Drug treatment

Oxalic acid

Salicylates, levodopa, cephalosporins,
tetracyclines, isoniazid, probenecid,
nalidixic acid, nicotinic acid

Uric acid

Hippuric acid

Hyperuricosuria
Treatment with sodium
benzoate; severe
malabsorption
Excessive vitamin use
Radiographic evaluation

Ascorbic acid
Contrast agents

sulfite, indicative of sulfite oxidase and molybdenum cofactor
deficiencies. It is reputedly performed in fresh urine samples,
and only few false-positive test results have been reported, a
well-known one being the use of 2-mercaptoethanesulfonate
(Mesna), which can also cause false-positive results to the
nitroprusside reaction. Every faint positive sulfite test result
should be verified by S-sulfocysteine measurement.

Routine blood chemistry provides a plethora of diagnos-
tic insights (e.g., glucose, ammonia, blood gases, creatinine,
urea, uric acid, liver enzymes, etc.) (Table 2.7). Table 2.7
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Table 2.5 Dinitrophenylhydrazine (DNPH) and Acetest (urine)

DNPH Acetest Positive compound Disorder—source

+ - Phenylpyruvic acid Classical PKU
+ - 2-Oxoisocaproic acid ~ MSUD
+ - 2-Oxo-3-methylvaleric =~ MSUD
acid
+) - Imidazolepyruvic acid ~ Histidinemia
+ + Acetone 3-Oxothiolase def’;
ketosis; Succinyl-CoA:3-
ketoacid-CoA-transferase
deficiency
- + 2-Methylacetoacetate ~ 3-Oxothiolase deficiency
- + 2-Butanone 3-Oxothiolase deficiency
+ + Acetoacetate Succinyl-CoA:3-ketoacid-
CoA-transferase
deficiency; ketosis
+ - 4-Hydroxyphenylpyru- Liver disease; Tyrosinemia
vic acid types 1 and 2
+ - 2-Oxobutyric acid Methionine
malabsorption
+ + Pyruvate Lactic acidosis

Table 2.7 Routine chemistry in blood (plasma or serum)

Glucose | (hypoglycemia)

Name

Disorders of nitrogen-containing compounds
Carbonic anhydrase VA deficiency

Dopamine beta-hydroxylase deficiency

Adenosine kinase deficiency

Maple syrup urine disease

Isovaleryl-CoA dehydrogenase deficiency
2-Methylbutyryl-CoA dehydrogenase deficiency
3-Methylcrotonyl-CoA carboxylase 1 and 2 deficiency
3-Methylglutaconyl-CoA hydratase deficiency
HSDI10 disease

3-Hydroxy-3-methylglutaryl-CoA lyase deficiency
Propionyl-CoA-carboxylase deficiency
Methylmalonyl-CoA mutase deficiency

Combined MMA and MA

Malonyl-CoA decarboxylase deficiency

Alpha-amino adipic semialdehyde (AASA) dehydrogenase deficiency

2-Ketoadipic aciduria

Disorders of vitamins, cofactors, metals, and minerals
NFS|1 deficiency

Multiple acyl-CoA dehydrogenase deficiency
Nicotinamide nucleotide transhydrogenase deficiency

Pyridox(am)ine 5’-phosphate oxidase deficiency

Disorders of carbohydrates

Fanconi-Bickel syndrome?*

Fructose-1-phosphate aldolase deficiency

Transaldolase deficiency

ATP-sensitive potassium channel regulatory subunit deficiency
ATP-sensitive potassium channel pore-forming subunit deficiency
Glutamate dehydrogenase superactivity

HNF4-alpha deficiency

HNF1-alpha deficiency

Uncoupling protein 2 deficiency

Hyperinsulinemic hypoglycemia 5

Table 2.6 Nitroprusside test (urine)

Positive compound Disorder—source

Cystine Cystinuria

Cystine Generalized aminoaciduria

Cystine Fanconi syndrome

3-Mercaptolactatecysteine- 3-Mercaptolactatecysteine-

disulfide disulfiduria

Homocystine, cysteine- Homocystinuria

homocysteine mixed disulfide B 12 def. and cobalamin C, D,
E,G

Methylene tetrahydrofolate
reductase def.
Cystathioninuria (bacterial
formation of Hey)
Glutathionuria
Dehydration

Glutathione
Ketones + high creatinine

Gene

CA5A

DBH

ADK
BCKDHA, BCKDHB, DBT
1VD
ACADSB
Mcccl
AUH
HSDI17BI10
HMGCL
PCCA, PCCB
MMUT
ACSF3
MLYCD
ALDH7AI
DHTKDI1

NFSI

ETFDH, ETFA, ETFB
NNT

PNPO

SLC2A2
ALDOB
TALDOI
ABCCS
KCNJ11
GLUDI
HNF4A
HNFIA
UCP2
INSR
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Table 2.7 (continued)

Name

AKT?2 superactivity

Glucose-6-phosphate translocase deficiency

Glycogen storage disease type I11

Liver glycogen phosphorylase deficiency

Liver glycogen synthase deficiency®

Hepatic phosphorylase kinase a2 subunit deficiency
Phosphorylase kinase § subunit deficiency

Hepatic phosphorylase kinase y2 subunit deficiency
Constitutional AMP-activated protein kinase activation
Glycogen storage disease type I a
Fructose-1,6-bisphosphatase deficiency

Pyruvate carboxylase deficiency

Mitochondrial phosphoenolpyruvate carboxykinase deficiency
Glucokinase superactivity

Mitochondrial disorders of energy metabolism
2-Oxoglutarate dehydrogenase deficiency

Acyl-CoA Dehydrogenase 9 deficiency

Mitochondrial complex III subunit deficiency (UQCRB)
Mitochondrial complex III assembly deficiency (UQCRC2)
Mitochondrial complex IIT assembly deficiency (TTC19)
Mitochondrial complex III assembly deficiency (UQCC3)
Mitochondrial ATP synthase F1 subunit & deficiency
Mitochondrial cytochrome beta deficiency

Mitochondrial deoxyguanosine kinase deficiency

MPV 17 deficiency

tRNA 5-carboxymethylaminomethyl transferase deficiency
Mitochondrial transcription factor A deficiency

Mitochondrial ribosomal small subunit 2, 7,23 and 28 deficiency

Mitochondrial tryptophanyl-tRNA synthetase deficiency

Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit B deficiency

MEGDEL Syndrome

Barth syndrome

MICOS complex subunit MIC13 deficiency

Disorders of lipids

Organic cation carnitine transporter 2 deficiency

Carnitine palmitoyltransferase 1 deficiency

Carnitine palmitoyltransferase 2 deficiency

Carnitine acylcarnitine translocase deficiency

Short-chain acyl-CoA dehydrogenase deficiency
Medium-chain acyl-CoA dehydrogenase deficiency

Very long-chain acyl-CoA dehydrogenase deficiency
Short-chain L-3-hydroxyacyl-CoA dehydrogenase deficiency
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
Trifunctional protein deficiency

TANGO?2 deficiency

3-Hydroxy-3-methylglutaryl-CoA synthase deficiency
Succinyl-CoA:3-oxoacid CoA transferase deficiency
Monocarboxylate transporter gain-of-function
Methylacetoacetyl-CoA thiolase deficiency

Glycerol kinase deficiency, isolated

Catalytic phosphatidylinositol 3-kinase o subunit superactivity
Congenital disorders of glycosylation
Phosphomannomutase 2 deficiency PMM2-CDG
Phosphomannose isomerase deficiency MPI-CDG
Mannosyltransferase 6 deficiency ALG3-CDG

Gene
AKT2
SLC37A4
AGL
PYGL
GYS2
PHKA?2
PHKB
PHKG?2
PRKAG?2
G6PC
FBPI1
PC
PCK2
GCK

OGDH
ACAD9
UQCRB
UQCRC2
TTCI19
UQCC3
ATPSFID
MTCYB
DGUOK
MPVI7
MTOI
TFAM
MRPS?2
WARS2
GATB
SERACI
TAZ
MICOS13

SLC22A5
CPTIA
CPT2
SLC25A20
ACADS
ACADM
ACADVL
HADH
HADHA
HADHB
TANGO2
HMGCS2
OXCTI
SLCI6A1
ACATI
GK
PIK3CA

PMM?2
MPI
ALG3

(continued)
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Table 2.7 (continued)

Name

Mannosyltransferase 8 deficiency ALG12-CDG
Phosphoglucomutase 1 deficiency PGM1-CDG

Glucose 1

Disorders of nitrogen-containing compounds

Pterin carbinolamine-4a-dehydratase deficiency
Disorders of vitamins, cofactors, metals, and minerals
Thiamine-responsive megaloblastic anemia syndrome (SLC19A2)
Hereditary hemochromatosis (type 1)

Hereditary hemochromatosis (type 2a)

Hereditary hemochromatosis (type 2b)

Hereditary hemochromatosis (type 3)

Disorders of carbohydrates

Fanconi-Bickel syndrome?*

Galactose-1-phosphate uridyltransferase deficiency®
Uridine diphosphate galactose-4-epimerase deficiency®
ATP-sensitive potassium channel regulatory subunit superactivity
ATP-sensitive potassium channel pore-forming subunit superactivity
Glucokinase deficiency

Liver glycogen synthase deficiency®

Mitochondrial disorders of energy metabolism
Mitochondrial tRNA(Ser) 2 deficiency

Disorders of lipids

3-Oxothiolase deficiency

Estrogen resistance

Storage disorders

Nephropathic cystinosis

Ammonia 1 (Hyperammonemia)

Disorders of nitrogen-containing compounds
N-Acetylglutamate synthase deficiency

Carbamoyl phosphate synthetase I deficiency

Ornithine transcarbamylase deficiency
Argininosuccinate synthetase deficiency
Argininosuccinate lyase deficiency

Arginase 1 deficiency

Mitochondrial ornithine transporter deficiency

Citrin deficiency

Carbonic anhydrase VA deficiency

Lysinuric protein intolerance

Isovaleryl-CoA dehydrogenase deficiency
3-Hydroxy-3-methylglutaryl-CoA lyase deficiency
Propionyl-CoA-carboxylase deficiency
Methylmalonyl-CoA mutase deficiency
Pyrroline-5-carboxylate synthetase deficiency

Ornithine aminotransferase deficiency

Glutamate dehydrogenase superactivity

Glutamine synthetase deficiency

Disorders of vitamins, cofactors, metals, and minerals
Adenosylcobalamin synthesis defect—cblD-MMA
Adenosylcobalamin synthesis defect—cbl A/B
Mitochondrial coenzyme A transporter deficiency
Disorders of carbohydrates

Pyruvate carboxylase deficiency

Mitochondrial disorders of energy metabolism
Acyl-CoA Dehydrogenase 9 deficiency

Mitochondrial complex III assembly deficiency (UQCRC2)
Mitochondrial ATP synthase F1 subunit & deficiency
Transmembrane protein 70 deficiency

Gene
ALGI2
PGM1I

PCBDI

SLCI9A2
160815,
HFE2
HAMP
TFR2

SLC2A2
GALT
GALE
ABCCS8
KCNJ11
GCK
GYS2

MTTS2

ACATI
ESRI

CTNS

NAGS
CPSI

orc

ASS]

ASL

ARGI
SLC25A15
SLC25A13
CASA
SLC7A7
IVD
HMGCL
PCCA, PCCB
MMUT
ALDHI8AI
OAT
GLUDI
GLUL

MMADHC
MMAA/B
SLC25A42

PC

ACAD9

UQCRC2
ATPSFID
TMEM?70
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Table 2.7 (continued)

Name

Mitochondrial cytochrome c1 deficiency

FBXLA4 deficiency

Combined Oxidative Phosphorylation Defect 5
Disorders of lipids

Carnitine-acylcarnitine translocase deficiency
Carnitine palmitoyltransferase 2 deficiency, severe
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
Trifunctional protein deficiency

TANGO?2 deficiency

Alpha-methylacetoacetic aciduria

Lactate 1

Disorders of nitrogen-containing compounds
Glutathione synthetase deficiency, severe
Carbonic anhydrase VA deficiency

Mitochondrial sulfur dioxygenase deficiency
Isovaleric acidemia

Mitochondrial short-chain enoyl-CoA hydratase 1 deficiency
HSDI10 disease

3-Hydroxy-3-methylglutaryl-CoA lyase deficiency
Methylmalonate semialdehyde dehydrogenase deficiency
Propionyl-CoA-carboxylase deficiency
Methylmalonyl-CoA mutase deficiency

Combined MMA and MA

Malonyl-CoA decarboxylase deficiency
3-Hydroxyisobutyrate dehydrogenase deficiency
Disorders of vitamins, cofactors, metals, and minerals
Lipoyltransferase 2 deficiency

Lipoic acid synthase deficiency

Lipoyltransferase 1 deficiency

NFUI deficiency

BOLA3 deficiency

Glutaredoxin 5 deficiency

IBAS57 deficiency

ISCAL deficiency

ISCA2 deficiency

ISCU deficiency

NFS1 deficiency

ISD11 deficiency

Ferredoxin 2 deficiency

Biotinidase deficiency

Holocarboxylase synthetase deficiency

Biotin and thiamine basal ganglia disease
Thiamine metabolism dysfunction syndrome 5
Mitochondrial NAD kinase 2 deficiency
Phosphopantothenoylcysteine synthetase deficiency
Mitochondrial coenzyme A transporter deficiency
PROSC-deficient B6-dependent epilepsy
Disorders of carbohydrates
Glucose-6-phosphatase deficiency
Glucose-6-phosphate translocase deficiency
Fructose-1,6-bisphosphatase deficiency

Pyruvate carboxylase deficiency

D-lactate dehydrogenase deficiency
Mitochondrial disorders of energy metabolism
Pyruvate dehydrogenase complex deficiency Ela

Gene
CYCl
FBXIA4
MRPS22

SLC25A20
CPT2
HADHA
HADHB
TANGO?2
ACATI

GSS

CASA
ETHEI
1VD
ECHSI
HSDI17BI10
HMGCL
ALDHG6AI
PCCA, PCCB
MMUT
ACSF3
MLYCD
HIBADH

LIPT2
LIAS
LIPTI
NFUI
BOLA3
GLRX5
IBA57
ISCAI
ISCA2
ISCU
NFS1
LYRM4
FDX2
BTD
HLCS
SLCI9A3
TPKI
NADK?2
PPCS
SLC25A42
PLPBP

G6PC
SLC37A4
FBPI

PC
LDHD

PDHAI

(continued)
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Table 2.7 (continued)

Name

Pyruvate dehydrogenase complex deficiency E1b
Dihydrolipoyl transacetylase deficiency

Pyruvate dehydrogenase complex deficiency E3 X
Pyruvate dehydrogenase complex deficiency PDHP
ATP-specific succinyl-CoA ligase § subunit deficiency
GTP-specific succinyl-CoA ligase o subunit deficiency
Fumarase deficiency

Mitochondrial malate dehydrogenase deficiency
2-Oxoglutarate dehydrogenase deficiency
L-2-hydroxyglutarate dehydrogenase deficiency

Adenine nucleotide translocator deficiency AR
Mitochondrial phosphate carrier deficiency
Aspartate-glutamate carrier 1 deficiency

Mitochondrial complex I subunit deficiency (NDUFV 1)
Mitochondrial complex I subunit deficiency (NDUFV2)
Mitochondrial complex I subunit deficiency (NDUFS1)
Mitochondrial complex I subunit deficiency (NDUFS2)
Mitochondrial complex I subunit deficiency (NDUFS3)
Mitochondrial complex I subunit deficiency (NDUFS7)
Mitochondrial complex I subunit deficiency (NDUFS4)
Mitochondrial complex I subunit deficiency (NDUFS6)
Mitochondrial complex I subunit deficiency (NDUFA1)
Mitochondrial complex I subunit deficiency (NDUFA2)
Mitochondrial complex I subunit deficiency (NDUFA9)
Mitochondrial complex I subunit deficiency (NDUFA10)
Mitochondrial complex I subunit deficiency (NDUFB3)
NADH dehydrogenase 3 subcomplex subunit 8 deficiency
Mitochondrial complex I subunit deficiency (NDUFB11)
Mitochondrial complex I subunit deficiency (MTND2)
Mitochondrial complex I subunit deficiency (MTND3)
Mitochondrial complex I subunit deficiency (MTND4)
Mitochondrial complex I subunit deficiency (MTNDS)
Mitochondrial complex I subunit deficiency (MTNDG6)
NADH dehydrogenase o subcomplex subunit 6 deficiency
Mitochondrial complex I subunit deficiency (NDUFB9)
Mitochondrial complex I subunit deficiency (NDUFA13)
Mitochondrial complex I subunit deficiency (NDUFA11)
NADH dehydrogenase § subcomplex subunit 10 deficiency
Mitochondrial complex I assembly deficiency (NDUFAF1)
Mitochondrial complex I assembly deficiency (NDUFAF2)
Mitochondrial complex I assembly deficiency (NDUFAF2)
Mitochondrial complex I assembly deficiency (NDUFAF3)
Mitochondrial complex I assembly deficiency (NDUFAF4)
Mitochondrial complex I assembly deficiency (NDUFAFS5)
Mitochondrial complex I assembly deficiency (NDUFAF6)
Mitochondrial complex I assembly deficiency (FOXREDI)
NUBPL deficiency

Acyl-CoA Dehydrogenase 9 deficiency

TIMMDCI deficiency

Mitochondrial complex III subunit deficiency (UQCRB)
Mitochondrial complex III assembly deficiency (UQCRC2)
Mitochondrial complex III subunit deficiency (UQCRQ)
GRACILE syndrome

Mitochondrial complex III assembly deficiency (TTC19)
Mitochondrial complex III assembly deficiency (LYRM?7)
UQCC?2 deficiency

Mitochondrial complex III assembly deficiency (UQCC3)

Gene
PDHB
DILAT
PDHX
PDPI
SUCLA2
SUCLGI
FH
MDH?2
OGDH
L2HGDH
SLC25A4
SLC25A3
SLC25A12
NDUFVI
NDUFV2
NDUFS1
NDUFS?2
NDUFS3
NDUFS7
NDUFS4
NDUFS6
NDUFAI
NDUFA2
NDUFA9
NDUFAI10
NDUFB3
NDUFBS
NDUFBI1
MTND2
MTND3
MTND4
MTND5
MTNDG6
NDUFA6
NDUFB9
NDUFAI3
NDUFAII
NDUFBI0
NDUFAF1
NDUFAF2
NDUFAF2
NDUFAF3
NDUFAF4
NDUFAF5
NDUFAF6
FOXREDI1
NUBPL
ACAD9
TIMMDC1
UQCRB
UQCRC2
UQCRQ
BCSIL
TTC19
LYRM7
vocec2
UQcCcs
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Table 2.7 (continued)

Name

Mitochondrial complex IV subunit deficiency (MTCO1)
Mitochondrial complex IV subunit deficiency (MTCO?2)
Mitochondrial complex IV subunit deficiency (MTCO3)
Mitochondrial complex IV subunit deficiency (COX6B1)
Mitochondrial complex IV subunit deficiency (COX7B)
Cytochrome c oxidase subunit 5A deficiency
Mitochondrial complex IV assembly deficiency (COA6)
Mitochondrial complex IV assembly deficiency (COX10)
Mitochondrial complex IV assembly deficiency (COX15)
Mitochondrial complex IV assembly deficiency (COX20)
Mitochondrial complex IV assembly deficiency (SCO1)
Mitochondrial complex IV assembly deficiency (SCO2)
Mitochondrial complex IV assembly deficiency (SURF1)
Leigh Syndrome with French-Canadian Ethnicity
TACOL deficiency

PET100 deficiency

FASTKD?2 deficiency

CEP89 deficiency

Mitochondrial complex IV assembly deficiency (COX14)
Mitochondrial complex I subunit deficiency (NDUFA4)
Mitochondrial ATP synthase F1 subunit a deficiency
Mitochondrial ATP synthase F1 subunit & deficiency
Mitochondrial ATP synthase F1 subunit e deficiency
Mitochondrial complex V subunit deficiency (MTATP6)
DAPIT deficiency

Transmembrane protein 70 deficiency

Mitochondrial complex V assembly deficiency (ATPAF2)
Mitochondrial cytochrome b deficiency

Mitochondrial cytochrome c1 deficiency

Mitochondrial Depletion Syndrome 4A

Mitochondrial DNA polymerase g accessory subunit deficiency

Mitochondrial deoxyguanosine kinase deficiency

MPV 17 deficiency

Mitochondrial thymidine kinase 2 deficiency

Mitochondrial ribonucelotide reductase subunit 2 deficiency
Thymidine phosphorylase deficiency

Mitochondrial ribonuclease H1 deficiency

FBXL4 deficiency

Mitochondrial RNA import protein deficiency

Ribonuclease P 5" tRNA processing enzyme deficiency

Ribonuclease Z 3" tRNA processing enzyme deficiency
Mitochondrial methionyl-tRNA formyltransferase deficiency
tRNA 5-taurinomethyluridine modifier deficiency

tRNA 5-carboxymethylaminomethyl transferase deficiency
Pseudouridine synthase 1 deficiency

tRNA methyltransferase 5 deficiency

Mitochondrial poly(A) exoribonuclease deficiency
Mitochondrial ribosomal large subunit 3 deficiency
Mitochondrial ribosomal small subunit 2 deficiency
Combined Oxidative Phosphorylation Defect 2

Combined Oxidative Phosphorylation Defect 5
Mitochondrial ribosomal small subunit 14 deficiency
Mitochondrial ribosomal small subunit 7 deficiency
Mitochondrial ribosomal large subunit 12 deficiency
Mitochondrial ribosomal small subunit 28 deficiency

Gene
MTCOI
MTCO2
MTCO3
COX6B1
COX7B
COX5A
COA6
COX10
COX15
COX20
SCOl
SCO2
SURF]
LRPPRC
TACO1
PETI00
FASTKD?2
CEP89
COX14
NDUFA4
ATP5FIA
ATP5FI1D
ATP5FIE
MTATP6
ATP5SMD
TMEM?70
ATPAF2
MTCYB
CYCl1
POLG
POLG2
DGUOK
MPV17
TK2
RRM2B
TYMP
RNASEH1
FBXIA4
PNPTI1
TRMTI10C

ELAC2

MTFMT
GTPBP3
MTO1
PUSI
TRMTS5
PDEI2
MRPL3
MRPS?2
MRPS16
MRPS22
MRPS14
MRPS7
MRPLI2
MRPS28

(continued)
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Table 2.7 (continued)

Name

RMNDI deficiency

Combined Oxidative Phosphorylation Defect 1
Combined Oxidative Phosphorylation Defect 3
Combined Oxidative Phosphorylation Defect 4
Combined Oxidative Phosphorylation Defect 7
Mitochondrial tRNA(Arg) deficiency
Mitochondrial tRNA(Asn) deficiency
Mitochondrial tRNA(Cys) deficiency
Mitochondrial tRNA(Glu) deficiency
Mitochondrial tRNA(Gly) deficiency
Mitochondrial tRNA(Ile) deficiency

Mitochondrial tRNA(Leu) 1 deficiency
Mitochondrial tRNA(Lys) deficiency
Mitochondrial tRNA(Met) deficiency
Mitochondrial tRNA(Phe) deficiency
Mitochondrial tRNA(Thr) deficiency
Mitochondrial tRNA(Trp) deficiency
Mitochondrial arginine-tRNA synthetase deficiency
Mitochondrial asparaginyl-tRNA synthetase deficiency

Leukoencephalopathy with brainstem and spinal cord involvement and lactate elevation

Mitochondrial cysteinyl-tRNA synthetase deficiency
Mitochondrial glutamyl-tRNA synthetase deficiency
Mitochondrial leucyl-tRNA synthetase deficiency
Mitochondrial phenylalanyl-tRNA synthetase deficiency
Mitochondrial seryl-tRNA synthetase deficiency
Mitochondrial tyrosyl-tRNA synthetase deficiency
Mitochondrial tryptophanyl-tRNA synthetase deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit A deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit C deficiency
Mitochondrial glutamyl-tRNA(Gln) amidotransferase subunit B deficiency
Mitochondrial threonyl-tRNA synthetase deficiency
Peroxisomal and mitochondrial fission defect
Mitochondrial fission factor deficiency

STAT?2 deficiency

Optic Atrophy 1 and Deafness

Acylglycerol kinase deficiency

MEGDEL Syndrome

Tafazzin deficiency

TIMMS0 deficiency

GFER deficiency

Mitochondrial processing peptidase f} deficiency
Mitochondrial intermediate peptidase deficiency

CLPB deficiency

HSP60 deficiency

HTRAZ2 deficiency

Pitrilysin metallopeptidase 1 deficiency

YMEILI deficiency

Mitochondrial inorganic pyrophosphatase 2 deficiency
Sideroflexin 4 deficiency

Combined Oxidative Phosphorylation Defect 6

Clq binding protein deficiency

MICOS complex subunit MIC13 deficiency
Mitochondrial thioredoxin 2 deficiency

CoQ2 deficiency

CABCI1/ADCK3 deficiency

CoQ09 deficiency

Gene
RMND1
GFM1
TSFM
TUFM
CI20RF65
MTTR
MTTN
MTTC
MTTE
MTTG
MTTI
MTTLI
MTTK
MTTM
MTTF
MTIT
MTTW
RARS2
NARS2
DARS2
CARS?2
EARS2
LARS2
FARS2
SARS?2
YARS2
WARS2
ORSLI
GATC
GATB
TARS2
DNMIL
MFF
STAT?2
OPAl
AGK
SERACI
TAZ
TIMM50
GFER
PMPCB
MIPEP
CLPB
HSPDI
HTRA2
PITRM 1
YMELI
PPA2
SFXN4
AIFM1
CIQBP
MICOS13
TXN2
Cc0Q2
COQ8A
COQ9
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Table 2.7 (continued)

Name

Disorders of lipids

Carnitine acylcarnitine translocase deficiency
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
Trifunctional protein deficiency

TANGO?2 deficiency

Cytosolic acetoacetyl-CoA thiolase deficiency
Mitochondrial acetyl-CoA carboxylase 2 deficiency
Congenital disorders of glycosylation

Heparan sulfate 6-O-sulfotransferase 2 deficiency
COG6-CDG

Creatinine |

Disorders of nitrogen-containing compounds
Arginine:glycine amidinotransferase deficiency
Guanidinoacetate methyltransferase deficiency
Ornithine aminotransferase deficiency

Creatinine 1

Disorders of nitrogen-containing compounds
Lysinuric protein intolerance

Prolidase deficiency

Sarcosine oxidase deficiency*

Disorders of vitamins, cofactors, metals, and minerals

Methylmalonic aciduria due to methylmalonyl-CoA mutase deficiency

Methylmalonic aciduria, cblB type
Methylmalonic aciduria and homocystinuria, cblC type
Disorders of carbohydrates

Transaldolase deficiency

Disorders of lipids

Lecithin cholesterol acyl transferase deficiency
Lipoprotein glomerulopathy

Storage disorders

Fabry disease

Galactosialidosis

Nephropathic cystinosis

Disorders of peroxisomes and oxalate
Alanine-glyoxylate aminotransferase deficiency
Glyoxylate reductase/hydroxypyruvate reductase deficiency
4-hydroxy-2-oxoglutarate aldolase deficiency
Acidosis (inc. ketoacidosis and lactic acidosis)
Disorders of nitrogen-containing compounds
Glutathione synthetase deficiency, severe
5-Oxoprolinase deficiency

Mitochondrial sulfur dioxygenase deficiency
Maple syrup urine disease

Isovaleryl-CoA dehydrogenase deficiency
3-Methylcrotonyl-CoA carboxylase 1 and 2 deficiency
3-Methylglutaconyl-CoA hydratase deficiency
3-Hydroxyisobutyryl-CoA deacylase deficiency
HSDI10 disease

3-Hydroxy-3-methylglutaryl-CoA lyase deficiency
Propionyl-CoA-carboxylase deficiency
Methylmalonyl-CoA mutase deficiency

Combined MMA and MA

Malonyl-CoA decarboxylase deficiency
3-Hydroxyisobutyrate dehydrogenase deficiency
2-Aminoadipic 2-oxoadipic aciduria

Gene

SLC25A20
HADHA
HADHB
TANGO2
ACAT2
ACACB

HS6ST2
CoG6

GATM
GAMT
OAT

SLC7A7
PEPD
SDH

MMUT
MMAB
MMACHC

TALDO

LCAT
APOE

GLA
CTSA
CTNS

AGXT
GRHPR
HOGAI

GSS

OPLAH
1BI1IA15 1
BCKDHA, BCKDHB, DBT
1VD
MCCCl1/2
AUH

HIBCH
HSDI17B10
HMGCL
PCCA, PCCB
MMUT
ACSF3
MLYCD
HIBADH
DHTKDI1

(continued)
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Table 2.7 (continued)

Name

Disorders of vitamins, cofactors, metals, and minerals
Adenosylcobalamin synthesis defect—cbID-MMA
Adenosylcobalamin synthesis defect—cbl A/B

Multiple acyl-CoA dehydrogenase deficiency DH
2.,4-dienoyl-CoA reductase deficiency with hyperlysinemia
Mitochondrial coenzyme A transporter deficiency
Mitochondrial disorders of energy metabolism
Pyruvate dehydrogenase complex deficiency Ela

Pyruvate dehydrogenase complex deficiency E1b

Pyruvate dehydrogenase complex deficiency E2

Pyruvate dehydrogenase complex deficiency E3 X
Pyruvate dehydrogenase complex deficiency PDHP
ATP-specific succinyl-CoA ligase 3 subunit deficiency
GTP-specific succinyl-CoA ligase a subunit deficiency
Fumarase deficiency

2-Oxoglutarate dehydrogenase deficiency

SAM transporter deficiency

Mitochondrial complex I subunit deficiency (NDUFV?2)
Mitochondrial complex I subunit deficiency (NDUFS1)
Mitochondrial complex I subunit deficiency (NDUFS4)
Mitochondrial complex I subunit deficiency (NDUFS6)
Mitochondrial complex I subunit deficiency (NDUFA1)
Mitochondrial complex I subunit deficiency (NDUFA9)
Mitochondrial complex I subunit deficiency (NDUFB3)
NADH dehydrogenase 3 subcomplex subunit 8 deficiency
Mitochondrial complex I subunit deficiency (NDUFB11)
Mitochondrial complex I subunit deficiency (MTND6)
NADH dehydrogenase o subcomplex subunit 6 deficiency
Mitochondrial complex I subunit deficiency (NDUFB9)
Mitochondrial complex I subunit deficiency (NDUFA11)
Mitochondrial complex I assembly deficiency (NDUFAF1)
Mitochondrial complex I assembly deficiency (NDUFAF4)
Mitochondrial complex I assembly deficiency (NDUFAFS)
Mitochondrial complex I assembly deficiency (NDUFAF6)
Mitochondrial complex I assembly deficiency (FOXREDI)
Mitochondrial complex III subunit deficiency (UQCRB)
Mitochondrial complex III assembly deficiency (UQCRC2)
GRACILE syndrome

Mitochondrial complex III assembly deficiency (UQCC3)
Mitochondrial ATP synthase F1 subunit 6 and e deficiency
Transmembrane protein 70 deficiency

Mitochondrial cytochrome c1 deficiency

FBXLA4 deficiency

tRNA 5-carboxymethylaminomethyl transferase deficiency
tRNA methyltransferase 5 deficiency

Mitochondrial poly(A) exoribonuclease deficiency
Mitochondrial ribosomal small subunit 28 deficiency
RMNDI deficiency

Mitochondrial tRNA(Cys) deficiency

Mitochondrial tRNA(Met) deficiency

Mitochondrial leucyl-tRNA synthetase deficiency
Mitochondrial phenylalanyl-tRNA synthetase deficiency
Mitochondrial tryptophanyl-tRNA synthetase deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit C deficiency
UGO-1 like protein deficiency

Tafazzin deficiency

Mitochondrial intermediate peptidase deficiency

Gene

MMADHC

MMAA/B

ETFA, ETFB, ETFDH
NADK?2

SLC25A42

PDHAI
PDHB
DLAT
PDHX
PDPI
SUCLA2
SUCLGI
FH
OGDH
SLC25A26
NDUFV2
NDUFSI1
NDUFS4
NDUFS6
NDUFAI
NDUFA9
NDUFB3
NDUFBS
NDUFBI1
MTNDG6
NDUFA6
NDUFBY
NDUFAII
NDUFAF1
NDUFAF4
NDUFAFS
NDUFAF6
FOXREDI
UQCRB
UQCRC2
BCSIL
UQCC3
ATPSFID/E
TMEM70
cyci
FBXLA
MTO]1
TRMTS
PDEI2
MRPS28
RMNDI
MTTC
MTTM
LARS?
FARS2
WARS2
GATC
SLC25A46
TAZ
MIPEP
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Table 2.7 (continued)

Name

Mitochondrial inorganic pyrophosphatase 2 deficiency
Sideroflexin 4 deficiency

CoQ09 deficiency

Disorders of lipids

Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
Trifunctional protein deficiency
Succinyl-CoA:3-oxoacid CoA transferase deficiency
Beta-Ketothiolase deficiency

Monocarboxylate transporter-1 deficiency
Mitochondrial acetyl-CoA carboxylase 2 deficiency
Alkalosis

Disorders of nitrogen-containing compounds

Urea cycle disorders

Mitochondrial disorders of energy metabolism
Mitochondrial seryl-tRNA synthetase deficiency
Disorders of lipids

Glucocorticoid receptor deficiency

Congenital adrenal hyperplasia, 17-alpha-hydroxylase def.
Congenital adrenal hyperplasia, 11-p-hydroxylase deficiency
11-p-hydroxysteroid dehydrogenase type 2 deficiency
Total cholesterol |

Disorders of nitrogen-containing compounds
Malonyl-CoA decarboxylase deficiency
Mitochondrial disorders of energy metabolism
Tafazzin deficiency

Disorders of lipids

Microsomal triglyceride transfer protein deficiency
Chylomicron retention disease

Familial hypobetalipoproteinemia type 1

Familial hypobetalipoproteinemia type 2

Mevalonate kinase deficiency

Squalene synthase deficiencyl

Smith-Lemli-Opitz syndrome
3p-Hydroxy-A5-C27-steroid dehydrogenase/isomerase deficiency
Peroxisomal branched-chain acyl-CoA oxidase deficiency
Storage disorders

Gaucher disease

Congenital disorders of glycosylation

PMM2-CDG

MPI-CDG

ALG9-CDG

ALGI12-CDG

ALG6-CDG

B4GALT1-CDG

Total cholesterol 1

Disorders of carbohydrates

Glucose-6-phosphatase deficiency
Glucose-6-phosphate transporter deficiency

Liver glycogen phosphorylase deficiency

Hepatic phosphorylase kinase a2 subunit deficiency
Disorders of lipids

LDL receptor deficiency

LDL receptor adaptor protein 1 deficiency
Hypercholesterolemia due to ligand-defective apoB
PCSKO superactivity

STAPI deficiency

Gene
PPA2
SFXN4
COQ9

HADHA
HADHB
OXCT1
ACATI
SLCI6A1
ACACB

Several
SARS2

NR3CI

CYPI7AI
CYPII1BI
HSDI11B2

MLYCD
TAZ

MTTP
SARIB
APOB
ANGPTL3
MVK
FDFTI
DHCR7
HSD3B7
ACOX2

GBA

PMM?2
MPI
ALGY
ALGI2
ALG6
B4GALTI

G6PC
SLC37A4
PYGL
PHKA2

LDLR
LDLRAPI
APOB
PCSK9
STAPI

(continued)
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Table 2.7 (continued)

Name

Sitosterolemia due to ABCGS5 deficiency
Sitosterolemia due to ABCGS deficiency
Apolipoprotein E deficiency

Hepatic lipase deficiency

Cholesterol 7 alpha-hydroxylase deficiency
Storage disorders

Acid sphingomyelinase deficiency

Lysosomal acid lipase deficiency

Congenital disorders of glycosylation
TMEM199-CDG

CCDC115-CDG

ATP6AP1-CDG

Triglycerides 1

Disorders of carbohydrates

Fanconi-Bickel syndrome
Fructose-1-phosphate aldolase deficiency
Glucose-6-phosphate translocase deficiency
Glycogen storage disease type I11

Liver glycogen phosphorylase deficiency
Hepatic phosphorylase kinase a2 subunit deficiency
Phosphorylase kinase p subunit deficiency
Hepatic phosphorylase kinase y2 subunit deficiency
Glucose-6-phosphatase deficiency
Fructose-1,6-bisphosphatase deficiency
Disorders of lipids

Angiopoietin-like 3 deficiency

Chylomicron retention disease
Apolipoprotein E deficiency

Apolipoprotein E superactivity

Lipoprotein glomerulopathy

Lipoprotein lipase deficiency

Apolipoprotein C2 deficiency

GPIHBPI1 deficiency

Hepatic lipase deficiency

Lipase maturation factor 1 deficiency
Apolipoprotein A5 deficiency

Familial LCAT deficiency (complete)

Tangier disease

Storage disorders

Lysosomal acid lipase deficiency

Congenital disorders of glycosylation
PIGA-CDG

ASAT and ALAT (transaminases) 1
Disorders of nitrogen-containing compounds
Carbamoylphosphate synthetase 1 deficiency
Ornithine transcarbamylase deficiency
Argininosuccinate synthetase deficiency
Argininosuccinate lyase deficiency

Arginase 1 deficiency

Mitochondrial ornithine transporter deficiency
Citrin deficiency

Lysinuric protein intolerance

Tyrosinemia type 1

Glycine N-methyltransferase deficiency
S-adenosylhomocysteine hydrolase deficiency
Adenosine kinase deficiency
3-Hydroxy-3-methylglutaryl-CoA lyase deficiency

Gene
ABCGS5
ABCGS8
APOE
LIPC
CYP7AI

SMPDI1
LIPA

TMEM199
CCDCl115
ATP6API

SLC2A2
ALDOB
SLC37A4
AGL
PYGL
PHKA2
PHKB
PHKG?2
G6PC
FBPI

ANGPTL3
SARIB
APOE
APOE
APOE
LPL
APOC2
GPIHBPI
LIPC
LMF1I
APOAS
LCAT
ABCAI

LIPA

PIGA

CPS1

orc

ASS1

ASL

ARG
SLC25A15
SLC25A13
SLC7A7
FAH
GNMT
AHCY
ADK
HMGCL
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Table 2.7 (continued)

Name

Disorders of vitamins, cofactors, metals, and minerals
ISD11 deficiency

Multiple acyl-CoA dehydrogenase deficiency

Wilson disease

MEDNIK syndrome

Hereditary hemochromatosis (type 1)
Hypermanganesemia with dystonia type 1

Disorders of carbohydrates

Fanconi-Bickel syndrome

Galactose-1-phosphate uridyltransferase deficiency
Uridine diphosphate galactose-4-epimerase deficiency
Fructose-1-phosphate aldolase deficiency
Transaldolase deficiency

Amylo-1,6-glucosidase (debrancher) deficiency
Glycogen branching enzyme deficiency

Liver glycogen phosphorylase deficiency

Hepatic phosphorylase kinase a2 subunit deficiency
Phosphorylase kinase § subunit deficiency

Hepatic phosphorylase kinase y2 subunit deficiency
Glycogen storage disease type I b
Glucose-6-phosphatase deficiency

Mitochondrial disorders of energy metabolism
GTP-specific succinyl-CoA ligase a subunit deficiency
Mitochondrial complex III assembly deficiency (UQCRC2)
Mitochondrial deoxyguanosine kinase deficiency
Mitochondrial transcription factor A deficiency
Mitochondrial ribosomal small subunit 2 deficiency
Mitochondrial ribosomal small subunit 16 deficiency
Mitochondrial ribosomal small subunit 28 deficiency
Mitochondrial ribosomal large subunit 3 deficiency
Mitochondrial valyl-tRNA synthetase deficiency
Disorders of lipids

Trifunctional protein f} subunit deficiency
3-Hydroxy-3-methylglutaryl-CoA synthase deficiency
Chanarin-Dorfman syndrome

3p-Hydroxy-A5-C27-steroid dehydrogenase/isomerase deficiency

A4-3-Oxosteroid-5p-reductase deficiency

Oxysterol 7a-hydroxylase deficiency

Congenital bile acid synthesis defect

Disorders of peroxisomes and oxalate

Zellweger spectrum disorders

Congenital disorders of glycosylation

PMM2-CDG

MPI-CDG

ALG3-CDG

Dolichol-P-mannose synthase-2 deficiency DPM2-CDG
Phosphoglucomutase 1 deficiency PGM1-CDG
COG4-CDG

ATP6AP1-CDG

TMEM199-CDG

CCDC115-CDG

Congenital disorder of glycosylation TMEM165-CDG
N-glycanase 1 deficiency

Gene

LYRM4

ETFDH, ETFA, ETFB
ATP7B

APISI

HFE

SLC30A10

SLC2A2
GALT
GALE
ALDOB
TALDOI
AGL
GBEI
PYGL
PHKA2
PHKB
PHKG2
LAMP?2
G6PC

SUCLGI
UQCRC2
DGUOK
TFAM
MRPS2
MRPSI6
MRPS28
MRPL3
VARS

HADHB
HMGCS2
ABHDS5
HSD3B7
AKRIDI
CYP7B1
ABCD3

PEX1 and other PEX genes

PMM?2
MPI
ALG3
DPM?2
PGM1
COG4
ATP6API
TMEM199
CCDCl115
TMEM165
NGLYI

(continued)
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Table 2.7 (continued)

Name

Creatine kinase (CK) 1

Disorders of nitrogen-containing compounds
Adenosine monophosphate deaminase deficiency
S-adenosylhomocysteine hydrolase deficiency
Adenosine kinase deficiency

3-Methylglutaconyl-CoA hydratase deficiency
Disorders of vitamins, cofactors, metals, and minerals
ISCAL deficiency

ISCU deficiency

NES1 deficiency

Ferredoxin 2 deficiency

Multiple acyl-CoA dehydrogenase deficiency
Mitochondrial coenzyme A transporter deficiency
Disorders of carbohydrates

Lysosomal alpha-1,4-glucosidase deficiency
Amylo-1,6-glucosidase (debrancher) deficiency
Muscle phosphorylase deficiency

Muscle phosphorylase kinase deficiency

Constitutional AMP-activated protein kinase activation
LAMP2 deficiency

Muscle phosphofructokinase deficiency

Aldolase A deficiency

Muscle phosphoglycerate kinase deficiency

Muscle phosphoglycerate mutase deficiency
Beta-enolase deficiency

Lactate dehydrogenase A deficiency

Mitochondrial disorders of energy metabolism
Mitochondrial complex I subunit deficiency (NDUFS6)
Acyl-CoA Dehydrogenase 9 deficiency
Transmembrane protein 70 deficiency

Mitochondrial cytochrome b deficiency

Mitochondrial DNA polymerase gamma accessory subunit deficiency
Mitochondrial thymidine kinase 2 deficiency

DNA2 helicase deficiency

Mitochondrial ribonuclease H1 deficiency
Mitochondrial elongation factor Ts deficiency
Mitochondrial tRNA(Ala) deficiency

Mitochondrial tRNA(Asp) deficiency

Mitochondrial tRNA(Glu) deficiency

Mitochondrial tRNA(Gly) deficiency

Mitochondrial tRNA(Leu) 1 deficiency

Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit A deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit C deficiency
MSTOI deficiency

Tafazzin deficiency

Valosin-containing protein superactivity

Pitrilysin metallopeptidase 1 deficiency

Clq binding protein deficiency

Mitochondrial calcium uniporter deficiency

CHCHD10 deficiency

CoQ2 deficiency

Disorders of lipids

Primary carnitine deficiency

Carnitine palmitoyltransferase 2 deficiency

Carnitine acylcarnitine translocase deficiency

Very long-chain acyl CoA dehydrogenase deficiency
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency

Gene

AMPDI
AHCY
ADK
AUH

ISCAI

ISCU

NFS1

FDX2

ETFDH, ETFA, ETFB
SLC25A42

GAA
AGL
PYGM
PHKAI
PRKAG?2
LAMP?2
PFKM
ALDOA
PGKI
PGAM?2
ENO3
LDHA

NDUFS6
ACAD9
TMEM?70
MTCYB
POLG2
TK2
DNA2
RNASEH]
TSFM
MTTA
MTTD
MTTE
MTTG
MTTLI
ORSLI
GATC
MSTO!1
TAZ

vCP
PITRM1
CIQBP
MICUI
CHCHDI0
COQ2

SLC22A5
CPT2
SLC25A20
ACADVL
HADHA
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Table 2.7 (continued)

Name

Trifunctional protein deficiency
TANGO?2 deficiency

Lipin 1 deficiency
Chanarin-Dorfman syndrome
Adipose triglyceride lipase deficiency
Chylomicron retention disease
Mevalonate kinase deficiency

X-linked spinal and bulbar muscular atrophy, Kennedy disease

Congenital disorders of glycosylation
DPAGT1-CDG

ALG14-CDG

ALG2-CDG

RFT1-CDG

B4GALT1-CDG

POMTI1-CDG

POMT2-CDG

POMGNTI1-CDG

B3GALNT2-CDG

POMK-CDG

ISPD-CDG

FKRP-CDG

FKTN-CDG

RXYLT1-CDG

B4GAT1-CDG

LARGE1-CDG

DPM1-CDG

DPM2-CDG

DPM3-CDG

MPDU1-CDG

GNE myopathy

GFPT1-CDG

PGM1-CDG

GMPPB-CDG

COG6-CDG

COG7-CDG

COGS8-CDG

TRAPPC11-CDG

TMEM165-CDG

Lactate dehydrogenase (LDH) 1

Disorders of nitrogen-containing compounds
Lysinuric protein intolerance

Disorders of vitamins, cofactors, metals, and minerals
Dihydrofolate reductase deficiency

Disorders of carbohydrates
Glucose-6-phosphate dehydrogenase deficiency
Mitochondrial disorders of energy metabolism
Pitrilysin metallopeptidase 1 deficiency
Alkaline phosphatase (ALP) 1

Disorders of nitrogen-containing compounds
Sodium-dependent multivitamin transporter deficiency
Disorders of carbohydrates

Transaldolase deficiency

Mitochondrial disorders of energy metabolism
Valosin-containing protein superactivity

Gene
HADHB
TANGO2
LPINI
ABHDS
PNPLA2
SARIB
MVK

AR

DPAGTI1
ALGI4
ALG2
RFTI
B4GALTI
POMTI
POMT2
POMGNTI
B3GALNT2
POMK
ISPD
FKRP
FKTN
RXYLTI
B4GAT1
LARGEI
DPM1
DPM?2
DPM3
MPDUI
GNE
GFPTI
PGM1
GMPPB
CoG6
CcoG7
COG8
TRAPPCI1
TMEM165

SLC7A7

DHFR

G6PD

PITRM1

SLC5A6

TALDO1

vcp

(continued)
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Table 2.7 (continued)

Name

Disorders of lipids

3p-Hydroxy-A5-C27-steroid dehydrogenase/isomerase deficiency
A4-3-Oxosteroid-5p-reductase deficiency

Oxysterol 7a-hydroxylase deficiency

Peroxisomal branched-chain acyl-CoA oxidase deficiency
Bile acid-CoA:aminoacid N-acyl transferase deficiency
Congenital disorders of glycosylation

PIGA-CDG

PIGH-CDG

PIGW-CDG

PIGN-CDG

PIGO-CDG

PIGT-CDG

GPAA1-CDG

PGAP1-CDG

PGAP3-CDG

PGAP2-CDG

PIGB-CDG

PIGY-CDG

Component of COG complex 4 deficiency COG4-CDG
ATP6AP1-CDG

TMEM199-CDG

CCDC115-CDG

Alkaline phosphatase (ALP) |

Disorders of vitamins, cofactors, metals, and minerals
Congenital hypophosphatasia

Acrodermatitis enteropathica

Urea |

Disorders of nitrogen-containing compounds

Ornithine transcarbamylase deficiency

Argininosuccinate synthetase deficiency

Argininosuccinate lyase deficiency

Arginase 1 deficiency

Mitochondrial ornithine transporter deficiency

Urea 1

Disorders of vitamins, cofactors, metals, and minerals
Methylmalonic aciduria due to methylmalonyl-CoA mutase deficiency
Methylmalonic aciduria, cblB type

Methylmalonic aciduria and homocystinuria, cblC type
Disorders of carbohydrates

Transaldolase deficiency

Disorders of lipids

Lecithin cholesterol acyl transferase deficiency

Disorders of peroxisomes and oxalate

Peroxisomal alanine-glyoxylate aminotransferase deficiency
Glyoxylate reductase/hydroxypyruvate reductase deficiency
Mitochondrial 4-hydroxy-2-oxoglutarate aldolase deficiency
Uric acid 1

Disorders of nitrogen-containing compounds
Phosphoribosyl pyrophosphate synthetase 1 superactivity
Hypoxanthine guanine phosphoribosyltransferase deficiency
Methylmalonyl-CoA mutase deficiency

Disorders of carbohydrates

Fanconi-Bickel syndrome

Fructose-1-phosphate aldolase deficiency
Glucose-6-phosphate translocase deficiency

Gene

HSD3B7
AKRID]
CYP7B1
ACOX2
BAAT

PIGA
PIGH
PIGW
PIGN
PIGO
PIGT
GPAAI
PGAPI
PGAP3
PGAP2
PIGB
PIGY
COG4
ATP6API
TMEM199
CCDCI115

ALPL
SLC39A4

orc

ASS]

ASL
ARGI
SLC25A15

MMUT
MMAB
MMACHC

TALDO

LCAT

AGXT
GRHPR
HOGAI

PRPSI
HPRTI
MMUT

SLC2A2
ALDOB
SLC37A4
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Table 2.7 (continued)

Name

Amylo-1,6-glucosidase (debrancher) deficiency
Muscle phosphorylase deficiency

Liver glycogen phosphorylase deficiency
Muscle phosphorylase kinase deficiency
Glucose-6-phosphatase deficiency
Fructose-1,6-bisphosphatase deficiency

Muscle phosphofructokinase deficiency

Muscle phosphoglycerate mutase deficiency
Lactate dehydrogenase A deficiency
Mitochondrial disorders of energy metabolism
Mitochondrial seryl-tRNA synthetase deficiency
Uric acid |

Disorders of nitrogen-containing compounds

Pyrimidine 5’-nucleotidase superactivity

Purine nucleoside phosphorylase deficiency
Xanthine oxidase deficiency

Urate transporter 1 deficiency

Urate voltage-driven efflux transporter 1 deficiency
Disorders of vitamins, cofactors, metals, and minerals
Molybdenum cofactor deficiency A

Molybdenum cofactor deficiency B

Molybdenum cofactor deficiency C

Molybdenum cofactor sulfurase deficiency
Storage disorders

Nephropathic cystinosis

Ferritin 1

Disorders of nitrogen-containing compounds
Lysinuric protein intolerance

Mitochondrial glycine transporter deficiency
Disorders of vitamins, cofactors, metals, and minerals
Glutaredoxin 5 deficiency

Hereditary hemochromatosis

Aceruloplasminemia

Hyperferritinemia-cataract syndrome
Mitochondrial disorders of energy metabolism
GRACILE syndrome

Mitochondrial deoxyguanosine kinase deficiency
Storage disorders

Gaucher disease

Disorders of tetrapyrroles

Erythroid 5-aminolevulinate synthase deficiency
Ferritin |

Disorders of vitamins, cofactors, metals, and minerals
Hypermanganesemia with dystonia type 1
Disorders of tetrapyrroles

Ferrochelatase deficiency

Erythroid 5-aminolevulinate synthase superactivity
Myoglobin (urine) 1

Disorders of vitamins, cofactors, metals, and minerals
ISCU deficiency

Ferredoxin 2 deficiency

Disorders of carbohydrates

Muscle phosphorylase deficiency

Muscle phosphorylase kinase deficiency

Muscle phosphofructokinase deficiency

Gene
AGL
PYGM
PYGL
PHKAI
G6PC
FBPI
PFKM
PGAM?2
LDHA

SARS2

NT5C3A

PNP
XDH
SLC22A12
SLC2A9

MOCSI
MOCS2
GPHN
MOCOS

CTNS

SLC7A7

SLC25A38

GLRX5

HFE, HFE2, HAMP, TFR2
CcP

e,

BCSIL
DGUOK

GBA

ALAS2

SLC30A10

FECH
ALAS2

ISCU
FDX2

PYGM
PHKAI
PFKM

(continued)



36

C.R.Ferreiraand N.Blau

Table 2.7 (continued)

Name

Muscle phosphoglycerate kinase deficiency

Muscle phosphoglycerate mutase deficiency
Beta-enolase deficiency

Lactate dehydrogenase A deficiency
Mitochondrial disorders of energy metabolism
Mitochondrial cytochrome B deficiency

Disorders of lipids

Carnitine palmitoyltransferase 2 deficiency
Carnitine acylcarnitine translocase deficiency

Very long-chain acyl CoA dehydrogenase deficiency
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
Trifunctional protein deficiency

TANGO?2 deficiency

Lipin 1 deficiency

Congenital disorders of glycosylation
PGM1-CDG

GMPPB-CDG

Hemoglobin | (anemia)

Disorders of nitrogen-containing compounds
CAD trifunctional protein deficiency 50 CAD-CDG
Orotate phosphoribosyltransferase deficiency

Pyrimidine-5"-nucleotidase I deficiency

Adenylate kinase 1 deficiency
Gamma-glutamylcysteine synthetase deficiency
Glutathione synthetase deficiency

Lysinuric protein intolerance

Isobutyryl-CoA dehydrogenase deficiency
Propionyl-CoA-carboxylase deficiency PCCA
Methylmalonic aciduria due to methylmalonyl-CoA mutase deficiency
Prolidase deficiency

Mitochondrial glycine transporter deficiency
Disorders of vitamins, cofactors, metals, and minerals
Glutaredoxin 5 deficiency

ABCBY7 deficiency

Ferredoxin 2 deficiency

Intrinsic factor deficiency

Cubilin deficiency

Amnionless deficiency

Transcobalamin II deficiency

Methylmalonic aciduria and homocystinuria, cblF type
Methylmalonic aciduria and homocystinuria, cblJ type
Methylmalonic aciduria and homocystinuria, cblC type
Epi-cblC

cblD disease

Methionine synthase reductase deficiency

Methionine synthase deficiency

Proton-coupled folate transporter (PCFT) deficiency
5,10-Methylene-tetrahydrofolate dehydrogenase deficiency
Dihydrofolate reductase deficiency
Thiamine-responsive megaloblastic anemia syndrome
Wilson disease

Atransferrinemia

Disorders of carbohydrates

Glucose transporter 1 deficiency

Galactose- 1-phosphate uridyltransferase deficiency
Glucose-6-phosphate dehydrogenase deficiency
Transaldolase deficiency

Gene
PGKI
PGAM?2
ENO3
LDHA

MT-CYB

CPT2
SLC25A20
ACADVL
HADHA
HADHB
TANGO2
LPINI

PGM1
GMPPB

CAD
UMPS
NT5C3A

AKI

GCLC

GSS

SLC7A7
ACADS
PCCA, PPCB
MMUT
PEPD
SLC25A38

GLRX5
ABCB7
FDX2
CBLIF
CUBN
AMN
TCN2
LMBRDI1
ABCD4
MMACHC
MMACHC + PRDX1
MMADHC
MTRR
MTR
SLC46A1
MTHFDI
DHFR
SLCI9A2
ATP7B

TF

SLC2A1
GALT
G6PD
TALDOI
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Table 2.7 (continued)

Name

HOILLI interacting protein deficiency

Muscle phosphofructokinase deficiency

Aldolase A deficiency

Triosephosphate isomerase deficiency

Muscle phosphoglycerate kinase deficiency

Pyruvate kinase deficiency

Mitochondrial disorders of energy metabolism
Mitochondrial dicarboxylate transporter deficiency
NADH dehydrogenase beta subcomplex subunit 11 deficiency
TMEM126B deficiency

COX10 deficiency

Mitochondrial ATP synthase FO subunit 6 deficiency
CCA-adding tRNA-nucleotidyltransferase deficiency
Pseudouridine synthase 1 deficiency

Mitochondrial oxodicarboxylate carrier deficiency
Mitochondrial leucyl-tRNA synthetase deficiency
Mitochondrial phenylalanyl-tRNA synthetase deficiency
Mitochondrial seryl-tRNA synthetase deficiency
Mitochondrial tyrosyl-tRNA synthetase deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit A deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit C deficiency
Mitochondrial glutamyl-tRNA(GIn) amidotransferase subunit B deficiency
DNAIJCI19 deficiency

HSPAO9 deficiency

Sideroflexin 4 deficiency

Disorders of lipids

Thromboxane synthase deficiency

Prostaglandin transporter deficiency

Cytosolic phospholipase A2« deficiency

Mevalonate kinase deficiency

PMP70 deficiency

Disorders of tetrapyrroles

Erythroid 5-aminolevulinate synthase deficiency
Uroporphyrinogen cosynthase deficiency

Ferrochelatase deficiency

GATA1 deficiency

Heme oxygenase 1 deficiency

Erythropoietic protoporphyria type 2

Storage disorders

Gaucher disease

Saposin C deficiency

Lysosomal acid lipase deficiency, severe
Mucopolysaccharidosis-plus

Congenital disorders of glycosylation

ALGS8-CDG

Glucose-6-phosphatase catalytic subunit 3 deficiency
SEC23B-CDG

Thrombocytopenia

Disorders of nitrogen-containing compounds
Lysinuric protein intolerance

Isovaleryl-CoA dehydrogenase deficiency
Propionyl-CoA-carboxylase deficiency
Methylmalonyl-CoA mutase deficiency

Prolidase deficiency

Disorders of vitamins, cofactors, metals, and minerals
5,10-Methylene-tetrahydrofolate dehydrogenase deficiency

Gene
RNF31
PFKM
ALDOA
TPII
PGKI
PKLR

SLC25A10
NDUFBI1
TMEMI26B
COX10
MTATP6
TRNT]I
PUSI
SLC25A21
LARS?
FARS2
SARS2
YARS?
ORSLI
GATC
GATB
DNAJCI9
HSPA9
SFXN4

TBXASI
SLCO2A1
PLA2G4A
MVK
ABCD3

ALAS2
UROS
FECH
GATAI
HMOX1
CLPX

GBA
PSAP
LIPA
VPS33A

ALGS
GO6PC3
SEC23B

SLC7A7

1VD

PCCA, PCCB
MMUT
PEPD

MTHFDI

(continued)
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Table 2.7 (continued)

Name

Thiamine-responsive megaloblastic anemia syndrome
Wilson disease

Disorders of carbohydrates

Transaldolase deficiency

Mitochondrial disorders of energy metabolism
Mitochondrial cytochrome c¢ deficiency
Mitochondrial leucyl-tRNA synthetase deficiency
Mitochondrial seryl-tRNA synthetase deficiency
Disorders of lipids

3-Oxothiolase deficiency

Thromboxane synthase deficiency
Apolipoprotein E superactivity

Mevalonate kinase deficiency

Disorders of tetrapyrroles

GATA1 deficiency

Storage disorders

Gaucher disease

Saposin C deficiency

Acid sphingomyelinase deficiency

Congenital disorders of glycosylation
ALGS8-CDG

STT3B-CDG

Glucose-6-phosphatase catalytic subunit 3 deficiency
SLC35A1-CDG

Neutropenia

Disorders of nitrogen-containing compounds
Lysinuric protein intolerance

Isovaleryl-CoA dehydrogenase deficiency
Propionyl-CoA-carboxylase deficiency
Methylmalonyl-CoA mutase deficiency
Disorders of carbohydrates
Glucose-6-phosphate translocase deficiency
Mitochondrial disorders of energy metabolism
Fumarase deficiency

FBXL4 deficiency

Tafazzin deficiency

CLPB deficiency

HTRAZ2 deficiency

Disorders of lipids

3-Oxothiolase deficiency

Disorders of tetrapyrroles

GATAL1 deficiency

Congenital disorders of glycosylation
PGM3-CDG

Glucose-6-phosphatase catalytic subunit 3 deficiency
Jagunal 1 deficiency

Cohen syndrome

Reticulocytosis

Disorders of nitrogen-containing compounds
Gamma-glutamylcysteine synthetase deficiency
Glutathione synthetase deficiency

Disorders of carbohydrates
Glucose-6-phosphate dehydrogenase deficiency
Muscle phosphofructokinase deficiency

Gene
SLCI9A2
ATP7B

TALDO1

CYCS
LARS?2
SARS2

ACATI
TBXAS1
APOE
MVK

GATAI

GBA
PSAP
SMPDI

ALGS
STT3B
G6PC3
SLC35A1

SLC7A7

1VD

PCCA, PCCB
MMUT

SLC37A4

FH
FBXL4
TAZ
CLPB
HTRA2

ACATI
GATAI
PGM3

G6PC3

JAGNI
VPSI3B

GCLC

GSS

G6PD
PFKM
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Table 2.7 (continued)

Name

Aldolase A deficiency

Triosephosphate isomerase deficiency

Muscle phosphoglycerate kinase deficiency

Pyruvate kinase deficiency

Disorders of vitamins, cofactors, metals, and minerals
Wilson disease

Disorders of tetrapyrroles

GATA1 deficiency

*Causes fasting hypoglycemia with postprandial hyperglycemia

Gene
ALDOA
TPII
PGKI
PKLR

ATP7B

GATAI

"Causes pseudohyperglycemia, as some point-of-care glucometers will falsely read galactose as glucose (discrepancy between capillary bedside

glucose and venous glucose)
False elevation with the enzymatic method but not with Jaffé method

is structured according to the proposed nosology of IEMs
(Ferreira et al. 2019), and information on diseases and corre-
sponding laboratory tests was obtained from the knowledge-
base of IEMs (Lee et al. 2018). The same information can be
found in most chapters of this book. Care should be taken to
not only interpret one clinical chemistry test result but also
always review the other test results which may guide the
diagnostic algorithm in a logical direction. As an example,
low blood glucose together with low plasma free fatty acids
and the absence of ketones will most likely be the result of
endocrine anomalies (hyperinsulinism), whereas sharply
increased levels of the free fatty acids generally indicate
defects of the mitochondrial fatty acid beta-oxidation.
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Summary

The measurement of amino acids in the blood, plasma,
urine, and cerebrospinal fluid is essential for the diagnosis
and monitoring of patients with different inherited meta-
bolic diseases, including disorders of amino acid metabo-
lism and transport, organic acidemias, and urea cycle
defects. Measurement of amino acids in whole blood
spotted on filter paper screens for many amino acidopa-
thies and urea cycle defects in newborns. Plasma amino
acids can identify patients with a suspected disorder of
amino acid metabolism and/or aid in monitoring treat-
ment. Urinary amino acids screen for disorders of amino
acid transport (cystinuria, lysinuric protein intolerance, or
Hartnup disease) or for generalized renal tubular dysfunc-
tion. The analysis of cerebrospinal fluid, usually in addi-
tion to plasma amino acids, is necessary in the evaluation
of patients with neurometabolic disorders, such as glycine
encephalopathy or disorders of serine metabolism.
Traditionally, amino acids in biological fluids have been
quantified by ion exchange chromatography using post-

column derivatization with ninhydrin and spectrophoto-
metric detection. Newer methodologies are based on
liquid chromatographic separation with detection by mass
spectrometry or spectrophotometry. Liquid chromatogra-
phy/tandem mass spectrometry (LC-MS/MS) analysis of
amino acids is becoming the method of choice by more
and more laboratories because of its speed, sensitivity,
and increased specificity. The interpretation of the results
of plasma amino acid analysis requires the knowledge of
metabolic disorders, availability of age-specific reference
ranges, and consideration of physiological factors or
medications affecting levels of individual or multiple
amino acids.

Introduction

Amino acids are the building block of all proteins and
are therefore of vital importance for the integrity of the
organism. In addition, some amino acids play an addi-
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tional important role as neurotransmitters (or their precur-
sors), modulators of neurotransmitter action, precursors
of hormones, cofactors, purine, and pyrimidines. Amino
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acids, with a few exceptions, are water soluble due to the
presence of both an amino and a carboxylic group that
in water become ionized. Amino acids are filtered by the
kidney and could be easily lost in urine in the absence of
an efficient renal tubular reabsorption mechanism. There
are several amino acid transporters whose deficiency can
result in urinary loss of one or a group of amino acids and
specific clinical manifestations. Excess amino acids are
degraded by specific sets of enzymes, thereby generating
energy and urea from the nitrogen group during catabolism.
Defects in these enzymes cause inborn errors of amino acid
metabolism, almost all of which are transmitted as auto-
somal recessive traits. This leads to either the buildup of
the parent amino acid or its byproducts or of the catabolic
products (organic acids) depending on the location of the
enzyme block. The nitrogen group of the amino acid upon
degradation will result in the formation of ammonia which
is then removed by the urea cycle in the liver. The lack of an
enzyme or transporter in this cycle will result in hyperam-
monemia. Accurate measurement of amino acids is essen-
tial to diagnose disorders of amino acid metabolism and to
follow treatment in patients affected by aminoacidopathies,
urea cycle disorders, organic acidemias, or disorders of
amino acid transport. This chapter will discuss how amino
acids are analyzed in biological fluids and the main altera-
tions encountered in common disorders.

Preanalytical Conditions
Specimens

Amino acids can be measured in different sample types
(whole blood, plasma, cerebrospinal fluid, urine) depending
upon the reason for the amino acids analysis. Whole blood
spotted on filter paper is used almost universally for neonatal
screening of inherited disorders of metabolism. Analysis of
amino acids in plasma represents the first approach to the
study of a patient with a suspected disorder of amino acid
metabolism (Table 3.1) (Held et al. 2011; Gregory et al.
1986; Applegarth et al. 1979; Armstrong et al. 2007). This
will identify elevated phenylalanine in phenylketonuria,
elevated branched-chain amino acids, and the presence of
alloisoleucine in maple syrup urine disease, abnormalities
of citrulline, and glutamine in different urea cycle defects.
The study of urinary amino acids is performed to screen
for disorders of amino acids transport, such as cystinuria,
lysinuric protein intolerance, or Hartnup disease (Table 3.2)
(Parvy et al. 1988). In addition, it is a useful test for renal
tubular capacity that becomes abnormal in most cases of
renal Fanconi syndrome. The analysis of cerebrospinal fluid
(CSF), usually in addition to plasma amino acids, is neces-
sary in the evaluation of patients with neurometabolic disor-

Table 3.1 Amino acid concentrations in plasma (pmol/L). The values
represent the central 95% range of normal results by LC-MS/
MS. Number of observations for each age group is indicated in
parenthesis

<1 month 1-12 months >1 year
Amino acid (n = 600) (n=1300) (n = 4000)
Alanine 140-480 150-520 160-530
a-Aminoadipate <4 <4 <4
a-Aminobutyrate <40 <40 <40
Arginine 16-140 35-140 35-125
Asparagine 20-80 20-80 20-80
Aspartic acid <45 <30 <15
Citrulline 7-40 7-40 10-45
Cystine 10-60 10-50 10-65
Glutamic acid 30-240 30-210 15-130
Glutamine 295-900 400-850 380-680
Glycine 160470 120-375 140420
Histidine 50-130 50-130 50-130
Hydroxyproline 15-90 10-70 5-40
Isoleucine 20-110 30-120 30-120
Leucine 50-180 50-180 60-180
Lysine 70-270 80-260 85-230
Methionine 15-55 15-55 1540
Ornithine 30-180 30-140 25-110
Phenylalanine 30-95 30-90 30-82
Proline 110-340 100-320 90-350
Sarcosine <5 <5 <5
Serine 90-340 90-275 60-170
Taurine 30-250 30-170 30-130
Threonine 60400 60-310 60-190
Tryptophan 15-75 20-85 25-80
Tyrosine 30-140 30-130 35-110
Valine 80-270 90-310 120-320

ders, such as glycine encephalopathy or disorders of serine
metabolism (Table 3.3) (Applegarth et al. 1979).

Amino acids can be measured also in other biological
specimens, such as vitreous fluid (Table 3.4) (Honkanen
et al. 2003; Bertram et al. 2008), especially in post-mortem
samples, when urine is often not available and blood is
unsuitable. However, this type of analysis should be lim-
ited to laboratories with experience in these studies, since
post-mortem changes rapidly occur even in vitreous fluid.
Amniotic fluid has limited value in prenatal diagnosis for
aminoacidopathies. Unlike the organic acid disorders, in
most amino acid disorders the metabolites do not accumu-
late before birth. Abnormal amino acid patterns in amniotic
fluid have only been found in two of the urea cycle disorders,
namely, argininosuccinate lyase deficiency (argininosuc-
cinic acidemia) and argininosuccinate synthetase deficiency
(citrullinemia type 1). Tables 3.1, 3.2, 3.3, and 3.4 (Held et al.
2011; Gregory et al. 1986; Applegarth et al. 1979; Armstrong
et al. 2007; Parvy et al. 1988; Honkanen et al. 2003; Bertram
et al. 2008) list amino acid reference ranges in the blood,
urine, CSF, and vitreous fluid and are included as examples.
However, it should be noted that, even when using the same
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Table 3.2 Amino acid concentrations in urine expressed in pmol/g creatinine. The values represent the central 95% range of normal results by
LC-MS/MS. Number of observations for each age group is indicated in parenthesis

0-3 months 3—12 months
Amino acid (n=133) (n=285)
Alanine 475-3330 270-3020
a-Aminoadipate <700 <520
a-Aminobutyrate <120 <80
f-Aminoisobutyrate <6680 <6000
Arginine <470 <340
Asparagine 55-1445 45-910
Aspartic acid <370 <160
Citrulline <145 <75
Cystine <870 <300
Glutamic acid <560 <360
Glutamine 380-3860 310-3240
Glycine 1620-19,725 915-10,220
Histidine 325-4940 290-4850
Homocitrulline <675 <220
Hydroxyproline <6100 <1270
Isoleucine <360 <140
Leucine 20420 20-195
Lysine 120-2270 55-1260
Methionine <100 <60
3-Methylhistidine 160-665 155-390
Ornithine <475 <150
Phenylalanine 45-360 65-370
Phosphoethanolamine <370 <485
Proline 130-2340 <1190
Sarcosine <300 <75
Serine 704125 275-2730
Taurine 95-9800 <7400
Threonine 125-2890 50-1300
Thryptophan 25-395 45-390
Tyrosine 50-870 70-700
Valine 40-425 30-250

1-3 years 3-6 years 6-12 years >12 years
(n=82) (n=67) (n=281) (n = 445)
170-1750 100-1000 80-930 60-500
<470 <200 <125 <100
<70 <60 <50 <25
<5500 <3490 <1720 <1200
<390 <270 <160 <100
80-675 50-345 40-390 25-180
<65 <25 <25 <25
<40 <15 <15 <15
<150 <125 <100 <150
<190 <80 <70 <52
340-2225 300-1525 165-1530 100-665
775-6600 600-4600 310-5700 230-3510
3404420 315-2460 160-2380 80-1130
<150 <100 <70 <40
<100 <35 <20 <30
<100 <70 <60 <45
20-190 20-110 20-100 <45
45-930 40-475 25-440 <355
<50 <30 <30 <20
150-555 130-540 120440 100-340
<70 <30 <30 <30
50-350 35-170 30-140 1

<440 <235 <150 <60
<170 <60 <40 <35

<25 <25 <25 <25
390-1890 260-990 130-1100 90-470
<9000 <4400 <3800 <3200
85-910 50-380 40-470 25-250
45-325 35-150 20-180 15-95
65-560 40-300 40-280 15-150
40-280 30-160 20-120 <55

method and instrumentation, reference values may vary from
laboratory to laboratory. Each laboratory should establish its
own reference ranges.

Patient Status/Patient Information

Clinical information is a necessary element for the accu-
rate interpretation of amino acid profiles and to correctly
diagnose patients with disorders of amino acid metabolism.
Several common clinical features should prompt an inves-
tigation for a metabolic disorder. These include symptoms
related to the CNS (lethargy, seizures, coma); GI tract (vom-
iting, poor feeding, failure to thrive); liver (hepatomegaly);
cardiovascular, respiratory, and renal (kidney stones) sys-
tems; eye (lens dislocation, retinitis pigmentosa, optic atro-
phy); skeletal system; and skin. A positive family history
(consanguineous parents, affected sibling or family member)
and/or a positive newborn screen result should also initiate a

diagnostic metabolic work-up. One should keep in mind that
the same disease may present with different symptoms at dif-
ferent ages and that inherited disorders of metabolism are
not limited to infants and children, with late-onset diseases
presenting in adulthood as well. In other words, a metabolic
disorder should not be dismissed because of age. Routine
chemistry laboratory tests, such as blood gases, pH, elec-
trolytes, anion gap, glucose, and ammonia, provide clues to
the kind of metabolic disorder and guide the testing. These
laboratory data, along with a brief clinical history, should
be made available to the metabolic laboratory for better
interpretation of the results. The physiological status of the
patient is also important, since significant variations can be
seen in post-prandial specimen, after prolonged fasting, and
during catabolism. A list of medications taken at the time
of specimen collection should also be provided, since some
may interfere with the analysis or may cause alterations in
the concentration of some amino acids, such as increased
glycine levels secondary to valproate therapy.
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Table 3.3 Normal range of amino acid concentrations in CSF, expressed
in pmol/L, obtained by LC-MS/MS. The values represent the central 95%
range of normal results by LC-MS/MS. Number of observations is indi-
cated in parenthesis

pmol/L
Amino acid (n=921)
Alanine 1646
Arginine 8-31
Asparagine 4-13
Aspartate <5
Citrulline <5
Cystine <5
Glutamine 330-630
Glutamic acid <5
Glycine 5-20
Histidine 7-24
Hydroxyproline <4
Isoleucine <12
Leucine 5-22
Lysine 10-36
Methionine 2-7
Ornithine <10
Phenylalanine 620
Proline <5
Serine 18-66
Taurine <13
Threonine 14-59
Tryptophan <5
Tyrosine 5-23
Valine 8-30

Table 3.4 Concentrations of amino acids in vitreous fluid (average
+ SD, pmol/L). Modified from Honkanen et al. (2003); Bertram et al.

(2008)
pmol/L

Amino acid (n=17)
Alanine 159.5 £ 54.9
Arginine 39.4+163
Asparagine 358+11.6
Aspartate 14+1.0
GABA 0.6 +0.2
Glutamate 52+23
Glutamine 1192.9 +404.4
Glycine 85+25
Histidine 38.4 +10.0
Isoleucine 379+ 11.6
Leucine 89.7 +28.4
Lysine 1154 £33.7
Methionine 223+ 8.1
Phenylalanine 444 +14.2
Serine 103.9 £ 24 .4
Threonine 85.5+£284
Tyrosine 582+ 18.8
Valine 112.0+4.4

Specimen Collection

The timing of the specimen collection is important in the
detection of metabolic disorders. In acutely ill patients, the
blood and urine specimens on admission are likely to be most
revealing and most appropriate for metabolic screening. It is
good practice to save these specimens from all patients in
whom the diagnosis is unclear. For the detection of amino-
acidopathies, this is not as critical as it is for other metabolic
disorders. For amino acid analysis, the volume of specimen
required depends on the methodology used, typically 100—
500 pL of plasma or CSF are required. The volume of urine
required varies depending on creatinine concentration; each
laboratory should list the minimum volumes acceptable for
each analysis.

For the diagnosis of most amino acid disorders, blood
specimens collected after an overnight fast are preferred or,
alternatively, at least 3 h after a meal. Samples from young
infants should be collected immediately before the next
scheduled feeding (at least 2-3 h after the last feeding). For
hyperammonemia screening, postprandial samples are more
suited since elevation of blood ammonia may be intermit-
tent and present only in the fed state. It is not uncommon
for a laboratory to receive a sample for amino acid analysis
collected while the patient is receiving intravenous hyperali-
mentation. These samples are often uninterpretable as they
show elevations in all the amino acids present in the IV solu-
tion. If it is possible, intravenous hyperalimentation should
be discontinued for at least 2-3 h prior to specimen collec-
tion. If intravenous hyperalimentation cannot be discontin-
ued, appropriate care should be taken in drawing the sample
away from the site of entry of the solution.

The concentration of the majority of the physiological
amino acids is the same in red blood cells and in plasma,
with exception of taurine, glutamate, aspartate, and arginino-
succinate. Thus, hemolyzed samples may show an increased
concentration of these amino acids. The enzyme arginase
converts arginine into ornithine and urea and is expressed
in red blood cells. Hemolysis will release arginase in the
plasma causing hydrolysis of arginine. Therefore, a decrease
in arginine with an increase in ornithine is often seen in
hemolyzed samples.

Whole blood collected for amino acids analysis should
be spun down as soon as possible; the plasma should be
kept frozen during transport and until analysis is performed.
Refrigerated conditions may be acceptable for a short period
of time. Improper handling of specimens can result in artifac-
tual changes in the amino acid contents. Table 3.5 lists possible
artifacts due to collection, handling, and storage of samples.
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Table 3.5 Collection, handling, and storage artifacts Table 3.6 Nutritional status and amino acid values

Factor/condition Source Amino acid(s) affected Value Factor/condition Source Amino acid(s) affected Value
Contamination, U Ala, Gly, Pro T H Diet, canned formula U Homocitrulline T H
bacterial or milk
Contamination, U Trp, aromatic amino acids, | L Diet, gelatin U Gly t+ H
bacterial Ser Diet, high protein B Met, Tyr t+ H
Contamination, fecal U Pro, Glu, Leu, Ile, Val, T H (infants)

OH-pro-line Diet, shellfish U Taurine T H
Contgmination, U Cys | L Diet, white meat U Anserine, 1-methylhistidine, 1 H
protein from fowl carnosine
Contamination, RBC U Orn T H Folate deficiency B Total Homocyst(e)ine t H
Contamination, B Most amino acids T H Kwashiorkor B Pro, Ser, Gly, Phe T H
unwashed skin Kwashiorkor B Leu, Ile, Val, Trp, Met, Thr, | L
Contamination, WBC U Tau 1T H Arg
Contamination, WBC B Asp, Glu, Tau T H Obesity B Branched chain amino acids, 1 H
Hemolysis B Asp, Glu, Gly, Orn T H Phe, Tyr
Hemolysis B Arg, Gln | L Obesity B Gly | L
Serum vs. plasma B Serum Tau > plasma Tau Starvation, 1-2 days B Branched chain amino acids, 1 H
Storage u Glu, Asp, GABA H (with or without Gly
Storage U Gln, Asn, !l L vomiting)

phosphoethanolamine Starvation, 1-2 days B Alanine | L
Storage B Gln, Cys, homocystine !l L (Wiﬂ} 24 without
Storage B Glu Tt H vc.)mltl.ng) .
Tube artifact, B Gly t H Vltarpm B12 B Total homocyst(e)ine + H
thrombin dﬁ_:ﬁCKEnCy —
Tube artifact, EDTA B Ninhydrin positive artifact Vltamm B6 u Cystathionine Ut
Tube artifact, B S-sulfocysteine t+ H deficiency
metasulfite B blood, U urine, H increased, L decreased
Unspun blood leftat B Orn, total homocysteine T H
rm. temp.
Unspun blood leftat B Arg, Cys, homocystine | L
rm. temp. erance, Hartnup) or in prolidase deficiency. Although a ran-

The conversion of arginine into ornithine by arginase can
be observed even in unspun samples left at room temperature,
even without obvious hemolysis. Free cystine and homocys-
tine bind to protein and will be lost in samples that are not
spun immediately and/or are stored for a prolonged period
of time. The loss of cystine and homocystine is evident even
when samples are stored at —20 °C, while storage at —70 °C
prevents this effect. Glutamine is unstable and breaks down
with prolonged storage resulting in increased glutamate.

If serum is used for amino acids analysis, depending on
how it has been obtained, all the artifacts listed above could
be present. Low serine in urine may be due to bacterial con-
tamination, and the presence of hydroxyproline can be due
to fecal contamination. Urine is not the fluid of choice in the
diagnostic investigation of an aminoacidopathy (phenylke-
tonuria, maple syrup urine disease, homocystinuria, etc.) as
plasma is a better sample type. Urine amino acids analysis
is, instead, the diagnostic test when disorders of amino acid
transport are investigated (cystinuria, lysinuric protein intol-

dom specimen is usually sufficient for diagnostic purposes,
a timed urine collection may be required for reabsorption
studies in conjunction with a plasma sample collected at
mid-point. Results of urine amino acids analysis are usu-
ally reported in reference to creatinine; however for samples
very diluted or very concentrated, this correction may not
be very accurate. The interpretation of urine amino acids
relies on patterns of amino acids more than on absolute val-
ues; therefore, a careful examination of the profile should
lead to a correct diagnosis. Tables 3.5, 3.6, 3.7, and 3.8 list
artifacts due to specimen collection as well as the effect of
nutritional status, illnesses, and medications on amino acids
values.

Analysis

Amino acids studies are performed for (1) diagnostic pur-
poses and (2) monitoring of therapy in patients with a known
metabolic disorder. Methods for amino acids analysis should
be sensitive (to identify even very low concentration of



46

M. Pasquali and N. Longo

Table 3.7 Effects of illness/disease on amino acid values

Factor/condition Source Amino acid(s) affected  Value

Burn >20% of surface B Phe T H

area

(07 days after injury)

Burn >20% of surface U Ala, Gly, Thr, Ser, Glu, !l L

area Gln, Orn, Pro

(07 days after injury)

Diabetes B Leu, Ile, Val 1T H

Hepatic disease B Tyr, Phe, Met, Orn, T H
GABA

Hepatic disease B Branched chain amino | L
acids

Hepatoblastoma U Cystathionine T H

Hyperinsulinism B Leu, Ile, Val | L

Hypoparathyroidism, U All amino acids H

primary

Infection B All amino acids | L

Infection B Phe/Tyr ratio T H

Infection U All amino acids T H

Ketosis B Leu, Ile, Val T H

Ketotic hypoglycemia B Ala | L

Leukemia, acute U Advanced disease: all T H

amino acids

Leukemia, acute U On therapy: gly, asp, thr, 1t H
ser

Neuroblastoma U Cystathionine Tt H

Renal failure U Phe, Val | L

Renal failure U His Tt H

Renal failure B Phe, Cit, Cys, Gln, t+ H
homocyst(e)ine

Renal failure B Leu, Val, Ile, Glu, Ser l L

Respiratory distress on B Cystine | L

oxygen

Rickets U Gly T H

B blood, U urine, H increased, L decreased

amino acids), specific (to separate isomeric species), and
accurate (to enable monitoring of dietary therapy).

Paper chromatography, thin-layer chromatography, and
two-dimensional chromatography by high-voltage electro-
phoresis for amino acids screening have been used in the
past, but are now obsolete and should not be used for amino
acids screening.

Quantitative analysis of amino acids in physiological
fluids can be performed by ion-exchange chromatography
(IEC), reverse-phase high-performance liquid chromatogra-
phy (HPLC), gas-chromatography (GC), and liquid chroma-
tography/tandem mass spectrometry (LC-MS/MS).

IEC has been the most widely used method in clinical
laboratories, and it is still considered the gold standard for
amino acid analysis. With this technique, amino acids are sep-
arated using a cation-exchange column and a lithium buffer
system. The detection is performed by colorimetry after post-
column derivatization with ninhydrin. The adduct between
ninhydrin and primary amines has a maximum absorbance
at wavelength A,,,, = 570 nm, while the adduct between nin-

Table 3.8 Effect of medications on amino acid values

Factor/condition Source Amino acid(s) affected Value
Arginine infusion B Arg t H
Arginine infusion 6] Arg, Lys, Orn, Cys t H
Bile acid sequestrants B Homocyst(e)ine t H
(colestipol, niacin)

Cyclosporin A B Total homocysteine t+ H
2-Deoxycoformycin B Homocyst(e)ine | L
Lysine aspirin U Lys Tt H
Methotrexate therapy B Homocyst(e)ine t+ H
Methotrexate therapy B Phe/Tyr ratio Tt H
Nitrous oxide B Homocyst(e)ine t+ H
anesthesia

Oral contraceptives B Pro, Gly, Ala, Val, Leu, Tyr | L
p-Phenylalanine 6] Phe t H
Tamoxifen B Homocyst(e)ine | L
Tetracycline, renal U All amino acids t H
toxicity

Valproate B,U Gly T H
Vigabatrin/ p-alanine, T H
vinyl-GABA f-aminoisobutyrate, GABA
Vigabatrin/ CSF  GABA, f-alanine T H
vinyl-GABA

Vigabatrin/ B,U 2-Aminoadipic acid t H
vinyl-GABA

B blood, U urine, H increased, L decreased

hydrin and secondary amines (hydroxyproline, proline) has a
Amax =440 nm. The samples are monitored at both wavelengths
to allow quantification of all physiological amino acids. This
method is highly reproducible, with a wide dynamic range and
excellent linearity range (5-3000 pmol/L). The disadvantage
of the method is the long analysis time (90-150 min) and the
lack of specificity. In fact several metabolites other than amino
acids, including medications and dietary supplements, react
with ninhydrin and coelute with amino acids. This is particu-
larly challenging when evaluating urine samples. Depending
on the methodology used, special processing of the sample
is required to identify and quantify certain amino acids. A
classic example is argininosuccinic acid. With IEC the free
acid elutes in the region of neutral amino acids, often coelut-
ing with tyrosine or leucine, depending on the buffer system
and column used. Conversion of the free acid into anhydrides
by boiling the deproteinized sample increases sensitivity and
allows more accurate results.

HPLC-based methods usually require a pre-column
derivatization step with chemicals that react with the primary
or secondary amino group of amino acids to form derivatives
detectable with fluorescent, UV, or electrochemical detec-
tors. The analysis time of these methods is shorter than ion-
exchange chromatography, but sample preparation is more
laborious and the derivatives may be instable. In addition,
the sensitivity for some critical amino acids, such as alloi-
soleucine (the diagnostic amino acid for maple syrup urine
disease), argininosuccinic acid (the diagnostic amino acid
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for argininosuccinic acid lyase deficiency), and homocys-
tine may not be sufficient to identify mild elevations of these
amino acids and some patients can be missed.

Tandem mass spectrometry analysis of amino acids
by flow injection is routinely used for neonatal screen-
ing using whole blood spotted on filter paper. Amino acids
are extracted from the blood spot using an organic solvent
(methanol) containing stable-isotope-labeled amino acids.
The limitation of this method is that isomers and isobars can-
not be separated; however, the speed of the analysis makes it
a superb screening method. For diagnostic and/or monitoring
purposes, similar methods can be used, and to increase the
specificity, a liquid chromatographic separation is performed
prior to MS/MS detection. Liquid chromatography/tan-
dem mass spectrometry (LC-MS/MS) analysis of amino
acids in physiological fluids is now the method of choice by
more and more laboratories, because of its speed, sensitivity,
and increased specificity. Accurate quantitation by MS/MS
requires the use of stable-isotope-labeled internal standards;
ideally each amino acid quantified should have its internal
standard. The detection of amino acids by MS/MS is usu-
ally done using selective reaction monitoring (SRM); there-
fore, the analysis is targeted. This method will not detect
unusual amino acids, such as cystinylglycine (characteristic
of gamma glutamyltranspeptidase deficiency), unless they
are included in the method. As a consequence, amino acids
analysis methods available for clinical diagnostic application
are not suitable for new discovery. With the use of MS/MS
for neonatal screening, milder variants of metabolic disor-
ders are now identified, and the biochemical phenotype may
be more subtle. Good communication between the testing
laboratory and the physicians helps in clarifying these cases.

The method used for quantifying amino acids in physi-
ological fluids should also have a wide dynamic range, high
sensitivity, sufficient to measure concentrations as low as a
few micromoles/liter, and high upper limit of linearity, to
accurately quantify high concentrations of amino acids for
diet/therapy monitoring. Citrulline, alloisoleucine, arginino-
succinic acid, and free homocystine are examples of amino
acids requiring high sensitivity, with citrulline and arginino-
succinic acid requiring also high upper limit of linearity. It
is important to be able to detect even trace amounts of these
amino acids to reach a correct diagnosis. LC-MS/MS-based
methods are usually highly sensitive and specific; however,
their dynamic range may not be as good as IEC.

Interpretation of Amino Acids Results
and Reference Values

Clinical information, age of the patient, diet, and medica-
tions are critical to provide an accurate interpretation for
metabolic testing in general, including amino acids analy-

sis. The interpretation of amino acid profiles relies on pat-
tern recognition; therefore, laboratories should be familiar
with metabolic disorders and the changes observed in pres-
ence of a metabolic block. In the past when most laborato-
ries used similar methods, amino acids were reported in the
order of chromatographic separation. With the advent of dif-
ferent methodologies, many laboratories report amino acids
in alphabetical order to facilitate their reading and personal
interpretation by referring physicians. All of our tables now
report them in alphabetical order.

Age. The normal concentration range of most amino
acids changes with age, and appropriate reference ranges are
essential for accurate interpretation. Renal tubular function
is not mature in many infants who can have generalized ami-
noaciduria until several months of age. Homocitrulline in the
urine of infants is usually derived from diet and is only rarely
due to a metabolic disorder. Taurine is normally excreted in
large amounts in the first week of life and decreases there-
after. However, the urine from infants less than 1 year of
age often contains taurine from breast milk and/or taurine-
supplemented formula, and the amount can fluctuate widely
depending on the time of urine collection in relation to the
time of feeding. Taurine is not detected in urine from infants
fed unsupplemented formulas. Taurine is a constituent of
several energy drinks and can increase in adolescents and
young adults consuming these products. Administration of
parenteral amino acid solutions can also cause altered blood
amino acid patterns.

The urinary excretion of glycine is quite variable. It can
be of dietary origin (e.g., gelatin) as well as secondary to
medication (e.g., valproate). Persistent isolated hyperglycin-
uria with normal plasma glycine levels suggests familial imi-
noglycinuria that is usually a benign variant. Urine histidine
is increased during pregnancy. The concentration of plasma
amino acids is low compared to normal controls during preg-
nancy, especially in the last trimester, due to hemodilution.

In young infants, particularly in preterm infants, the quan-
tity and quality of protein feeding has a direct effect on the
plasma amino acid concentrations. The postprandial rise of
total amino acids is more pronounced in infants on higher
protein feeding. Transient hypertyrosinemia and hypermethi-
oninemia can result from excessive protein load such as with
the use of non-infant milk. The same pattern of elevation can
be seen in premature infants or infants with immature hepa-
tocellular function. Table 3.6 lists the most common effects
of diet and nutritional status on amino acid values.

Circadian rhythm is a physiological basis for higher
amino acid concentrations, up to 10-15%, in the blood in
the afternoon. A mild generalized increase in urine amino
acids is a relatively common finding in hospitalized chil-
dren. Branched-chain amino acids are elevated in blood of
patients with maple syrup urine disease; however, in these
patients the presence of alloisoleucine allows the correct
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interpretation of the results. Vomiting and poor oral intake
for 1-2 days may cause mild elevations (two- to three-
fold) of the plasma branched-chain amino acids, and this
should not be mistaken as a disease pattern. In a patient
with MSUD and metabolic decompensation, the pattern
of branched-chain amino acids will show a disproportion-
ately high leucine compared to isoleucine and valine and
a markedly reduced alanine in addition to the presence of
alloisoleucine. With ion-exchange chromatography, alloi-
soleucine coelutes with cystathionine, and laboratories
using this method should develop protocols to distinguish
the two amino acids, such as the evaluation of the ratio of
the absorbance at 570 nm and 440 nm, which is much lower
for cystathionine as compared to alloisoleucine.

Secondary amino acid changes can be a clue to other
types of metabolic disorders such as galactosemia, organic
acidemias, and disorders of pyruvate metabolism.

Gross elevations of many amino acids, particularly gluta-
mine and alanine in blood, have been reported in moribund
children; however, elevations of the branched-chain amino
acids, citrulline, and arginine can be secondary to hypoxia
and liver failure. Post-mortem blood shows similar but more
pronounced amino acid changes (Table 3.7).

Citrulline is the amino acid critical in identifying dis-
orders of the urea cycle. It is absent or markedly reduced

in proximal blocks of the urea cycle (NAGS, CPS1, OTC
deficiencies); it is markedly elevated in citrullinemia type
I (argininosuccinate synthase deficiency) and, to a lower
extent, in argininosuccinic aciduria (argininosuccinate lyase
deficiency); and it is moderately but variably elevated in
citrullinemia type II (citrin deficiency). Citrulline can also
be used to assess functional enterocyte mass in patients with
necrotizing enterocolitis, short bowel syndrome, and intes-
tinal transplant. Very low levels of citrulline can be seen in
these patients, usually with a completely normal concentra-
tion of all other amino acids, including glutamine.

Several medications can affect the levels or interfere with
quantitation of amino acids in blood and urine (Table 3.8).
The use of disulfide agents, such as penicillamine, can result
in the formation of unusual amino acids whose quantitation
can help in determining compliance with therapy.

Table 3.9 lists the amino acids and the disorders in which
the amino acid level is abnormal. An abnormal concentra-
tion of an amino acid may be suggestive of several different
inborn errors. Conversely, some disorders are characterized
by abnormalities in several different amino acids, and analy-
sis of the pattern of variation is more important than analysis
of a single amino acid level in establishing a diagnosis. This
table serves as a quick guide to more detailed information
found in other chapters in this book.

Table 3.9 Pathologic conditions associated with abnormal amino acids concentrations

Amino acid Source Disorder(s) Value
All amino acids U Classic galactosemia, Renal Fanconi syndrome, Lowe syndrome t H
All amino acids U Tyrosinemia type 1, hereditary fructose intolerance t H
All amino acids U Vitamin D-dependent rickets, mitochondrial disorders t H
Neutral amino acids U Hartnup disorder t H
Alanine 1P Lactic acidosis, disorders of pyruvate metabolism, mitochondrial disorders, hyperammonemic t H
syndromes, glucagon receptor defect
Alanine P Maple syrup urine disease | L
B-Alanine P/U f-Alaninemia T H
fB-Alanine CSF GABA-transaminase deficiency T H
fB-Alanine U Pyrimidine disorders, methylmalonate semialdehyde dehydrogenase deficiency t+ H
Allo-isoleucine P/U/ Maple syrup urine disease, E; deficiency t+ H
CSF
a-Aminoadipic u a-Aminoadipic/a-Ketoadipic aciduria t H
p-Aminoisobutyric acid U B-Alaninemia, f-Aminoisobutyric acid aminotransferase deficiency (benign) T H
8-Aminolevulinic acid U Tyrosinemia type I, porphyria T H
Arginine U Cystinuria, dibasic aminoaciduria, lysinuric protein intolerance t+ H
Arginine P Arginase deficiency, glucagon receptor defect t H
Arginine 1P HHH syndrome, ornithine aminotransferase deficiency, urea cycle defects (except arginase | L
deficiency)
Argininosuccinate P/U/ Argininosuccinate lyase deficiency t H
CSF
Asparagine P/CSF  Asparagine synthase deficiency | L
Aspartic acid U Dicarboxylic aminoaciduria Tt H
Aspartic acid U Pyruvate carboxylase deficiency type B | L
Aspartylglucosamine P/U Aspartylglucosamidase deficiency t+ H
Carnosine U Carnosinemia t+ H
Citrulline P Citrullinemia type I (argininosuccinate synthase deficiency), Citrullinemia type II (citrin t H

deficiency), argininosuccinate lyase deficiency, pyruvate carboxylase deficiency type B
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Table 3.9 (continued)
Amino acid Source Disorder(s) Value
Citrulline P A-pyrroline-5-carboxylate synthase deficiency, lysinuric protein intolerance, NAGS, CPS, OTC | L
deficiencies, mitochondrial disorders
Cystathionine P/U Cystathionase deficiency t H
Cystine U Cystinuria, hyperlysinemia, hyperornithinemia t H
Cystine 1P Molybdenum cofactor deficiency, sulfite oxidase deficiency | L
Formiminoglutamic acid U Formiminoglutamic aciduria t H
(FIGLU)
GABA P/U B-Alaninemia T H
GABA P/U/ GABA transaminase deficiency H
CSF
Glutamic acid U Dicarboxylic aminoaciduria t+ H
Glutamic acid P Glutamic acidemia, glutamine synthase deficiency t+ H
Glutamine P/U/ Urea cycle defects t+ H
CSF
Glutamine P Glutaminase deficiency (normal ammonia) T H
Glutamine 1P Glutamine synthase deficiency, propionic acidemia, methylmalonic acidemia, maple syrup urine | L
disease, pyruvate carboxylase deficiency
Glycine P/U/ Glycine encephalopathy, glycine transporter deficiency, propionic acidemia, methylmalonic t H
CSF acidemia, D-Glyceric aciduria
Glycine U Familial renal iminoglycinuria, hyperprolinemia type I and II Tt H
Glycine P/CSF  Serine deficiency disorders | L
Glycylproline U Prolidase deficiency t+ H
Hawkinsin U Hawkinsinuria t+ H
Histidine P/U Histidinemia t+ H
Homoarginine P/U Hyperlysinemia t+ H
Homocarnosine CSF Homocarnosinosis t H
Homocitrulline P/U HHH syndrome, saccharopinuria t+ H
Homocyst(e)ine P/U Cystathionine-fB-synthase deficiency, cobalamin disorders, folate disorders, methionine synthase 1 H
(MS) and MS reductase deficiency
Homocyst(e)ine B Methionine adenosyltransferase deficiency, S-Adenosylhomocysteine hydrolase deficiency, t+ H
glycine-N-methyltransferase deficiency, adenosine kinase deficiency
Homocysteine-cysteine P Cystathionine-p-synthase deficiency t H
disulfide
Total Homocysteine 1P Molybdenum cofactor deficiency, sulfite oxidase deficiency | L
Hydroxylysine U Hydroxylysinuria t H
Hydroxyproline U Familial renal iminoglycinuria, hyperprolinemia type I and II t H
Hydroxyproline P/U Hydroxyprolinemia t H
Imidodipeptides U Prolidase deficiency t H
Isoleucine P/U Maple syrup urine disease, E3 deficiency t H
Leucine P/U Maple syrup urine disease, E3 deficiency t H
Lysine U Cystinuria, lysinuric protein intolerance, dibasic aminoaciduria t H
Lysine P/U Hyperlysinemia, saccharopinuria t H
Lysine 1P HHH syndrome, ornithine aminotransferase deficiency, lysinuric protein intolerance | L
Lysine B Urea cycle defects, pyruvate carboxylase deficiency type B t H
Methionine P/CSF  Homocysteine remethylation disorders | L
Methionine P/U Cystathionine-fB-synthase deficiency, hypermethioninemias Tt H
Methionine sulfoxide P Cystathionine-f-synthase deficiency, hypermethioninemias T H
Ornithine U Cystinuria, dibasic aminoaciduria, hyperlysinemia, lysinuric protein intolerance t H
Ornithine B HHH syndrome, ornithine aminotransferase deficiency t+ H
Ornithine P A-pyrroline-5-carboxylate synthase deficiency !l L
Phenylalanine P/U Phenylketonuria, hyperphenylalaninemias, pterin disorders t+ H
Phenylalanine P Tyrosinemia type I Tt H
Phosphoethanolamine U Hypophosphatasia t+ H
Pipecolic acid P Hyperlysinemia, antiquitin deficiency (pyridoxine responsive seizures) t+ H
Pipecolic acid U Hyperprolinemia type 11 t+ H
Pipecolic acid P/U Peroxisomal disorders t+ H
Proline P A-pyrroline-5-carboxylate synthase deficiency L

(continued)
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Table 3.9 (continued)

Amino acid Source Disorder(s)

Proline U Familial renal iminoglycinuria
Proline P/U

Saccharopine P/U Saccharopinuria

Sarcosine P/U

Serine P/CSF  Serine deficiency disorders
S-Sulfocysteine P/U

Taurine U

Threonine P/CSF

Tryptophan U Tryptophanuria

Tyrosine P/U

Tyrosine P Phenylketonuria, pterin disorders
Valine P/U

P plasma, U urine, CSF cerebrospinal fluid, H high, L low
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Abstract

Organic acid disorders (OAD) are a relevant group of
inborn errors of metabolism (IEM), not only in severely
ill children but in adults as well, namely, with neurologi-
cal symptoms. OAD are due to defect in intermediary
metabolic pathways of carbohydrate, amino acids, lipids,
Krebs cycle, vitamins, and nucleic acids, leading to the
accumulation in the body fluids of the so-called organic
acids, the metabolic pathways’ intermediates. Analysis
of organic acids profiles is a powerful tool for the IEM
differential diagnosis. Herein, an updated reference guide
in OAD is presented, incorporating the affected protein,
the altered gene, and the organic acids with diagnostic
value. Valuable clues for the correct interpretation of an
organic acids profile are discussed with focus on some
puzzling organic acids and on the artefacts arising from
diet, gut bacterial action, drugs, and sample bacterial
contamination.
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Introduction

Organic acid disorders (OAD) are a relevant group of inborn
errors of metabolism (IEM), not only in severely-ill children
but as well in adults, namely, with neurological symptoms.

OAD are due to defects in intermediary metabolism of
various cellular components, such as amino acids, lipids,
carbohydrates, Krebs cycle, vitamins, nucleic acids, and ste-
roids. It gives rise to the accumulation, in tissues and body
fluids, of diverse metabolic pathways’ intermediates: the
organic acids. More than 65 organic acidurias have been
described; the incidence varies, individually, from 1 out of
10,000 to >1 out of 1,000,000 live births. Collectively, their
incidence approximates 1 out of 3000 live births (Villani
et al. 2017).

Organic acids are low-molecular weight (mass < 300)
organic substances, with one or more carboxylic acid groups,
and may have keto or hydroxy groups, making them polar
compounds. Over all, the physiological organic acids are
weak acids, which implies that they are fully ionized at
pH>4,i.e., values observed in plasma or urine. Consequently,
accumulation of organic acids in the blood (“acidemia”) will
lead to a shift in blood pH to lower values with the emerging
of the so-called metabolic acidosis, which is accompanied by
a negative base excess as well as an increased anion gap. The
organic acids are strongly hydrophilic compounds enabling
their rapid excretion into the urine (“aciduria”), the prefera-
bly biological fluid for the analysis of organic acids. Fatty
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acids with chain length > C; such as lauric, palmitic, and
oleic acids are non-polar organic acids, which are bound to
plasma proteins and are not excreted into the urine.

Physiologically, organic acids are often present as their
coenzyme A esters; good examples are propionyl-CoA and
isovaleryl-CoA. To facilitate its excretion, the metabolites
are conjugated with carnitine or glycine, a process similar to
the one leading to the production of acylglucuronides.
Formation of acylcarnitines and acylglycines can be regarded
as a process aimed at restoring the coenzyme A homeostasis,
being at the same time a process of detoxification of the
harmful organic acids.

From a biochemical point of view, OAD are characterized
by the accumulated organic acids, in body fluids, which may
display a panel of organic acids, more or less specific, incor-
porating primary and unusual secondary metabolites, the by-
products of alternative metabolic pathways, as well as specific
acylcarnitines and/or acylglycines, often crucial in the
unequivocal characterization of the OAD and a single pathog-
nomonic metabolite (cf. N-acetylaspartic acid in Canavan dis-
ease) or the “normal” physiological metabolites in enhanced
concentration (cf. methylmalonic acid in VitB,, deficiency).

Organic acid analysis is a key diagnostic hint for the
achievement of the differential diagnosis in systemic intoxi-
cation, in unexplained metabolic crisis, or in the presence of
inexplicable routine biochemical findings such as metabolic
acidosis, altered anion gap, and hypoglycemia among others.
Amino acids and lipid intermediary metabolic defects,
namely, branched chain amino acids and fatty acids catabolic
pathways, are the leading causes of organic acidurias.
Nevertheless, several hundreds of other organic acids or simi-
lar structural compounds with diagnostic value can be identi-
fied in a single run; typical examples are orotic acid, thymine,
and uracil and their respectively di-hydro derivatives, glyc-
erol, and several others derived from medication or diet. Key
metabolites reference guide that may allow the biochemical
diagnosis or raise the suspicion of an organic aciduria is
shown in Table 4.1, which is organized, whenever possible,
according the IEM-adopted classification in this book.

Organic acid analysis by gas chromatography-mass spec-
trometry (GC/MS) is a powerful methodology providing the
identification of normal and abnormal acids, which have
allowed for the discovery of new disorders and the biochemi-
cal characterization of a great set of diseases. The comple-
mentation with acylcarnitine analysis becomes the basis of
the expanded newborn screening by tandem mass spectrom-
etry (MS/MS) (McHugh et al. 2011).

Preanalytical Conditions

Organic acids are, in general, highly water-soluble com-
pounds and, thus, efficiently excreted by the kidney leading
to their accumulation in urine. Therefore, urine is the bio-
logical fluid of choice for the evaluation of organic acid pro-

files. Other biological fluids such as plasma, CSF, or vitreous
humor may be used when urine is not available.

A random urine sample is usually used for the organic acid
analysis. The timing of the urine collection is not really impor-
tant. If the sample collection is planned, the first morning
specimen is requested. The chance to detect metabolites with
low concentration will be higher as well as the probability to
detect key metabolites in patients with fasting intolerance.
Whenever an organic acid profile is unclear and does not allow
a solid diagnosis, the use of in vivo loading tests is advocated
because these tests have proven to substantially enhance the
organic acid excretion (Garcia-Villoria et al. 2009). A 24-h
urine collection may be requested in special occasions in the
follow-up of patients, e.g., in the process of treatment monitor-
ing. For post-mortem screening of organic aciduria, urine
should be obtained via bladder puncture. In order avoid as
much as possible artefactual alterations, the samples should be
kept at —20 °C and shipped frozen. The more unstable organic
acids (cf. ketoacids) may be degraded, and several organic
acids, namely, the tricarboxylic acids, may be decreased and/
or enhanced by bacterial contamination activity.

Diet and drugs are the main disturbing factors of the organic
acid profile and may cause serious interpretative difficulties.
The best known dietary disturbances are those caused by the
use of medium-chain triglyceride containing diets giving rise
to the excretion of C¢-C, dicarboxylic acids as well as (o-1)-
hydroxy acids. Also partially hydrolyzed protein sources in
infant formula may pose problems due to the interfering com-
ponents/additives, e.g., dioctyl phthalate, which appears in the
organic acid chromatogram. Various dietary carbohydrates do
not survive the food processing steps and may give rise to arte-
facts such as furane-2,5-dicarboxylic acid, 2,4-dihydroxybu-
tyric acid, or glucosan (Table 4.2).

For the correct evaluation of the organic acid profiles, it is
mandatory to have precise information concerning the type
of diet; the drugs, including vitamers; and the natural supple-
ments under which the patients are submitted or have been,
at least 48 h before sample collection.

Analysis/Methods

The gold standard method for the analysis of organic acids in
a biological matrix is gas-chromatography coupled with a
mass spectrometry detector (GC-MS). Accordingly, the
compounds of interest must be isolated from the sample’s
matrix and further transformed in derivatives suitable for
GC-MS analysis.

The extraction of the organic acids is accomplished by
solid-phase or liquid-liquid extraction, the latter one being
the most widely used. For standardization of the method and
internal quality control, one or two internal standards (non-
physiological organic acid), such as 2-phenylbutyric acid or
pentadecanoic acid, are added to the sample prior the extrac-
tion procedure.
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Table 4.2 Dietary, drug, non-IEM disorders and bacterial artefacts in

organic acid analysis

Compound
N-Acetyltyrosine

Aromatic acids (4-hydroxyphenyl)

Benzoic acid

Cyclohexanediol

C,o > Cg > C¢ dicarboxylic acids
Dicarboxylic acids
Ethosuximide metabolites
Di-(2-ethylhexyl)phthalate

Ethylmalonic acid
Furane-2,5-dicarboxylic acid
Furoylglycine

Glucosan

Glutaric acid

Glycerol

Glycolic acid
Hippuric acid
Homovanillic acid
4-Hydroxybutyric acid

2,4-Di-hydroxybutyric acid

4-Hydroxycyclohexanecarboxylic acid

3-Hydroxydicarboxylic acids

2-Hydroxyglutaric acid

5-Hydroxyhexanoic
2-Hydroxyhippuric acid
5-Hydroxyindoleacetic acid
D-2-Hydroxyisocaproic acid
3-Hydroxyisovaleric acid
7-Hydroxyoctanoic acid
3-Hydroxypropionic acid

Keppra metabolites
D-Lactic acid
Mandelic acid
Methylmalonic acid

D-Phenyllactic acid
Phenytoin metabolites
Pyroglutamic acid

Suberylglycine (trace amounts)
Succinic acid

Valproate metabolites
Vanillactic acid
Vanilmandelic acid

Condition

Parenteral feeding

Gut bacterial action
Liver diseases

Benzoate sodium therapy
Bacterial contamination
Medication

MCT-diet

Valproate therapy
Antiepileptic therapy
Nutramigen feeding
Pregestimil feeding
ACADS polymorphisms
Heated sugars

Heated sugars

Heated sugar

Gut bacterial action,
2-ketoadipic
decarboxylation

Balm contamination
Ethylene glycol poisoning
Benzoate sodium therapy
Neuroblastoma
Gamma-hydroxyanesthesia
Illegal use of
4-hydroxybutyrate
Heated sugar

Food processing

Coeliac disease

Long fasting

MCT supplementation
2-ketoadipate decomposition
(bacterial contamination)
MCT-diet

Salicylate ingestion
Carcinoid syndrome
Short-bowel syndrome
Valproate medication
MCT-diet

Gut bacterial action
Colon rectal cancer
Antiepileptic therapy
Short-bowel syndrome
Albumin infusion
Vitamin B,,-deficiency
(vegans, vegetarian diet)
Short-bowel syndrome
Antiepileptic therapy
Glutamine decomposition
Flucloxacillin toxicity
Severe denutrition

Renal disease

MCT-diet
2-Ketoglutarate
decomposition

Depakine therapy

Dopa therapy
Neuroblastoma,
pheochromocytoma

In native urine (pH 5-7), the acids are present as salts
(Na*, K*). Therefore, the urine should be acidified (pH 1-2)
to promote the protonation of the acids, which turns them
suitable to be extracted by an organic solvent of intermediate
polarity. Ethyl acetate or di-ethyl ether is the most widely
used. Extraction recoveries depend on the polarity of the
acid: the more hydroxyl-groups, the less recovery.

For an accurate analysis, some precautions are necessary
to be taken prior the extraction procedure. Keto acids deserve
special attention due to the fact of being unstable compounds,
thus the keto group must be protected by formation of an
oxime derivative through reaction with hydroxylamine or
methoxyamine; an example is succinylacetone (4,6-diketo-
heptanoic acid), the key tyrosinemia type 1 metabolite.

The analysis by GC-MS obliges volatile analytes.
Organic acids do not fulfil this requirement and must be
transformed in volatile derivatives. Derivatization of the
acid (COOH), the hydroxy (C-OH), and the keto (C=0)
groups increases their volatility. The most widely used
derivatization procedure is the formation of a trimethylsi-
lylated (TMS) derivative. This transforms the molecule into
a more balloon-like structure which can easily be volatil-
ized upon the injection and move faster along the column.
The larger the molecule, the later it elutes having higher
retention times that may vary slightly depending on the col-
umn and on the instrument.

The derivatives are separated in the GC-capillary column,
and the detection is accomplished by MS which allows the
unequivocal identification of the detected metabolites. All
separated compounds enter the ion source. They are ionized
(obtain a positive electric charge) and fragmented and then
deflected in an electromagnetic field. Variation of the electro-
magnetic field will cause the passage of ions with increasing
mass to pass the ion exit slit and hit the ion collector (detec-
tor). The fragments of any given compound are like a finger-
print and give the unique identification of the compound.
Every modern GC-MS instrument has library search facili-
ties. This gives for each peak the most likely structure.
Nevertheless, the interpretation of the library data should be
done with care and the predicted structure should be cross
examined with the determined retention times, i.e., the posi-
tion in the total ion chromatogram. Unknown compounds
with different chromatographic properties may have great
similarity with fragmentation spectrum of known com-
pounds. There are even sophisticated methods for the simul-
taneous deconvolution, identification, and quantitation of
organic acids using a dedicated library of mass spectra and a
list of retention indices (Halket et al. 1999). Several experi-
enced laboratories have developed search routines in which
the mass spectrometer automatically checks for the presence
of all diagnostic organic acids listed in Table 4.1.

An organic acid chromatogram may display hundreds of
tiny small peaks, and a full quantitative analysis can be really
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time-consuming. Therefore, urinary organic acids analysis,
in general, is run in a qualitative or semi-quantitative mode.
In order achieve a visual comparison of the organic acid total
ion chromatograms, the starting volume of urine used in the
assay should correspond to a fixed amount of creatinine pres-
ent in the sample.

Precise quantification of specific metabolites, in particu-
lar cases, for differential diagnosis purposes or for the moni-
toring of treatment may be required. Therefore, accuracy of
the organic acid analysis in the lower concentration range
can be improved by using a stable isotope dilution assay.
This is based on the addition of a stable isotope-labeled (**C
or H) internal standard which behaves identically in all steps
of the analysis, i.e., extraction, derivatization, and chromato-
graphic separation. A range of applications has been devel-
oped, for example, succinylacetone for the follow-up of
tyrosinemia type 1 patients (Sander et al. 2006), mevalonic
acid for hyper IgD patients (Houten et al. 1999), and methyl-
malonic acid for vitamin B ,-related disorders (Blom et al.
2007), among others.

The recent availability of electrospray tandem mass spec-
trometers (MS/MS) together with a high range of isotope-
labeled internal standards has resulted in the introduction of
quantitative organic acid analysis in many labs by means of
selective mass spectrometric detection and quantification via
multiple reaction monitoring (MRM). This targeted analysis
is of great value for some applications, particularly for the
follow-up of some organic acidurias. However, the untar-

geted added value of GC-MS for the analysis of organic
acids is still difficult to overcome. Recently, quantitative
organic acid analysis by LC-QTOF/MS has been revealed as
a technique that should be taken into account in the near
future, particularly when urine is analyzed as a front-line
specimen including also amino acids, acylcarnitines, purine
and pyrimidines, and other metabolites in a unique run
(Korver-Keularts et al. 2018).

Interpretation/Reference Values

Interpretation of organic acid profiles is a demanding and
complex issue. Besides the organic acids with diagnostic
value, hundreds of substances are excreted into the urine of
healthy and diseased subjects and are also detected in the
organic acid chromatogram. It is therefore essential to gain
experience in pattern recognition, in order to provide a reli-
able descriptive interpretation of the organic acid profile.
This is one of the major tasks of the Biochemical Genetics
Laboratory.

The recognition of a normal excretion profile is the start-
ing point. It is necessary to be aware that the excretion profile
depends on the age of the individual, the diet, the use of
dietary supplements or vitamers, the intake of drugs, and the
physical condition (fasting, exercise, etc.). A set of organic
acids will always be detectable essentially in all urine sam-
ples of healthy individuals (Table 4.3). Due to differences in

Table 4.3 Organic acids detectable essentially in all urines. Reference values of control individuals on a normal diet, without any medication and

without signs of intestinal disease

Compound Reference values (mmol/mol creat)

0—4 months 4 months-2 years 2-10 years >10 years
Glycolic acid 13-129 32-162 48-164 23-146
Lactic acid - <200 <85 <50
Oxalic acid 140-360 <160 <125 <70
3-Hydroxypropionic acid 0-38 10-44 4-30 4-23
3-Hydroxy(iso)butyric acid 0-38 20-118 4-19
3-Hydroxyisovaleric acid 2-47 10,154 10-66 649
Methylmalonic acid 1-11 2-13 14 04
Ethylmalonic acid 0-15 0-15 0-9 2-10
Succinic acid 40-125 44-79 5-81 <16
Phosphoric acid Var. - - -
Glutaric acid 0-11 2-15 1-10 14
Adipic acid 2-27 0-25 2-10 1-7
2-Hydroxyglutaric acid 6-67 11-49 6-35 4-16
3-Hydroxy-3-methylglutaric acid 15-105 13-49 6-27 3-11
2-Ketoglutaric acid 100-500 60-120 <80 <80
4-Hydroxyphenylacetic acid - - - <60
Homovanillic acid 3-20 2-19 1-14 1-5
N-Acetylaspartic acid 0-92 0-56 0-39 0-11
Suberic acid 1-15 2-15 1-10 1-6
cis-Aconitic acid Var. 40-80 - -
Citric acid Var. 140-500 - =
Hippuric acid Var. - - -

Var. variable

The lower and upper reference values represent the 5th and 95th percentiles
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methodologies approaches for the sample analytical proce-
dures among laboratories as well as equipment sensitivity,
reference values between laboratories are usually not compa-
rable, and available published data (Hoffmann et al. 1989)
should be used as guidance only.

Therefore, each laboratory must have its own reference
values, since distortions of relative concentrations may be
informative. For this reason, ERNDIM (www.erndim.org)
has launched a program for quantitative analysis of organic
acids in urine, which is expected to be useful for the com-
parison of interlaboratory results. Moreover, sharing of true
patients samples between laboratories will be of great value
for the trainee. Organic acid acidurias are a huge group of
disorders; some of them are quite rare, and it is easy to miss
a diagnosis if one has not seen it before. Participation in the
qualitative ERNDIM programs will eventually result in the
collection of a series of study rare cases.

The easiest diagnoses rely on the massive excretion of one
or a few pathognomonic metabolites. Good examples are mut’
methylmalonic acidemia and 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) lyase deficiency (vd. Table 4.1). On the
other hand, there are many defects showing only marginally
increased organic acids. Well-known examples are 2-methyl-
3-hydroxybutyryl-CoA dehydrogenase deficiency (Ofman
et al. 2003; Garcia-Villoria et al. 2009), mevalonate kinase
deficiency (Houten et al. 1999), and glutaric acidemia type 1
(Baric et al. 1999; Busquets et al. 2000). In those cases, it is
of great importance to have an accurate quantitative organic
acid analysis with one’s own well-defined normal ranges.
Sometimes even a trace amount of a key metabolite may be
diagnostic as evidenced by some cases of tyrosinemia type I
having only traces of succinylacetone in their urine (Haagen
and Duran 1987). Patients with episodic fever and the hyper-
IgD syndrome may have urinary mevalonic acid levels which
are just twice the upper reference level of 0.8 mmol/mol cre-
atinine (Houten et al. 1999).

As already emphasized, the here described analytical
method does not exclusively detect organic acids; other
low molecular compounds with diagnostic value may
also be picked up. Important findings are the pyrimidines
(uracil, thymine, dihydrothymine, dihydrouracil) associ-
ated with inborn errors of the pyrimidine breakdown
pathway, and orotic acid, a marker of urea cycle defects
(Table 4.1).

It is necessary to be aware that not all elevated organic
acids may be related to an inherited disorder (Kumps et al.
2002); the primary accumulating organic acid may be the
diagnostic hallmark by itself, as exemplified by pyroglu-
tamic acid in oxoprolinase deficiency (Larsson et al. 1981),
but it should be noted that pyroglutamic acid can arise from
glutamine as an artefact during storage, and it can also be
present in the urine of critically ill patients who are being
treated with flucloxacillin and paracetamol.

Table 4.4 Impact of acylcarnitines in the diagnosis of organic
acidurias

Organic aciduria Acylcarnitines (P; DBS)

Methylmalonic C3; C3/C2; C3/C16; C4DC; C16:10H
Propionic C3; C3/C2; C3/Cl16; C16:10H
Isovaleric C5; C5/C0; C5/C3; C5/C2

C50H; C50H/CO0; C50H/CS; C5:1
C50H; C50H/C0; C50H/C8; C6DC
C5DC; C5DC/C3DC; C5DC/C50H;
C5DC/C16; C5DC/C8, C5SDC/C10
C50H; C50H/C0; C50H/C8; C5:1
C50H; C50H/C0; C50H/CS; C3;

3-Methylcrotonylglycinuria
HMG-CoA Lyase deficiency
Glutaric type I

Ketothiolase deficiency
Biotinidase deficiency/
HCS deficiency C3/C2; C3/C16

2-Methylbutyrylglycinuria C5; C5/C0; C5/C3; C5/C2

Abbreviations: P plasma, DBS dried blood spot, HMG-CoA 3-Hydroxy-
3-methyl-glutaryl-CoA, HCS Holocarboxilase synthetase

The most important non-genetic anomalies currently
observed in the organic acid profiling are summarized in
Table 4.2. The contribution of the diet, the gut bacterial
action, and the anti-epileptic medication is most pronounced
and should always be taken in mind.

A number of the organic acid coenzyme A esters will
readily form carnitine esters as a mechanism for replenishing
free CoA stores and as a tool for detoxifying the potential
toxic acyl-CoA’s. Table 4.4 shows the acylcarnitine accumu-
lation in the most common organic acidemias in the metabo-
lism of amino acids. Therefore, several organic acidemias
may reliably be diagnosed by acylcarnitine analysis, either in
plasma or in a dried blood spot (DBS), thereby enabling the
large-scale newborn screening of these disorders (McHugh
et al. 2011). Due to the diagnostic value of acylcarnitines,
namely, for mitochondrial fatty acid oxidation defects (vd.
acylcarnitines Chap. 5 in this book), it has become good lab-
oratory practice to perform simultaneous GC/MS of urine
organic acids and MS/MS of plasma or DBS acylcarnitines
in any acutely sick patient in whom an organic acidemia is
suspected.

Over the years, experience has been gained about multi-
ple secondary enzyme reactions using the accumulating
organic acid as a substrate and giving rise to characteristic
diagnostic secondary metabolites (Table 4.5). Knowledge of
biochemical pathways as well as enzyme biochemistry will
be of great help in putting the identities of the secondary
metabolites into place. Sometimes the production of second-
ary metabolites masks the presence of the primary metabo-
lite such as observed in methylmalonic acidemia (Tavares de
Almeida et al. 1991). In this respect, both propionic acide-
mia (Przyrembel et al. 1979) and isovaleric acidemia (Loots
2009) are notorious for their wealth of secondary metabo-
lites. It is still a matter of debate whether the occurrence of
potential toxic secondary metabolites plays a role in the
development of specific symptoms in individual patients.
Metabolomics studies of groups of patients may be helpful in
answering these queries (Reinecke et al. 2012).
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Table 4.5 Examples of secondary metabolites derived from key metabolites in the organic acidurias

Biochemical process
Mutase reaction

Key metabolite
Ethylmalonyl-CoA
Hexanoyl-CoA
4-Hydroxybutyric acid
2-Hydroxyglutaric acid
Isovaleryl-CoA
Isovaleryl-CoA
Isovaleryl-CoA

(w-1)-Hydroxylation
p-Oxidation

Lactone formation
p-Oxidation
®-Oxidation

2-Ketoadipic acid Decarboxylation
3-Methylcrotonyl-CoA Glycine conjugation
3-Methylglutaconyl-CoA Reduction

Octanoic acid
Propionyl-CoA
Propionyl-CoA
Propionyl-CoA
Tiglyl-CoA

Carnitine conjugation
Ketone formation

Carboxylation

Differential Diagnosis

The interpretation of an organic acid analysis can be a com-
plex task. As already emphasized, for a comprehensive eval-
uation of the obtained profile, and in order not get lost by the
nondiagnostic compounds, it is necessary to have in mind
that multiple factors may have influence on the observed
pattern, such as the clinical status of the patient, diet plus
dietary supplementations, and medication. Moreover, in an
emergency situation sample, collection timing may also have
impact in the excreted pattern of organic acids. Therefore,
detailed clinical and therapeutic information should be
provided with the request for organic acid analysis. In
these cases, it is mandatory to integrate all the informa-
tion available. For example, in general, mitochondrial fatty
acid beta-oxidation defects are associated with hypoketotic
hypoglycemia, a finding that will be useful to differentiate
a dicarboxylic acid pattern induced by a physiologic fasting
which is accompanied by a gross excretion of ketones. The
finding of moderately elevated C6-C12 (hydroxyl) dicarbox-
ylic acids, especially in the absence of excessive amounts of
ketones, may indicate mitochondria malfunction, and a mito-
chondrial beta-oxidation defect should be suspected.

Several key organic acids may be observed in multiple
different organic acidurias or, simply, as an artefact from gut
bacterial action, drug interactions in metabolic pathways, or
sample bacterial contamination.

3-Methylglutaconic acid is a hallmark of 3-methylglutaconic
aciduria type I, but it also appears, isolated or in combination
with 3-mehylglutaric acid, in multiple conditions without a
plausible biochemical support. However, it has been associated
with mitochondrial membrane disruption and defective phos-
pholipid remodeling (Wortmann et al. 2015); thus it should be
monitored, and a persistent high level must be regarded as a
signal for further investigation by molecular genetic analysis
(Tort et al. 2019).

Glutamic acid conjugation

Glucuronic acid conjugation

Citrate synthase reaction

Secondary metabolite
Methylsuccinicacid
5-Hydroxyhexanoic acid
3,4-Di-Hydroxybutyric acid
2-Hydroxyglutaric acid lactone
3-Hydroxyisovaleric acid
4-Hydroxyisovaleric acid
N-Isovalerylglutamic acid
Glutaric acid
3-Methylcrotonylglycine
3-Methylglutaric acid
Octanoylglucuronide
Propionylcarnitine
3-Keto-n-valeric acid
Methylcitric acid
2-Methylglutaconic acid

Another puzzling organic acid is ethylmalonic acid (EMA)
(Duran et al. 1983), which is formed by the catalytic action
of acetyl-CoA carboxylase and propionyl-CoA carboxyl-
ase upon butyryl-CoA, the substrate for short-chain acyl-
CoA dehydrogenase, a member of the ACADs family (van
Maldegem et al. 2006). It is a hallmark for SCAD deficiency,
butitis also present in ethylmalonic encephalopathy (ETHET)
(Tiranti et al. 2004), multiple acyl-CoA dehydrogenase
(MAD), respiratory chain, and possibly ethylmalonyl-CoA
decarboxylase (ECHDCI1) (Linster et al. 2011) disorders.
Due to the high incidence of the ACADs-polymorphisms,
EMA may be seen in multiple genetic defects.

In the organic acid analysis, low-molecular compounds
other than organic acids with diagnostic informative value
are detected. These key compounds allow to pursue the
investigation through an oriented differential diagnosis flow-
chart procedure. It is the case of orotic acid, which is associ-
ated with urea cycle disorders, lysinuric protein intolerance,
and HHH syndrome as well as that of pyrimidine com-
pounds—thymine, uracil, dihydrothymine, and dihydroura-
cil—allowing the diagnosis of pyrimidine metabolism
defects. The extraction recovery of these compounds from
the urine matrix is quite low, and an accurate quantitative
analysis is recommended or the use of an analytical dedi-
cated method for further evaluation.

Other interesting compounds are the epoxydicarbox-
ylic acids (Korman et al. 2000) suggestive of peroxisomal
biogenesis defects, cf. Zellweger syndrome, as well as
3-methyladipic acid and 2,6-dimethylsuberic acid which
have been detected in adults with Refsum disease (Greter
et al. 1983; Wierzbicki et al. 2003). Therefore, plasma
phytanic acid should be evaluated.

In some cases, the pathological excretion levels of the dis-
orders’ hallmark may be quite low, and a sensitive quantita-
tive method using isotope dilution analysis will be demanded
for an accurate diagnosis in selected cases.
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Moreover, one must have in consideration the high infor-
mative level of acylglycines, detected in the organic acid run,
in the differential diagnosis, as well as in that of acylcarni-
tines, which will be discussed in Chap. 5 of this book. The
organism uses alternative pathways to get rid of the accumu-
lated organic acids, and these metabolites in the form of CoA
esters are further conjugated with the amino acid glycine to
form the so-called acylglycines. Acylglycines are an impor-
tant diagnostic tool in branched-chain amino acid breakdown
pathways and in fatty acid oxidation defects (Table 4.1).

Finally one should realize that organic acid analysis as
a tool for diagnosing inborn errors will always be carried
out in conjunction with complementary analyses such as
those of acylcarnitines and amino acids. Only an integrated
view of the disturbed metabolism will enable the assess-
ment of a presumptive diagnosis, which will then be con-
firmed by molecular or enzyme studies (Tavares de Almeida
and Duran 2014).
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Abstract

Carnitine and its esters (acylcarnitines) are physiologically
present in all biological fluids, but carnitine is most abun-
dant in tissues with high energy requirements, particularly
skeletal and cardiac muscle. Acylcarnitine analysis is a
useful tool in the evaluation of patients at risk for inborn
errors of mitochondrial fatty acid oxidation and for organic
acidemias primarily due to defects in branched-chain
amino acid metabolism. Given the diverse clinical presen-
tation of these conditions, acylcarnitine analysis has
become an integral part of the biochemical genetic labora-
tory investigation of a large number of patients. With the
additional application to newborn screening, acylcarnitine
analysis is the most widely used biochemical genetic labo-
ratory test. Aside from clinical and newborn screening
indications, a relevant family and/or prenatal history, and
sudden unexpected death also represent valid reasons to
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pursue an acylcarnitine analysis. However, several pre-
analytical and analytical pitfalls must be considered when
interpreting acylcarnitine profiles.

Introduction

Carnitine and its esters are physiologically present in all bio-
logical fluids, but carnitine is most abundant in tissues with
high energy requirements, particularly skeletal and cardiac
muscle. In 1973, the first two clinically relevant disorders
affecting this pathway were described: primary carnitine defi-
ciency and carnitine palmitoyl transferase type II deficiency
(DiMauro and DiMauro 1973; Engel and Angelini 1973). To
date, more than 20 different enzyme deficiency states affect-
ing fatty acid transport and mitochondrial f-oxidation (FAO)
are known, and additional enzymes involved in this pathway
are still being discovered (Bosch et al. 2011; Knottnerus
et al. 2018; Rinaldo et al. 2002).

Carnitine is involved as a detoxifying agent in branched-
chain amino acid metabolism. Most of the classic organic
acidurias are associated with secondary carnitine deficiency.
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In fact, the clinical utility of acylcarnitine analysis was first
identified for several organoacidopathies, and urine was the
preferred specimen. However, plasma became the specimen
of choice because acylcarnitine profiles are less complex in
plasma than in urine and because the sensitivity of acylcar-
nitine analysis is higher when plasma is analyzed, especially
for the diagnosis of long-chain FAO disorders (Millington
et al. 1992). Today, urine acylcarnitine analysis is limited
to specific analytes where diagnostic value is added to the
metabolic work up of patients with organic acidemias but
inconclusive or borderline abnormal urine organic acid and
plasma acylcarnitine profiles (Ensenauer et al. 2004; Ogles-
bee et al. 2007; Tortorelli et al. 2005). Blood dried on filter
paper is analyzed for newborn screening and, together with
bile, in the postmortem evaluation of cases of sudden and
unexpected death (Rinaldo et al. 2004). Cell-free supernatant
of amniotic fluid can be used for the prenatal diagnosis of
selected inborn errors of metabolism (Rinaldo et al. 2001).

Cultured fibroblasts or amniocytes can be probed with
FAO substrates and carnitine. Cell cultures deficient of an
FAO enzyme will accumulate specific acylcarnitine species
when incubated with substrates such as palmitate, allowing
for the diagnosis of FAO disorders (Roe et al. 2001; Shen
et al. 2000; Young et al. 2003). Modifications of this assay
system have also been developed for the diagnosis of defects
affecting the metabolism of branched chain amino acids and
for the study of peripheral blood mononuclear cells (Schulze-
Bergkamen et al. 2005).

Acylcarnitine analysis is almost exclusively performed by
tandem mass spectrometry (MS/MS) using stable isotope-
labeled internal standards that allow quantitation of acyl-
carnitine species. However, to provide meaningful results to
referring healthcare providers, it is critical to complement
analytical proficiency with in-depth interpretation of results
as is true for many other examples of complex metabolic
profiles.

Carnitine
CHs H
| | °
H,e —'N CH, C CH, C N
| | o-
CH, OH

Carnitine and Acylcarnitines

Carnitine, L-3-hydroxy-4-(trimethylammonium)butyrate, is a
water-soluble, trimethylammonium derivative of y-amino-f3-
hydroxybutyric acid which is formed from trimethyllysine via
y-butyrobetaine (Vaz and Wanders 2002) (Fig. 5.1). Carnitine
originates to about 75% from dietary intake of meat, fish, and
dairy products containing proteins with trimethyllysine resi-
dues. Under normal conditions, endogenous synthesis from
lysine and methionine plays a minor role. Carnitine is excreted
in urine and bile as free carnitine or as conjugated carnitine
esters. Adequate intracellular levels of carnitine depend on
diet, endogenous synthesis, reabsorption, and cellular uptake.

Under physiologic conditions, carnitine is primarily
required to shuttle long-chain fatty acids across the inner mito-
chondrial membrane for fatty acid p-oxidation and products
of peroxisomal p-oxidation to the mitochondria for further
metabolism in the citric acid cycle (Vaz and Wanders 2002).
Acylcarnitines (the carnitine esters) are formed by conjugating
acyl-CoA moieties to carnitine which for activated long-chain
fatty acids is accomplished by carnitine palmitoyl transferase
type I (CPT-I) (Fig. 5.1). The acyl-group of the activated fatty
acid (fatty acyl-CoA) is transferred by CPT-1 from the sulfur
atom of CoA to the hydroxyl group of carnitine (Knottnerus
et al. 2018). Carnitine acylcarnitine translocase (CACT) then
transfers the long-chain acylcarnitines across the inner mito-
chondrial membrane, where CPT-1I reverses the action of
CPT-I by formation of acyl-CoA and release of free carnitine.

In pathologic conditions, such as FAO disorders or
organic acidemias due to acyl-CoA dehydrogenase deficien-
cies, the functions of carnitine as regulator of substrate flux
and energy balance across cell membranes and as modula-
tor of intracellular concentrations of free CoA become cru-
cial. In such conditions, acyl-CoAs accumulate inside the
mitochondrial matrix, and carnitine is utilized to shuttle

Acylcarnitine
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Fig.5.1 Structures of carnitine and acylcarnitine. The R represents the acylcarnitine species with up to 18 carbons which are typically the aim of

an acylcarnitine analysis
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these compounds out of the mitochondria as acylcarnitines, defect, a particular acylcarnitine pattern becomes apparent
thereby restoring free CoA.

Carnitine and its esters are present in all biological fluids for the defective enzyme accumulate disproportionately to
albeit very low in the CSF, and depending on the enzyme the down- and upstream metabolites (Table 5.1).

where those acylcarnitine species serving as direct substrates

Table 5.1 Clinically relevant acylcarnitine species (as butylesters) included in a typical acylcarnitine analysis and their relevance when abnor-
mally elevated (unless otherwise noted)

Acylcarnitine species

COo

Cc2

C3

m/z 287
C4

Cs:1
C5

C4-OH
C6:1
C6
C5-OH

m/z 322
m/z 325
C7

m/z 336
m/z 338
C8
C3-DC
C8-OH
C10:2
C10:1
C10
C4-DC
C5-DC
C10-OH
m/z 399
Cl12
C6-DC
C12-OH
Cl4:1
Cl4
C14-OH
Cl6
C16:1-OH
C16-OH
m/z 473
C18:2
Cl18:1
Cl18
C18:1-OH
C18-OH

Free carnitine
Acetyl-
Propionyl-

FIGLU (Malvagia et al. 2006)

Butyrl-/isobutyryl-
Tiglyl-

Isovaleryl-/2-methylbutyryl-/Pivaloyl-

3-hydroxybutyryl-
3-methylglutaconyl-
Hexanoyl-
3-hydroxyisovaleryl-
2-methyl-3-hydroxybutyryl-
Benzoyl-

Dextrose (fragment)
Heptanoyl-

Phenylacetyl-

Salicylyl-

Octanoyl-

Malonyl-
3-hydroxyoctanoyl-
Decadienoyl-

Decenoyl-

Decanoyl-
Methylmalonyl-/succinyl-
Glutaryl-
3-hydroxydecanoyl-
Dextrose (fragment)
Dodecanoyl-
3-methylglutaryl-
3-hydroxydodecanoyl-
Tetradecenoyl-
Tetradecanoyl- (myristoyl-)
3-hydroxytetradecanoyl-
Hexadecanoyl- (palmitoyl-)
3-hydroxyhexadecenoyl-
3-hydroxyhexadecanoyl-
Dextrose (fragment)
Octadecadienoyl- (linolyl-)
Octadecenoyl- (oleyl-)
Octadecanoyl- (stearyl-)
3-hydroxyoctadecenoyl-
3-hydroxy octadecanoyl-

Disorder

Carnitine supplementation (deficiency if low)

Carnitine supplementation or ketosis (deficiency if low)
PA, MCD, MMA, SUCLAZ2 (Carrozzo et al. 2007), treatment with heptanoic acid
Glutamate formimino-transferase deficiency

SCAD, IBDH, MADD, EE

MAT, MCC, MHBD, MCD

IVA, SBCAD, MADD, EE, antibiotics derived artifact (Abdenur et al. 1998), treatment
with heptanoic acid

SCHAD, ketosis

MGA

MCAD, MKAT, MADD

BIOT*, HMG, MCC, MCD, MGA

MAT, MHBD

Treatment with Na-benzoate

Sample contamination with dextrose

Treatment with heptanoic acid

Treatment with phenylacetic acid

Treatment with salicylic acid

MCAD, M/SCHAD, MKAT, MADD

Malonic aciduria

MKAT

DCR (Houten et al. 2014)

MCAD

MCAD, MADD

MMA? SUCLAZ2 (Carrozzo et al. 2007)

GA-1

M/SCHAD, MKAT

Sample contamination with dextrose

MADD

HMG

LCHAD/TFP

MADD, VLCAD, LCHAD/TFP

CACT, CPT-II, MADD, VLCAD, LCHAD/TFP
LCHAD/TFP

CACT, CPT-II, MADD, VLCAD, LCHAD/TFP; CPT-I°
Antibiotics derived artifact (Vianey-Saban et al. 2004)
LCHAD/TFP

Sample contamination with dextrose

CACT, CPT-II, MADD, VLCAD, LCHAD/TFP

CACT, CPT-II, MADD, VLCAD, LCHAD/TFP; CPT-I
CACT, CPT-1I, MADD, VLCAD, LCHAD/TFP
LCHAD/TFP

LCHAD/TFP deficiency

aRespective analyte is not consistently elevated in this disorder

"CPT type I is suggested by low concentrations of long-chain acylcarnitine species and relatively high free carnitine; BIOT biotinidase deficiency,
CACT carnitine-acylcarnitine translocase deficiency, CPT carnitine palmitoyl transferase deficiency, DCR 2,4-dienoyl-CoA reductase deficiency,
EFE ethylmalonic encephalopathy, FIGLU formininoglutamate, GA-/ glutaric acidemia type I (glutaryl-CoA dehydrogenase deficiency), HMG
3-hydroxy 3-methylglutaryl-CoA lyase deficiency, /BDH isobutyryl-CoA dehydrogenase deficiency, /VA isovaleric acidemia (isovaleryl-CoA
dehydrogenase deficiency), LCHAD long-chain 3-hydroxy acyl-CoA dehydrogenase deficiency, MADD multiple acyl-CoA dehydrogenase defi-
ciency, MAT mitochondrial acetoacetyl-CoA thiolase (p-ketothiolase) deficiency, MCAD medium-chain acyl-CoA dehydrogenase deficiency,
MCC 3-methylcrotonyl-CoA carboxylase deficiency, MCD multiple carboxylase (holocarboxylase synthetase and biotinidase) deficiency, MGA
3-methylglutaconic aciduria type I (3-methylglutaconyl-CoA hydratase deficiency), MHBD 2-methyl 3-hydroxy butyryl-CoA dehydrogenase
deficiency, MMA methylmalonic acidemias, PA propionic acidemia (propionyl-CoA carboxylase deficiency), SCAD short-chain acyl-CoA dehy-
drogenase deficiency, SCHAD short-chain 3-hydroxy acyl-CoA dehydrogenase deficiency, SUCLA2 succinate-CoA ligase ADP-forming beta
subunit, 7FP mitochondrial trifunctional protein deficiency, VLCAD very long-chain acyl-CoA dehydrogenase deficiency
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Indications for an Acylcarnitine Analysis

Acylcarnitine analysis has proven a useful tool in the evalu-
ation of patients at risk for inborn errors of mitochondrial
fatty acid oxidation and for organic acidemias that are
primarily due to defects in branched-chain amino acid
metabolism. Given the diverse clinical presentation of these
conditions, acylcarnitine analysis has become an integral
part of the biochemical genetic laboratory investigation of
a large number of patients. Other laboratory studies that
should be considered in such patient evaluations include
urine organic acid and acylglycine, as well as plasma free
fatty acid analyses. With the additional application to new-
born screening, among esoteric tests acylcarnitine analy-
sis has the highest sample throughput. Aside from clinical
and newborn screening indications, a relevant family and/
or prenatal history and sudden unexpected death also rep-
resent valid reasons to pursue an acylcarnitine analysis
(Table 5.2). An unequivocal indication as a test to monitor
treated patients has not yet been established, although it is
frequently being performed for this purpose.

Especially since newborn screening for X-Adrenoleu-
kodystrophy was proposed, attempts have been made to
expand the typical acylcarnitine profile (see Table 5.1) to

Table 5.2 Indications for acylcarnitine analysis

Clinical signs and symptoms Routine laboratory findings

Respiratory distress Acidosis

Lethargy Ketosis

Coma Hypoglycemia
Recurrent vomiting Hyperammonemia

Failure to thrive
Feeding difficulty
Apnea
Hypotonia
Bradycardia

Ventricular arrhythmias

Cardiomyopathy
Hepatic steatosis

Hepatomegaly
Encephalopathy
Seizures
Dystonia
Myopathy
Rhabdomyolysis

Renal tubular acidosis

Polycystic kidneys

Reye or Reye-like syndrome
Apparent life-threatening

event/“near-miss’” SIDS

Elevated liver enzymes
Elevated creatine kinase

Other abnormal laboratory
findings

Dicarboxylic aciduria (excluding
dietary MCT)
Hydroxydicarboxylic aciduria
Abnormal acylcarnitines by
newborn screening

Fatty acid profile suggestive of a
FAO disorder

Family history of

Affected sibling(s)

Sudden unexplained death or SIDS
in sibling(s)

Maternal pregnancy complications
(AFLP, HELLP)

include acylcarnitine species with chain lengths greater than
18 carbons (up to C26) in order to identify patients with this
and other peroxisomal disorders. However, this approach
was found to have less sensitivity and specificity than the
traditional analyses of very long chain fatty acids and corre-
sponding lysophosphatidylcholines described in “Chap. 66”
(Herzog et al. 2017; Huffnagel et al. 2017).

Methods

Several techniques have been described to differentiate and
eventually quantify specific carnitine esters. These include
gas chromatography-mass spectrometry (GC-MS), thin layer
chromatography (TLC) and radioisotopic exchange/HPLC,
liquid-chromatography (LC) MS, and LC-MS/MS. However,
the predominant method applied is flow injection analysis
(FIA) MS/MS using triple quadrupole analyzers combined
with electrospray ionization (ESI). The advantage of this
approach is its sensitivity that allows for simple, but effi-
cient preparation procedures of small sample volumes and
fast analytical times, therefore providing for a rapid through-
put of large numbers of samples. The disadvantage is that
a few isomeric acylcarnitine species are not distinguishable
by FIA-MS/MS (see Sect. 5.11 Pitfalls) which is why some
laboratories opt for methods based on chromatographic sep-
aration by LC-MS/MS analysis with longer analytical times
and at higher cost (Minkler et al. 2015). In a typical set up,
acylcarnitines are extracted from the sample by mixing with
methanol or an acidified acetonitrile solution containing iso-
topically labeled acylcarnitines of various chain lengths at
defined concentrations as internal standards. Following cen-
trifugation the supernatant is evaporated, and the residue is
usually derivatized with either n-butanol HCI or n-methanol
HCI yielding the acylcarnitines for analysis by flow injec-
tion ESI-MS/MS. Of note, some laboratories, in particular,
newborn screening laboratories, omit the derivatization step,
although problems may arise with the identification par-
ticularly of dicarboxylic species at the decision level due to
lower ionization efficiency (De Jests et al. 2010). Following
analysis, a graphical acylcarnitine profile is generated which
can be interpreted qualitatively. (Semi-)quantitative calcu-
lation of the concentration of each individual acylcarnitine
species is based on the abundance of the assigned internal
standard (Smith and Matern 2010).

Specimen

A variety of body fluids can be used for acylcarnitine analy-
sis, but testing of plasma or whole blood spotted on filter
paper is most common. All sample types, except for dried
blood and bile spots and fibroblast cultures which can be sent
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at room temperature, should be kept frozen until analysis.
Reliable results, particularly for short-chain acylcarnitine
species, for any sample, liquid or dried on filter paper, cannot
be achieved following long-term storage at ambient tempera-
tures (Matern et al. 1999).

Plasma and Serum

Heparinized plasma is the preferred specimen for acyl-
carnitine analysis, but EDTA plasma and serum are also
acceptable. Hemolyzed or lipemic specimens can also be
analyzed without negative impact on sensitivity or specific-
ity as long as the laboratory considers the effect of hemo-
lysis on the abundance of long-chain acylcarnitine species
when interpreting results. An amount of 100 pL is typically
sufficient material to conduct the analysis and repeat it at
least once if necessary. Most informative results are gener-
ally achieved when samples are obtained during acute ill-
ness. Because inborn errors of metabolism are traditionally
not entered early into differential diagnostic considerations,
sample collection should alternatively be timed before a
meal, preferably after an overnight fast. A prolonged fasting
challenge, however, should not routinely be undertaken as
these require close surveillance typically not possible in an
outpatient setting.

Dried Blood and Dried Bile Spots

Acylcarnitine analysis has been introduced into newborn
screening laboratories in the late 1990s and is now part of
almost all newborn screening programs. Because newborn
screening tests make use of dried blood spots (DBS) col-
lected after a heel prick on the second to fifth day of life,
the DBS is the most common specimen used for acylcarni-
tine analysis. In addition, many biochemical genetics labo-
ratories offer clinical testing of acylcarnitines in DBS for
patients at any age. As is true for plasma samples, the most
informative results are obtained when blood samples are col-
lected during acute illness or at least prior to a meal. Blood
should be obtained by capillary stick of well perfused skin
(heels in young infants or fingers) and free dripping of a few
drops of blood directly on the filter paper card. For postmor-
tem analysis, blood and bile are collected at the latest at the
time of autopsy.

Following complete drying at room temperature for at
least 3 h, the sample can be sent ambient. While diagnostic
results can be obtained in most cases of medium- and long-
chain FAO defects even after prolonged storage time at room
temperature, samples should be stored frozen (with desic-
cant) because particularly short-chain acylcarnitine species
are not reliably measurable several months after collection

(Matern et al. 1999). At least one blood or bile spot with a
diameter of 1 cm should be collected to allow for any neces-
sary repeat testing which usually requires only a DBS punch
of 3 mm in diameter.

Urine

While initially the favored specimen, urine acylcarnitine
analysis is the least appropriate when a FAO disorder is under
diagnostic consideration. Long-chain acylcarnitines are typi-
cally bound to plasma albumin and are not excreted by the
kidney. Urine is collected from patients suspected to have
an organic acidemia preferably during an acute metabolic
decompensation. As this is often not possible, an early morn-
ing specimen should be collected. The minimum volume of
urine is 1 mL which allows for acylcarnitine and creatinine
analysis; the latter is essential to normalize quantitative acyl-
carnitine results. The sample should be sent frozen and with-
out preservatives.

Fibroblast Culture Medium

Most FAO disorders present similarly, and their biochemi-
cal diagnosis can be difficult because common metabolite
screens, such as urine organic acids, plasma acylcarnitines,
and fatty acids, are influenced by dietary factors and the
clinical status of the patient (Van Hove et al. 2000) leading
to incomplete diagnostic information or even false-negative
results (Browning et al. 2005). Enzyme assays are limited
to one enzyme per assay, and molecular genetic analysis
of a relevant gene or gene panels can be complicated by
the discovery of genotypes of uncertain significance. The
in vitro probe assay offers screening for several defects of
FAO and organic acid metabolism under controlled labora-
tory conditions using fibroblast cultures (Table 5.3). The
principle of this assay relies on the assumption that skin
fibroblasts of patients affected with relevant conditions
will accumulate certain acylcarnitine species reflecting the
metabolic defect when the cell medium is supplemented
with a long-chain fatty acid, branched-chain amino acids,
and L-carnitine. An acylcarnitine analysis can be per-
formed in the post-incubation cell medium by tandem
mass spectrometry as for the other sample types (Smith
and Matern 2010).

Fibroblasts are typically grown from a small skin biopsy
collected during an outpatient visit or as part of a planned
surgical procedure following routine culturing techniques.
Cell cultures may also derive from umbilical cord or, for
prenatal diagnostic purposes, from amniocytes obtained
by amniocentesis. Samples should be sent at ambient tem-
peratures.
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Table 5.3 Disorders detectable by the in vitro probe assay

Fatty acid Short-chain acyl-CoA dehydrogenase (SCAD)

B-oxidation deficiency

disorders Medium-chain acyl-CoA dehydrogenase (MCAD)
deficiency

Long-chain 3-hydroxyacyl-CoA dehydrogenase
(LCHAD) deficiency

Mitochondrial trifunctional protein (TFP)
deficiency

Very long-chain acyl-CoA dehydrogenase
(VLCAD) deficiency

Carnitine palmitoyl transferase type II (CPT-1I)
deficiency

Carnitine-acylcarnitine translocase (CACT) deficiency
Electron transfer flavoprotein (ETF) deficiency,
ETF-dehydrogenase deficiency (multiple acyl-CoA
dehydrogenase deficiency, MADD; glutaric
acidemia type II)

Isovaleric Acidemia

Short-branched-chain acyl-CoA dehydrogenase
deficiency (SBCAD deficiency;
2-methylbutyrylglycinuria)

Isobutyryl-CoA dehydrogenase (IBD) deficiency

Organic acid
disorders

Interpretation and Reference Ranges

The laboratory director, typically a board certified Clinical
Biochemical Geneticist or equivalent, reviews all profiles
and provides an interpretation based on pattern recognition
and not on single abnormal values (Tables 5.1, 5.4, 5.5, 5.6,
and 5.7). Simple reporting of numeric results is not appro-
priate because most physicians are not familiar with pattern
recognition. A comprehensive interpretation takes into con-
sideration any available clinical and dietary information and
other laboratory results and provides possible differential
diagnoses, recommendations for additional biochemical test-
ing, and confirmatory studies if indicated, as well as contact
information for the laboratory director in case the referring
physician has additional questions.

Pitfalls

The ordering physician must be aware of the limitations of a
laboratory test and should consider involving the biochemi-
cal genetics laboratory in discussions regarding the most
appropriate diagnostic work up of patients.

Pitfalls in Acylcarnitine Analysis of Plasma, Serum,
Blood Spots, and Bile Spots

Acylcarnitine profiles are dependent on the clinical status of
the patient at the time of sample collection (Van Hove et al.
2000). Accordingly, all samples should be submitted to the

Table 5.4 Reference range for acylcarnitine species (as butylesters) in
plasma (nmol/mL)

<7 days 8 days—7 years  >7 years
(n=1551) (n=26,701) (n=12,783)

Acylcarnitine st 99th st 99th  Ist 99th
species %oile Yile  Pile Yoile  Yile Yoile
Co 482 - 2428 6.13 - 3230 592 - 30.61
C2 1.86 - 17.50 240 - 27.62 1.77 - 24.10
C3 < 1.17 < 1.60 < 146
FIGLU < 0.10 < 0.04 < 0.04
Cc4 < 0.81 < 0.81 < 0.78
C5:1 < 0.05 < 0.04 < 0.05
C5 < 0.71 < 0.54 < 0.39
C4-OH < 0.16 < 0.30 < 0.27
Ce6:1 < 0.05 < 0.05 < 0.05
C6 < 0.17 < 0.22 < 0.19
C5-OH < 0.21 < 0.15 < 0.08
Cc7 < 0.05 < 0.05 < 0.05
C6-OH < 0.06 < 0.07 < 0.05
C8:1 < 0.73 < 0.75 < 0.70
C8 < 041 < 041 < 045
C3-DC/ < 0.11 < 0.13 < 0.16
C8-OH

C10:2 < 0.10 < 0.10 < 0.10
C10:1 < 0.34 < 043 < 046
C10 < 0.50 < 0.56 < 0.67
C4-DC < 0.07 < 0.06 < 0.07
C10:1-OH < 0.06 < 0.04 < 0.05
C5-DC/ < 0.10 < 0.08 < 0.10
C10-OH

Cl2:1 < 0.15 < 0.18 < 0.19
C12 < 0.21 < 0.20 < 0.19
C6-DC < 0.13 < 0.13 0.13
C12:1-OH < 0.05 < 0.06 < 0.07
C12-OH < 0.07 < 0.08 < 0.11
Cl14:2 < 0.10 < 0.13 < 0.13
Cl4:1 < 0.19 < 0.25 < 0.24
Cl4 < 0.12 < 0.12 < 0.11
C14:1-OH < 0.03 < 0.04 < 0.04
C14-OH < 0.03 < 0.02 < 0.03
Cl6:1 < 0.09 < 0.08 < 0.09
Cl16 < 0.29 < 0.24 < 0.22
C16:1-OH < 0.37 < 0.04 < 0.03
C16-OH < 0.05 < 0.03 < 0.03
C18:2 < 0.16 < 0.17 < 0.19
C18:1 < 0.29 < 0.32 < 035
C138 < 0.11 < 0.11 < 0.12
C18:2-OH < 0.02 < 0.02 < 0.03
C18:1-OH < 0.02 < 0.03 < 0.03
C18-OH < 0.02 < 0.02 < 0.02

biochemical genetics laboratory with information regarding
the clinical context during which the sample was collected.
The laboratory must be aware of the fact that carnitine defi-
ciency states can cause seemingly normal acylcarnitine pro-
files due to the lack of carnitine as substrate for carnitine
palmitoyl transferases. Accordingly, it is crucial to review
the complete profile and to initiate follow-up when even bor-
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Table 5.5 Reference range of acylcarnitine species (as butylesters) in
dried blood spots of adult controls (in nmol/mL)

Blood spots
(n=99)
Acylcarnitine species 1st percentile 99th percentile
CO 11.16 - 40.08
C2 5.77 - 20.23
C3 < 2.82
C4 < 0.43
C5:1 < 0.05
C5 < 0.30
C4-OH < 0.11
C6 < 0.14
C5-OH < 0.61
C6-OH < 0.06
C8:1 < 0.26
C8 < 0.25
C3-DC < 0.06
C10:2 < 0.04
C10:1 < 0.47
C10 < 0.35
C4-DC < 0.66
C5-DC < 0.07
Cl2:1 < 0.30
Cl12 < 0.28
C12:1-OH < 0.06
C12-OH < 0.03
Cl14:2 < 0.14
Cl4:1 < 0.31
Cl4 < 0.41
C14-OH < 0.12
Cl6:1 < 0.10
Cl6 < 1.72
C16:1-OH < 0.05
C16-OH < 0.04
Cl18:2 < 0.48
C18:1 < 1.49
CI18 < 0.93
C18:2-OH < 0.07
C18:1-OH < 0.06
C18-OH < 0.02

derline elevated acylcarnitines are noted in the presence of
abnormally low free and acetylcarnitine. If clinically indi-
cated, a repeat sample should be collected as early as 24 h
after L-carnitine supplementation.

The laboratory must also note when specimens are hemo-
lyzed because it will lead to an increase in long-chain acyl-
carnitines which needs to be considered when interpreting
the acylcarnitine profile to avoid unnecessary follow-up
investigations to rule out a long-chain FAO disorder (Manci-
nelli et al. 2007).

While FIA-MS/MS allows for unequivocal identifi-
cation of most metabolites, there are a few exceptions
(Table 5.1). In particular, the short-chain acylcarnitines
of 4 and 5 carbons represent more than one analyte.
C4-Acylcarnitine is known to be a mixture of butyrylcar-

nitine derived from fatty acid metabolism and isobutyryl-
carnitine derived from the metabolism of valine (Oglesbee
et al. 2007). C4-OH acylcarnitine can be a mixture of the
D-3-OH-butyrylcarnitine, associated with ketosis; L-3-OH-
butyrylcarnitine, associated with SCHAD-deficiency; or
3-OH-isobutyrylcarnitine, characteristic of the valine deg-
radation defect 3-OH-isobutyryl-CoA hydrolase deficiency.
Cs-Acylcarnitine is a mixture of isovalerylcarnitine and
2-methylbutyrylcarnitine derived from leucine and iso-
leucine degradation, respectively (Ensenauer et al. 2004;
Matern et al. 2003). Samples of patients treated with anti-
biotics containing pivalic acid (trimethylacetic acid) such
as pivampicillin, may contain pivaloylcarnitine, another
C5 species. Several other metabolites are also nonspecific
markers for several disorders. For example, Cs-OH acyl-
carnitine, which represents 3-hydroxyisovalerylcarnitine
and 2-methyl-3-hydroxybutyrylcarnitine, can be elevated
in seven different organic acidemias. The interpretation
of elevated Cs-OH acylcarnitine in newborns or breast-fed
infants is further complicated by the fact that it can indi-
cate maternal 3-methylcrotonylglycinuria while the infant
is only an unaffected carrier (Gibson et al. 1998). Dif-
ferentiation is of clinical importance and most efficiently
achieved by urine acylglycine and organic acid analyses, or
by plasma acylcarnitine analysis by LC-MS/MS.

CPT-I deficiency, characterized by high free carnitine and
relatively low long-chain acylcarnitine species, is more chal-
lenging to detect in plasma than in DBS because of already
lower abundance of long-chain acylcarnitines in plasma. The
long-chain FAO disorders of CACT deficiency and CPT-II
deficiency cannot be differentiated because both cause accu-
mulation of the same long-chain acylcarnitine species which
is explained by the fact that neither enzyme is involved in the
chain-shortening action of FAO. Isolated LCHAD deficiency
and complete mitochondrial TFP deficiency also cannot be
differentiated by routine acylcarnitine analysis (Van Hove
et al. 2000). When such profiles are encountered, delinea-
tion of the correct defect is only possible by either specific
enzyme assay in cell cultures or molecular genetic analysis of
the relevant genes. MCAD and multiple acyl-CoA dehydro-
genase (MAD) defects require the identification of medium-
chain acylcarnitines. In this respect, it is important to realize
that patients on a medium-chain triglyceride containing diet
may accumulate C8 and C10 carnitine, potentially obscuring
the diagnosis.

Isolated elevations of propionylcarnitine (C;) are not
specific for propionic acidemia but also observed in meth-
ylmalonic acidemias of various etiologies. Because meth-
ylmalonylcarnitine (C,-DC) is not consistently elevated in
methylmalonic acidemias, elucidation of the correct diagno-
sis requires at a minimum urine organic acid analysis.

Another antibiotic that may cause problems in the
interpretation of butylated acylcarnitines is cefotaxime
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Table 5.6 Percentile ranks of acylcarnitine species (as butylesters) in postmortem dried blood and bile spots (in nmol/mL)
Blood spots Bile spots
(n=9788) (n = 8848)
Acylcarnitine species Sth percentile 95th percentile Sth percentile 95th percentile
CO0 29 - 203 57 - 371
C2 26.8 - 194 36 - 311
C3 < 10.9 < 11.6
C4 < 17.2 < 7.5
C5:1 < 0.23 < 0.71
C5 < 2.10 < 3.13
C4-OH < 7.36 < 3.05
C6 < 2.19 < 2.64
C5-OH < 0.96 < 1.24
C7 < 0.16 < 0.92
C6-OH < 0.56 < 1.22
C8:1 < 0.77 < 26.1
C8 < 0.78 < 5.20
C3-DC < 0.45 < 1.35
C10:2 < 0.11 < 2.53
C10:1 < 0.17 < 6.66
C10 < 0.52 < 4.33
C4-DC < 1.10 < 1.21
C10:1-OH < 0.15 < 1.36
C5-DC < 0.30 < 1.13
Cl2:1 < 0.11 < 5.19
Cl12 < 0.54 < 5.47
C12:1-OH < 0.13 < 1.96
C12-OH < 0.17 < 1.00
Cl14:2 < 0.56 < 4.31
Cl4:1 < 0.24 < 5.26
Cl4 < 0.46 < 2.28
Cl14:1-OH < 0.09 < 1.34
C14-OH < 0.09 < 0.57
Cl6:1 < 0.27 < 1.76
Cl6 < 2.04 < 3.07
C16:1-OH < 0.11 < 1.21
C16-OH < 0.11 < 0.68
C18:2 < 0.69 < 2.15
C18:1 < 1.98 < 3.38
C18 < 1.54 < 3.58
C18:2-OH < 0.13 < 0.58
C18:1-OH < 0.14 < 0.70
C18-OH < 0.11 < 0.61

(Vianey-Saban et al. 2004). This antibiotic or metabolites
thereof reveals itself by acylcarnitine analysis (following
derivatization to butylesters) at m/z 470 which otherwise
represents monounsaturated 3-hydoxyhexadecenoylcarni-
tine (C,4.,-OH). In poorly resolved scans, this may be dif-
ficult to differentiate from m/z 472 which is a marker for
LCHAD and TFP deficiencies. However, whereas m/z 472
(C,5-OH) is more abundant than C4.,-OH in these FAO dis-
orders, the profile of a patient treated with cefotaxime usu-
ally reveals an m/z 470 to m/z 472 ratio that is greater than
1. Furthermore and in contrast to cefotaxime treatment,

both LCHAD and TFP deficiencies are usually accompa-
nied by elevations of other long-chain species (Table 5.1)
(Van Hove et al. 2000).

Formiminoglutamate (FIGLU), a marker for glutamate
formimino-transferase deficiency, is revealed in acylcarni-
tine profiles by a peak with m/z 287 (Malvagia et al. 2006).
In poorly resolved acylcarnitine profiles, this peak may be
confused with iso-/butyrylcarnitine (m/z 288). To avoid the
incorrect interpretation of acylcarnitine profiles, the analysis
is best performed in product scan mode as opposed to mul-
tiple reaction monitoring (MRM) mode.
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Table 5.7 Reference range for urine acylcarnitines (as butylesters)
based on samples with normal organic acid results (n = 40)

Acylcarnitine species (mmol/mol creatinine)

COo 0.35 - 31.60
Cc2 < 16.46
C3 < 1.20
C4 < 2.74
Cs:1 < 0.34
C5 < 1.53
C4-OH < 0.26
(6 < 0.16
C5-OH < 0.52
C6-OH < 0.32
C8:1 < 4.30
C8 < 0.61
C3-DC < 0.50
C10:2 < 0.48
Cl10:1 < 0.65
C10 < 0.21
C4-DC < 0.57
C10:1-OH < 0.26
C5-DC (C10-OH) < 0.37
Cl12:1 < 0.07
Cl12 < 0.19
C6-DC < 0.81
C12:1-OH < 0.27
C12-OH < 0.16
Cl14:2 < 0.02
Cl4:1 < 0.21
Cl4 < 0.39
C14:1-OH < 0.14
C14-OH < 0.09
Clé6:1 < 0.04
Cl6 < 0.18
Cl16:1-OH < 0.02
C16-OH < 0.05
C18:2 < 0.02
Cl18:1 < 0.02
C18 < 0.05
C18:2-OH < 0.01
C18:1-OH < 0.03
C18-OH < 0.02

Pitfalls in Acylcarnitine Analysis of Urine

Aside from the abovementioned potential problems (see
D.7.1) such as the inability to discriminate isomers and
interfering metabolites of antibiotics, urine also often con-
tains a variety of non-identified substances. This makes the
interpretation of urine acylcarnitine profiles inherently more
complex, and overinterpretation must be avoided. Therefore,
urine acylcarnitine analysis should not be included in the
first line of screening investigations but be targeted to spe-
cific diagnostic considerations, in particular, organic acide-
mias. A role of urine acylcarnitine analysis for the diagnosis
of FAO disorders has not been established.

Pitfalls in Acylcarnitine Analysis of Post-incubation
Fibroblast Culture Medium

The in vitro probe assay is performed under standardized
conditions and is independent of the patient’s status at the
time the skin biopsy is obtained. The accumulation of acyl-
carnitines in this assay system appears to be dependent on
potentially present residual enzyme activity and therefore
provides information regarding the severity of an enzyme
deficiency state for some disorders such as VLCAD and
SCAD deficiencies. Furthermore, as is true for acylcarnitine
analysis of other sample types, TFP and isolated LCHAD
deficiencies as well as CPT-II and CACT deficiencies cannot
be differentiated. The analysis of fibroblasts also does not
allow for the diagnosis of enzyme deficiency states that are
not expressed in this tissue (e.g., the liver-specific SCHAD
deficiency). Finally, conditions not associated with an abnor-
mal accumulation of acylcarnitines, such as CPT-I or pri-
mary carnitine deficiencies, are not identified by this assay.
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Abstract .. . .
heterogeneous spectrum of clinical manifestations. The

Lysosomal storage diseases (LSDs) are a group of diagnostic suspicion of LSDs is based on clinical symp-

inherited metabolic disorders that result from lysosomal
dysfunction. Most LSDs are autosomal recessively
inherited disorders, with only three exceptions that are
X-linked. The overall incidence is about 1 in 5000 live
births. Mutations in genes encoding lysosomal proteins
cause lysosomal malfunction with the gradual accumu-
lation of substrates leading to cell dysfunction and cell
death. LSDs are generally classified based on the bio-
chemical type of accumulated substrate that leads to a

toms, and the measurement of the abnormal accumula-
tion of substrates in biological fluids. The diagnosis is
confirmed by enzymatic and/or genetic analysis, includ-
ing next-generation sequencing and whole exome
sequencing. In the last years, many efficient therapies
have been developed. New treatments and the evidence
that the early treatment shortly after birth can permit a
better outcome have led to the development of several
pilot newborn screening programs for some LSDs.

Early detection in a presymptomatic state and prompt
treatment can modify the natural history of LSD disease
preventing irreversible damage of the involved key
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cause lysosomal malfunction with the gradual accumulation
of substrates that lead to cell dysfunction and cell death.
LSDs are classified based on the biochemical type of accu-
mulated substrate, or on whether disorders involve integral
membrane proteins or lipofuscin production (Table 6.1). The
storage process leads to a heterogeneous spectrum of clini-

Table 6.1 Classification of lysosomal storage disorders

Disease Alternative titles

Mucopolysaccharidoses

MPS type 1 Hurler syndrome, Hurler-Scheie
syndrome, Scheie syndrome

MPS type II Hunter syndrome

MPS type IITIA Sanfilippo syndrome A

MPS type I1IB Sanfilippo syndrome B

MPS type IIIC Sanfilippo syndrome C

MPS type IIID Sanfilippo syndrome D

MPS type IVA Morquio syndrome A

MPS type IVB Morquio syndrome B

MPS type VI Maroteaux-Lamy syndrome

MPS type VII Sly syndrome

MPS type IX Natowicz syndrome

Glycoproteinoses

Aspartylglucosaminuria

Fucosidosis

Galactosialidosis Goldberg syndrome

cal manifestations depending on the specific substrate and
site of accumulation. Age at onset can range from newborns
to adults, and these disorders are progressive. The diagnos-
tic suspicion of LSDs is based on clinical symptoms, and the
valuation of the abnormal accumulation of substrates in bio-
logical fluids (mostly urine) is the first step in the diagnos-

Primary defect OMIM
Alpha-L-iduronidase 252800
Iduronate 2-sulfatase 309900
N-Sulfoglucosamine sulfohydrolase 252900
N-Alpha-acetylglucosaminidase 252920
Heparan acetyl-CoA:alpha-glucosaminide 252930
N-acetyltransferase

N-Acetylglucosamine-6-sulfatase 252940
N-Acetylgalactosamine-6-sulfatase 253000
Beta-galactosidase 253010
Arylsulfatase B 253200
Beta-glucuronidase 253220
Hyaluronidase 1 601492
Glycosylasparaginase 208400
Alpha-L-fucosidase 230000

Protective protein cathepsin A, secondary deficiency in 256540
beta-galactosidase and neuraminidase 1

a-Mannosidosis Alpha-mannosidase 248500
B-Mannosidosis Beta-mannosidase 248510
Mucolipidosis I Sialidosis type II Neuraminidase 1 256550
Schindler disease Neuroaxonal dystrophy, Schindler type Alpha-N-acetylgalactosaminidase 609241
Sphingolipidoses

Fabry disease Anderson-Fabry disease Alpha-galactosidase A 301500
Farber disease Farber lipogranulomatosis N-Acylsphingosine amidohydrolase 613468
Gaucher disease Beta-glucosidase (beta-glucocerebrosidase) 230800
GM1 Gangliosidosis Beta-galactosidase-1 230500
GM2 Gangliosidosis type I Tay-Sachs disease Beta-hexosaminidase A 272800
GM2 Gangliosidosis type II Sandhoff disease Beta-hexosaminidase A + B 268800
GM2 activator deficiency AB variant GM2 ganglioside activator 613109
Krabbe disease Globoid cell leukodistrophy Galactosylceramidase 245200
Metachromatic leukodystrophy Arylsulfatase A, prosaposin, saposin B 250100
Niemann-Pick disease type A Acid sphingomyelinase 257200
Niemann-Pick disease type B Acid sphingomyelinase 607616
Glycogen storage disease

Glycogen storage disorder type ~ Pompe disease Acid-alpha-glucosidase 232300
11

Lipid storage diseases

Lysosomal acid lipase deficiency Wolman disease Lysosomal acid lipase 278000
Post-translational modification defects

Multiple sulfatase deficiency Mucosulfatidosis Family of sulfatase enzymes 272200
Mucolipidosis IT I-cell disease N-acetylglucosamine- 1-phosphotransferase 252500
Mucolipidosis I1I Pseudo-Hurler polydystrophy N-acetylglucosamine-1-phosphotransferase 252600
Integral membrane protein disorders

Cystinosis Cystinosin 219800
Glycogen storage disorder type ~ Danon disease LAMP-2 300257
1Ib

Sialuria Salla disease Vesicular excitatory amino acid transporter (VEAT) 604369
Niemann-Pick disease type C1 ~ Niemann-Pick disease type C NPC intracellular cholesterol transporter 1 257220
Niemann-Pick disease type C2? Niemann-Pick disease type C2 protein 607625
Mucolipidosis IV Sialolipidosis Mucolipin 1 252650
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Table 6.1 (continued)

Disease Alternative titles Primary defect OMIM
Neuronal ceroid lipofuscinoses

CLN1 Santavuori-Haltia disease Palmitoyl-protein thioesterase 1 256730
CLN2 Jansky-Bielshowsky disease Tripeptidyl-peptidase 1 204500
CLN3 Batten disease Battenin 204200
CLN4A Kufs disease type A Ceroid-lipofuscinosis neuronal protein 6 204300
CLN4B Kufs disease type B DnalJ homolog subfamily C member 5 162350
CLNS5 Ceroid-lipofuscinosis neuronal protein 5 608102
CLNG6 Ceroid-lipofuscinosis neuronal protein 6 601780
CLN7 Turkish variant Major facilitator superfamily domain-containing protein 8 610951
CLN8 Protein CLNS 600143
CLN9 Unknown

CLN10 Cathepsin D 610127
CLN11 Progranulin 614706
CLN12 Kufor-rakeb syndrome Cation-transporting ATPase 13A2 606693
CLN13 Kufs disease type B Cathepsin F 615362
CLN14 BTB/POZ domain-containing protein KCTD7 611726

2Although NPC1 is an integral membrane protein, NPC2 is an intralysosomal soluble protein

tic flow chart. Although in very recent years many papers
have been published with very high potentiality, there is
no single instrument platform/analytical technique that cur-
rently can analyze all metabolites involved in LSDs, and
the metabolomics approach is still not widely available.
LSD analysis is generally performed on a single category
of molecules with classical biochemical tests ranging from
thin layer chromatography, liquid chromatography, or elec-
trophoresis. The diagnosis must be confirmed by enzymatic
and/or genetic analysis, including next-generation sequenc-
ing and whole exome sequencing. In the last years, many
therapeutic options, such as enzyme replacement therapy
(ERT), hematopoietic stem cell transplantation, substrate
reduction therapy, pharmacological chaperone therapy, and
gene therapy, have been developed. New treatments and the
evidence that the early treatment shortly after birth often
leads to a better outcome have led to the development of
several pilot newborn screening programs for some LSDs
(Gelb 2018). Early detection in a presymptomatic state and
prompt treatment can modify the natural history of LSD
disease preventing irreversible damage of the involved key
organs.

Preanalytical Conditions
Glycosaminoglycans in Urine

Urine samples should be collected for 24 h, when possi-
ble. But considering that prolonged urine collections are
quite difficult especially in newborns or very young babies,
a random sample, preferably the first morning voiding, is
acceptable (not less than 15-20 mL). Storage tempera-
ture must be —20 °C until analysis. No preservatives are
required.

Oligosaccharides in Urine

Urine samples collected for 24 h are mandatory. The mini-
mum volume of urine is 5 mL, and the storage temperature
must be —20 °C until analysis. No preservatives are required.

Free and Total Sialic Acid

Urine samples collected for 24 h are mandatory. The mini-
mum volume of urine is 5 mL, and the storage temperature
must be —20 °C until analysis. No preservatives are required.

Enzymatic Assays on Dried Blood Spot

1. Newborn screening: dried blood spot is collected by neo-
natal heel prick. It is important to apply single drops of
blood only on one side of the filter paper (not apply mul-
tiple drops of blood in the same circle or in front and
behind the filter). Avoid touching the area within the cir-
cles on the filter paper section before, during, and after
collection of the specimen. Cards with blood spots must
be dried at room temperature, far from heat sources, for
not less than 90 min. Most enzymes are stable at room
temperature for the first 20 days, but storage temperature
between +4 °C and —20 °C is advised for greater
stability.

2. Venous blood collection: dried venous blood spot is col-
lected by finger prick. For the collection and storage, fol-
low the previous indications.

3. Venous blood collection from tubes: apply 20 pL of blood
from heparin/EDTA tubes and follow the previous
indications.

Chitotriosidase in Plasma

For this analysis, 1-2 mL of blood in heparinized tube is
needed. Plasma must be separated from blood within 1 h,
and it can be stored at —20 °C until the assay.
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Enzymatic Assays on Leukocytes

For most assays, 6—10 mL of blood in heparinized/EDTA
tube at room temperature is needed. It is important to use
a needle with less chance of hemolysis. The separation of
leukocytes from whole blood must be performed within
24 h from the collection. Leukocyte pellets can be stored at
—20 °C until the assay.

Enzymatic Assays on Fibroblasts

Fibroblast cultures are generally derived from forearm skin
biopsies. For most testing, two 75 cm? flasks are sufficient.
Fibroblast pellets can be stored at —20 °C until the assay.

Other Specimens

Amniotic fluid, tear fluid, chorionic villi, and amniocytes can
be used in some isolated cases.

Analysis
Glycosaminoglycans Assay

The mucopolysaccharidoses are a group of LSDs charac-
terized by an accumulation of mucopolysaccharides, also
known as glycosaminoglycans (GAGs), causing dysfunc-
tion of cells, tissues, and organs. Each disorder results from
a specific lysosomal enzyme defect that affects the normal
degradation pathway of glycosaminoglycans. Undegraded or
partially degraded GAGs are accumulated in lysosomes and
then excreted in the urine. The correlation between biochem-
ical findings and enzymatic defect is reported in Table 6.2,
and the correlation between structure and catabolism is
reported and shown in Fig. 6.1.

Total Glycosaminoglycans Analysis in Urine
An initial screening test to check for an elevation in total
GAGs concentration can be a useful tool when a MPS disorder

Table 6.2 Classification of the mucopolysaccharidoses

Mucopolysaccharidoses Glycosaminoglycans excreted in urine

MPS-1 H/S DS; HS
MPS-II DS; HS
MPS-1ITA HS
MPS-IIIB HS
MPS-IIIC HS
MPS-1IID HS
MPS-IVA KS; C 6-S
MPS-IVB KS
MPS-VI DS
MPS-VII DS; HS; C 4,6-S
MPS-IX Hyaluronan

is suspected. Several methods have been developed for GAGs
quantification in urine. One first approach is an Alcian blue
(tetravalent cationic dye) spot test, which semi-quantitatively
estimates the amount of total GAGs present. Even if the
complex formation with Alcian blue depends on the sulfa-
tion patterns and keratan sulfate fragments with low degree
of sulfation may not be detected, patients with Morquio syn-
drome can be equally detected due to excretion of chondroi-
tin 6-sulfate. Cetylpyridinium chloride (CPC) is generally
used to extract urinary GAGs prior to analysis. Quantitation
can be performed by carbazole method determining uronic
acid formation. Another simple test is based on the modifi-
cation of dimethylmethylene blue (DMB) assay (de Jong
et al. 1992). It allows the measurement of all GAGs without
response difference among urinary metabolites. By using all
methods, false-negative results may occur especially in MPS-
I, MPS-III, MPS-1V, MPS-VI, and MPS-VII. Many cases of
false-positive results have been reported in literature. Some
of these concerned other LSD non-mucopolysaccharidoses
with normal total concentrations of urinary GAGs but iso-
lated increment such as in multiple sulphatase deficiency
(HS), GM; (KS), Morquio IV A and B (KS), and fucosido-
sis (KS). A new DMB-based method named GAG-Test® has
been recently reported with a referred sensitivity of 100%
(Lage et al. 2011). In addition, total GAGs can be quantified
and analyzed by HPLC (Studelska et al. 2006) and capillary
electrophoresis (Ucakturk et al. 2014).

Total urinary GAGs show significant age-related differ-
ence: infants tend to have higher average GAG levels than
adults. Reference values of urine GAGs are reported in
Table 6.3.

Qualitative and Quantitative Glycosaminoglycan
Analysis in Urine

Eleven enzymes are involved in the catabolic pathways of
GAGs. Deficiencies in each of these enzymes result in spe-
cific GAG accumulation: chondroitin sulfate (CS), dermatan
sulfate (DS), heparan sulfate (HS), keratan sulfate (KS), or
hyaluronan.

Defective enzyme Inheritance
Alpha-L-iduronidase AR
Iduronate sulfatase XR
Heparan N-sulfatase AR
Alpha-N-acetylglucosaminidase AR
Acetyl CoA:alpha-glucosaminide acetyltransferase AR
N-acetylglucosamine-6-sulfatase AR
N-acetylgalactosamine-6-sulfate sulfatase AR
Beta-galactosidase AR
N-acetylgalactosamine-4-sulfatase AR
Beta-glucuronidase AR
Hyaluronidase AR

DS Dermatan sulfate, HS heparan sulfate, KS keratan sulfate, C 6-S chondroitin 6-sulfate, C 4,6-S chondroitin 4,6-sulfate, AR autosomal recessive,

XR X-linked recessive
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Several methods have been proposed for quantitative
analysis of specific GAGs (Kubaski et al. 2017). Paper or
thin layer chromatography, gas-liquid chromatography,
capillary electrophoresis, and high performance liquid
chromatography were reported to be able to identify and
separate different GAGs.

Mass spectrometry has been used in recent years for its
high sensitivity and accuracy. A limitation of MS-based
technologies is that large molecules such as GAGs need to
be broken down into sulfated disaccharide fragments before
analysis. An alternative method to enzymatic digestion for
GAG identification by mass spectrometry is based on chemi-
cal cleavage. A fast test able to quantify glycosaminogly-
cans in urine by a LC-MS/MS method has been recently

developed for selective MPS-1, MPS-II, and MPS-VI muco-
polysaccharidoses (Auray-Blais et al. 2011). The test is
performed on random urine samples and the concentration
expressed as a ratio to creatinine for normalization purposes.
Dermatan sulfate (DS) and heparan sulfate (HS) are mea-
sured as derivatives by using calibration curve in urine, after
a chemical degradation step (methanolysis). The authors
reported glycosaminoglycan quantification on 28 patients
and 55 controls. Besides DS and HS, chondroitin sulfate was
measured in all samples and confirmed it was not a useful
marker for the diagnosis of MPS due to the fact that it is
normally excreted in urine. No DS and HS were found in
control urines, while DS and in most cases HS were quanti-
fied in MPS-I, MPS-II, or MPS-VI patients. Based on the
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Table 6.3 GAGs reference ranges in urine

CPC/Carbazole

Alcian blue* DMB-Tris  (pmol uronic ~ GAG-Test®
Age  (mg/mmol (mg/mmol acid/mmol (mg/mmol
(year) creatinine) creatinine) creatinine) creatinine)
<0.1 1040 26.1 + 8.1
<0.3 10-35
<0.5 10-30 33.6+9.2
<1 5-25 233 +4.1 17.8 £8.2 17.1+£7.7
<2 19.5+52 14.6 + 6.1
<3 5-20 145+34 120+4.2
<5 2-15 11.0+ 1.7 10.7 £ 6.7
<6 83+22 103 £3.7
<7 93+1.8
<9 84+1.6
<10 6.2+19
<14 7.0+ 1.8 4.6+2.6
<15 2-12 7.0+4.4
<18- 41x13 32+1.6
20
>18- 1-5 33+09 1.6+1.2 32+1.6
20

“These data were supplied by E. Young, Institute of Child Health,
London

consideration that residual glycosaminoglycans are present
in patient urine even after treatment, this test is also useful
for monitoring therapeutic enzyme replacement treatment.

An MS-based method using butanolysis to quantify HS
showed higher signal responses compared to those gener-
ated by using methanolysis (Trim et al. 2015). Recently,
Forni and colleagues have developed a new fast LC-MS/
MS assay for the simultaneous quantification of HS and
DS using small amounts of urine. This method requires an
easy sample preparation by using butanolysis, and it is less
time consuming if compared with enzyme-digestion process
(Forni et al. 2019).

For the definitive diagnosis, enzyme activity test is
needed. Appropriate enzyme sources are summarized in
Table 6.4. Considering that no homogeneous data of the dif-
ferent enzyme activity are present in literature, normal val-
ues are not referred.

Oligosaccharide Assay

Oligosaccharidoses/glycoproteinoses are lysosomal storage
disorders due to lost activity of one of the lysosomal hydro-
lases involved in the degradation of oligosaccharide compo-
nents of glycoproteins.

Oligosaccharides are molecules containing a small num-
ber (3 to approximately 10) of monosaccharide residues
connected by glycosidic linkages. Small amounts of carbo-
hydrates and oligosaccharides are present in normal urine
depending on different factors (diet, medication, blood

Table 6.4 Source material for MPS enzymatic assays

Material
Disorder Enzyme defect Postnatal Prenatal
MPS-I Alpha-L-iduronidase P, WBC, CV, CCV,
FB, LYM CAFC
MPS-II  Iduronate sulfatase P, WBC, CV, CCV,
FB,LYM CAFC
MPS- Heparan N-sulfatase WBC, FB, CV,CCYV,
1ITA LYM CAFC
MPS- Alpha-N-acetylglucosaminidase P, WBC, CV, CCV,
111B FB, LYM CAFC
MPS- Acetyl CoA:alpha- WBC, FB, CV, CCV,
Ic glucosaminide acetyltransferase LYM CAFC
MPS- N-acetylglucosamine WBC, FB, CV, CCV,
111D 6-sulfatase LYM CAFC
MPS- N-acetylgalactosamine-6- WBC, FB, CYV, CCV,
IVA sulfate sulfatase LYM CAFC
MPS- Beta-galactosidase P, WBC, CV, CCV,
IVB FB, LYM CAFC
MPS-VI N-acetylgalactosamine-4- WBC, FB, CV, CCV,
sulfatase LYM CAFC
MPS- Beta-glucuronidase P, WBC, CV, CCV,
VII FB,LYM  CAFC
MPS-IX Hyaluronidase WBC, FB, CV, CCV,
LYM CAFC

P plasma, WBC white blood cells, LYM lymphocytes, FB fibroblasts,
CV chorionic villi, CAFC cultured amniotic fluid cells, CCV cultured
chorionic villi

group type, etc.). Oligosaccharides can be studied by thin-
layer chromatography of urine samples (Palo and Savolainen
1972; Humbel and Collart 1975; Friedman et al. 1978;
Sewell 1981; Tsai and Marshall 1979).

One-dimensional thin layer chromatography is performed
on 20 x 20 silica gel plate. Urine samples containing about
15 pg of creatinine are applied directly on silica gel plate.
Lactose, maltotetraose, and sialic acid at concentration of
1 mg/mL are used as reference standards.

The plate is developed overnight in a freshly prepared
mobile phase containing n-butanol-glacial acetic acid—dis-
tilled water (10:5:5 v/v/v). The plate is then removed, dried
at room temperature (about 1 h), and sprayed with freshly
prepared solution containing 3,5-dihydroxytoluene (orcinol)
400 mg/dL in sulfuric acid 10%. Spots corresponding to
oligosaccharides develop by heating the plate at 130 °C for
about 10 min and are looked by transparency. The excre-
tion of oligosaccharides is identified by the presence of col-
ored bands. This method is suitable for screening purposes.
Interpretation can be difficult and requires experience.
Specific oligosaccharide patterns are indicative of diagnos-
tic suspicion of a specific disease (Sewell 1991). Neonatal
urine samples could present many bands, mimicking an
a-mannosidosis pattern, due to parenteral nutrition. This fact
is not indicative of disease. In this case, it is recommended to
repeat the assay after the age of 6 months. Alternatively, the
combination of two one-dimensional TLC systems proposed
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Table 6.5 Source material for oligosacchariduria enzymatic assays

Material
Disorder Enzyme defect Postnatal Prenatal
Aspartylglucosaminuria Glycosylasparaginase WBC, FB CV, CAFC
Fucosidosis Alpha-L-fucosidase P, WBC, FB CV, CAFC
Galactosialidosis Cathepsin A/beta-galactosidase/neuraminidase WBC, FB CV, CAFC
o-Mannosidosis Alpha-mannosidase P, WBC, FB CV, CAFC
B-Mannosidosis Beta-mannosidase P, WBC, FB CV, CAFC
Mucolipidosis I Alpha-neuraminidase FB, WBC? CV, CCV, CAFC
Mucolipidosis IT N-acetylglucosamine- 1 -phosphotransferase FB CV, CCV, CAFC
Mucolipidosis III N-acetylglucosamine-1-phosphotransferase FB CCV, CAFC
Schindler disease Alpha-N-acetylgalactosaminidase WBC, FB CV, CAFC
GM1 Gangliosidosis Beta-galactosidase-1 WBC, FB CV, CAFC
Krabbe disease Galactosylceramidase WBC, FB CV, CAFC
GM2 Gangliosidosis type I Beta-hexosaminidase A P, WBC, FB CV, CAFC
GM2 Gangliosidosis type II Beta-hexosaminidase A + B P, WBC, FB CV, CAFC

aFresh material, not frozen; P plasma, WBC white blood cells, FB fibroblasts, CV chorionic villi, CAFC cultured amniotic fluid cells, CCV cultured

chorionic villi

by Abeling and collaborators (Abeling et al. 1996) can be
performed to distinguish urine of breastfed newborns from
that of a-mannosidosis patients.

Some authors reported a new useful semiquantitative
method based on tandem mass spectrometry for the diag-
nosis of the oligosaccharidurias (Ramsay et al. 2005). It
is a 1-phenyl-3-methyl-5-pyrazolone (PNP) in ammonia
derivatization-based method, followed by a liquid/liquid
extraction with CHCI; and solid-phase extraction on a
C18 column. The mass spectra were acquired on a triple
quadrupole mass spectrometer operating in both precur-
sor ion scan and multiple reaction monitoring (MRM)
modes, in positive ionization. Patients with I-cell dis-
ease, mucolipidoses type II and III, alpha—mannosidosis,
Pompe disease, GM; gangliosidosis, GM, type II, sialido-
sis, alpha-fucosidosis, Gaucher disease, and SADS (sialic
acid storage disorders) have been analyzed and differenti-
ated from controls. This new procedure seems to be sen-
sitive, robust, automatable, and faster than classical TLC
ones. When stable isotope labeled internal standards will
become commercially available, this method will be con-
sidered a powerful tool for quantitative determination of
oligosaccharides in urine.

To date, in any case, a confirmatory enzyme assay must
be performed in serum, fibroblasts, or leucocytes for the
definitive diagnosis. Appropriate enzyme sources are sum-
marized in Table 6.5.

Analysis of Free and Total Sialic Acid in Urine

Sialic acid (SA) represents the N- or O-substituted deriva-
tives of monosaccharide neuraminic acid. It is a major com-
ponent of complex glycoproteins and glycolipids, in which
it commonly forms the terminal constituent of sugar side

chains. Many forms of sialic acid exist in every tissue, but
N-acetylneuraminic acid (NANA) is the predominant one in
humans. Sialic acids often represent part of antigenic deter-
minants of glycolipids or glycoproteins. Urine total SA is
increased in some lysosomal disorders such as sialidosis,
galactosialidosis, Kanzaki disease, and mucolipidosis II and
II1. Heterozygotes do not excrete increased amounts of bound
sialic acid. It has been reported that an increase in urine total
SA is also found in individuals with chronic glomerulone-
phritis and rheumatoid arthritis, in lupus erythematosus, in
pseudohypoparathyroidism, and in diabetic patients. In all
these diseases, the excretion of bound SA is lower than in
conditions involving the neuraminidase enzyme. About 40%
of SA is in a free form although the majority of urine SA
is bound to glycoproteins and oligosaccharides. Urine SA
also can be increased (predominantly as free SA) in other
inborn errors of metabolism such as infantile sialic acid stor-
age disease (ISSD), sialuria, and Salla disease. The excretion
of free SA is tenfold higher in patients with Salla disease and
with ISSD than normal subjects, while patients with sialuria
display free SA levels about 100-fold higher than those in the
healthy population. However, only few patients have been
reported in the literature; therefore, a distinction among these
forms of sialuria cannot be made on the basis of the sialic
acid excretion. Many methods have been described for the
determination of both free and bound SA. In many laborato-
ries, the measurement of urinary SA is performed by using a
modified colorimetric assay (thiobarbituric acid test) devel-
oped to eliminate the ubiquitary interferent 2-deoxyribose.
As an alternative method, Okamura-Oho et al. (1984) pro-
posed an enzymatic procedure based on cleavage of NANA
by aldolase to N-acetylmannosamine and pyruvic acid with
following spectrophotometric determination (340 nm) with
NADH and lactic dehydrogenase. For the measurement of
free sialic acid, an incubation step with neuraminidase is
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Table 6.6 Free and total sialic acid reference ranges in urine

Free sialic acid (mmol/mol Total sialic acid (mmol/mol

creatine) creatine)

Age (year) Mean +2SD  Age (year) Mean + 2SD
<0.5 45 £ 38 <0.5 156 + 120
<1 32 +28 <1 100 =70
1-3 29 +21 1-3 90 £ 70

3-5 21 +£13 3-5 63 £ 40
5-10 15+12 5-10 51+37
10-20 9+8 10-20 34 +30

>20 7+6 >20 31+£25

Modified from van der Ham et al. (2007)

performed. Many kits are now commercially available based
on this modified method. Free sialic acid is oxidized by an
enzyme reaction and in the presence of a chromogenic probe
develops a red complex. The content of sialic acid can be
calculated by measuring the OD value at 560 nm. Some
authors (van der Ham et al. 2007) have proposed an LC-MS/
MS-based method for the assay of total and free sialic acid.
For free SA assay, the procedure required a filtration step
followed by a dilution. Quantitative results were obtained by
using isotope dilution technique and an eight-point calibra-
tion curve. Total SA analysis was performed after a hydro-
lytic step in sulfuric acid 63 mmol at 80 °C per 1 h. MS
data were obtained in a triple quadrupole system operating
in MRM mode in negative ionization. The method is rapid
(6 min), semi-automatic, specific, robust, and sensitive and
therefore could be considered suitable for high-throughput
analysis. Reference ranges of urinary free and total sialic
acid are reported in Table 6.6.

Enzymatic Tests in Dried Blood Spots

For the majority of LSD, the measurement of the specific
enzyme activity in white cells (leukocytes, lymphocytes) or
fibroblast is still considered the gold standard for the diag-
nosis. Chamoles et al. (2001) introduced for the first time
the use of the whole blood dried spot (DBS), the traditional
NBS sample, to determine enzymatic activity for several
LSDs using a commercially available fluorogenic substrate
(4-methlyumbelliferone).

Successively, the use of a DBS for the enzymatic determi-
nation has been proposed as alternative for a rapid detection
of LSDs, mainly in newborn screening and in high-risk pop-
ulation screening. Experimental approaches on DBS were
adopted for pilot studies on Fabry disease and/or Pompe dis-
ease in Italy, Taiwan, and Japan (Spada et al. 2006; Chien
et al. 2008; Oda et al. 2011).

However, conventional methods for quantifying enzy-
matic activity have the limitations of specificity and lim-
ited capacity for multiplexing. Moreover, not all lysosomal
enzymes can be assayed by traditional methods because the

incorporation of a chromophore or fluorophore into the sub-
strate can cause false-negative results.

The use of mass spectrometric techniques has shown
advantages over fluorometric or spectrophotometric assays
in the simultaneous quantification of several enzyme activity
(Gelb et al. 2006). In fact, based on the studies of Chamoles,
the group of Gelb and coworkers used tandem mass spec-
trometry (MS/MS) and internal standards to detect multiple
enzymatic products in a multiplex analysis for Fabry, Gau-
cher, Krabbe, mucopolysaccharidosis-I (MPS-I), Niemann-
Pick-A/B, and Pompe diseases.

Since the first description of the flow injection analysis
(FIA) MS/MS assay, modifications including the number
of enzymes, sample preparation steps, and the addition of
liquid chromatography (LC) have been reported in order to
simplify the analysis (Zhang et al. 2008; la Marca et al. 2009;
Metz et al. 2011).

More recently, Gelb and coworkers developed a UHPLC-
MS/MS multiplex assay with up to 9 LSD (the above-
described 6-plex plus MPS-II, MPS-1VA, and MPS-VI) using
a single 3 mm DBS punch incubated with 9 substrates and
internal standards in a single buffer (Spacil et al. 2013). The
MS/MS has been adopted in LSD newborn screening pro-
grams worldwide including in Taiwan (Chiang et al. 2018),
Italy (Burlina et al. 2018), and the USA (Burton et al. 2017).

The entire assay comprises a 2-day process. On day 1,
incubation cocktail containing buffers, substrates, and inter-
nal standards for the six enzymes was added to a 3.2 mm
DBS and incubated overnight. On day 2, the reaction was
stopped and a liquid-liquid extraction was performed. For
the quantitation measurements, the tandem mass spectrom-
eter was operated in MRM mode.

The activities of GAA, ABG, GLA, ASM, GALC, and
IDUA enzymes in newborns (<7 days of life) and non-newborns
tested by multiplex MS/MS are reported in Table 6.7.

The median enzyme activity in non-newborns was lower
than in newborns due to lower leukocyte counts on older
patient’s dried blood spots. Since correction for white blood
cell count was not possible on DBS, it is necessary to estab-
lish age-matched reference values. All samples collected
from affected patients (newborn and non-newborns) had low
enzyme activities that could be clearly distinguished from
those of age-matched healthy controls, with the exception of
female patients tested for Fabry disease, for whom the enzyme
activity assay does not reliably discern heterozygosity. The
screening panel for LSDs was expanded and includes MS/MS
assays for MPS-II, MPS-IVA, and MPS-VI. The activities of
IDS, ASB, and GALNS are reported in Table 6.8.

Recently, the group of Gelb described a new 7-plex
assay by MS/MS for the mucopolysaccharidoses (MPS-I,
MPS-II, MPS-IIIB, MPS-IVA, MPS-VI, and MPS-VII) and
type 2 neuronal ceroid lipofuscinosis (LINCL) (Liu et al.
2017). Another analytical multiplex approach to NBS for
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Table 6.7 Enzyme activities from dried blood spot measured by MS/MS

Healthy newborns

Non-newborns

n = 40,000 Affected newborns n =500 Affected non-newborns  Heterozygous
Enzyme Median 0.lile 99.9ile Mean (n) Min Max Median 2.5ile 97.5ile Mean(r) Min MAX Mean(n) Min Max
ABG 9.09 2.1 40.43 1.05(7) 044 2.01 3.88 1.37  9.74 04(21) 009 1.08 - - -
ASM 5.37 .52 2134  053(1) - - 2.90 1.23  8.95 0.16(4) 004 023 - - -
GAA 13.98 357 3969 09908 02 194 579 234 13.19 06009 035 1.13 - - -
GALC 352 049  21.66 na na  na 1.84 0.59 4.70 0.08(3) 0.06 0.10 - - -
GLA 9.56 3.03 41.67 096() 0.6 151 4.15 148 9.54 0.37 (14) 0.17 0.86 2.05(17) 0.67 4.04
IDUA 10.1 247 2687 02(Q2) 0.17 0.22 5.45 232 1136 0.19@3) 006 043 - - -

GAA acid-alpha-glucosidase, ABG acid beta-glucosidase, GLA alpha-galactosidase A, GALC galactosylceramidase, /DUA alpha-L-iduronidase

Table 6.8 Enzyme activities from dried blood spot

Enzyme Control newborns (1) Patients ()

High Low High Low

Median value value Median value value

IDS 9.10 16 4.8 0.29 0.52 0.17
(75) (14)

ASB 7.40 16.9 1.4 0.12 (1) 0.12 0.12
(89)

GALNS 1.84 4.37 0.64 0.014 0.26 0.006
(30) ©

IDS iduronate 2-sulfatase, ASB N-acetylgalactosamine-6-sulfatase,
GALNS N-acetylgalactosamine-4-sulfatase

LSDs, also based on Chamoles’ fluorometric enzyme activ-
ity assays, was developed by Advanced Liquid Logic, Inc.
(ALL; now called Baebies Inc.) (Sista et al. 2011). Their
procedure has the ability to simultaneously perform up to
five different enzyme assays on a single DBS. The method
utilized minimal sample (DBS extract, 3.4 pL) and reagent
volumes that are applied on disposable cartridges for 48
samples and analyzed on a small table-top instrument. Sub-
microliter droplets of sample are moved by electrowetting on
an electrode-plate chip under a layer of oil to prevent evapo-
ration. Since 2013, the Missouri state was using the method
for the newborn screening of MPS-I, Fabry, Gaucher, and
Pompe diseases (Hopkins et al. 2015). The latest version of
this “digital microfluidics” (DMF) that include these four
diseases obtained the approval from the US FDA for its use
as a medical device in 2017.

The literature highlights the fact that either method, MS/
MS or DME, can be used for efficient LSD newborn screen-
ing. Both platforms are liable to false-positive results due
to the presence of pseudo-deficiency alleles that exhibit low
enzyme activity in an individual with no disease phenotype
and normal endogenous enzyme function. These false-
positives have complicated the implementation of LSD NBS,
especially for Pompe and Hurler diseases (Donati et al. 2018;
Chuang et al. 2018). Second-tier testing for some LSDs has
recently become available and may also be effective, espe-
cially in Pompe and MPS-I diseases (Tortorelli et al. 2018;
de Ruijter et al. 2012).
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Summary

This chapter paints a picture of a new dawn for clini-
cians and laboratory specialists in the metabolic field
that arises from the clinical application of untargeted
metabolomics. This technology offers unprecedented
opportunities to diagnose patients with inborn errors of
metabolism and to gain insight in disease mechanisms at
the molecular level. The most recent generation of untar-
geted metabolomics analyses relies on the use of high-
resolution mass spectrometry technology, which can be
successfully applied to body fluids to reveal known as
well as yet unknown IEMs in an individual patient. As
such, the technique holds the capacity to replace a large
number of current targeted diagnostic techniques.
Additionally, it can be applied for the discovery of novel

may provide further insight into the pathophysiology of
such IEMs. Typically, the analysis of a single sample
results in over 10,000 metabolite-related signals
(referred to as “features”). It requires a sophisticated
bioinformatic pipeline to extract the clinically relevant
features from the “big data” that is generated and ignore
features from diet- or medication-derived molecules.
The application of untargeted metabolomics for IEM
diagnostics has been coined next-generation metabolic
screening (NGMS). This chapter describes four different
ways of applying NGMS in the clinical diagnostic set-
ting and briefly touches on clinical indications for
requesting NGMS.

biomarkers for long-known metabolic diseases, which
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Traditionally, the laboratory diagnosis of inborn errors of
metabolism has largely relied on targeted hypothesis-driven
measurements of metabolites in body fluids. The hypothesis is

usually based on the phenotypic characteristics of the patient,

defined through deep clinical phenotyping. The biochemical

phenotype, or rather the “metabolite profile,” reflects both
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endogenous factors such as genotype(s), gene expression, the
different chemical reactions taking place in the body, as well
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as exogenous factors such as dietary habits, drug metabolism,
and products from the microbiome. The last decade has seen
the emergence of untargeted, hypothesis-free measurements
of the human metabolome in body fluids. Nuclear magnetic
resonance (NMR) spectroscopy is well-known as an untar-
geted metabolomics technique to analyze body fluids. In the
last couple of years, mass spectrometry (MS) techniques
have entered the stage of untargeted metabolomics with the
advantage of being a factor of roughly thousand times more
sensitive than NMR. Mass spectrometry with or without prior
separation techniques paves the way to an important next step
in our understanding of inborn errors of metabolism.

In this era of increasing use of whole exome sequencing
(WES) techniques, an unmet need for functional proof sup-
porting pathogenicity of unknown variants in the genomic
DNA comes forward. The metabolic laboratory may help
interpreting variants of unknown significance (VUS) found
in WES analysis when these occur in genes encoding
enzymes or transporters. The diagnostic future may be that
WES/WGS and untargeted omics techniques are applied in
parallel for patient diagnostics, which further integrates the
functional genomics and metabolic laboratories.

The aim of untargeted metabolomics is to capture the
complete metabolic profile or fingerprint in a patient’s
body fluid, including yet unknown metabolites, in order
to unravel genetically determined metabolic defects. Typi-
cally, untargeted MS-based metabolomics techniques show
more than 10,000 “features” in a single body fluid sample.
Bioinformatic and chemometric techniques are required to
reveal the relevant diagnostic features and filter out dietary-
and medication-derived signals. This is essential to find the
specific biomarkers for the metabolic derangement in the
individual patient. This approach is rather different from
classical metabolomics studies that usually describe the
comparison between a patient group and a control group.
NGMS techniques now enable the use of untargeted metabo-
lomics for diagnostics in a clinical setting. Examples from
NMR spectroscopy and untargeted MS analyses have already
been described that unravel the identity of hitherto unknown
inborn errors of metabolism or uncover novel biomarkers for
long-known metabolic diseases.

NMR-Based Metabolomics

Proton NMR spectroscopy is considered the cornerstone of
classical untargeted metabolomics. It provides an overview of
proton-containing metabolites in the micromolar and higher
concentration range. All metabolites in the NMR spectrum can
be quantitatively evaluated without the use of individual inter-
nal standards. The signal from a particular proton or group of
equivalent protons may consist of one or more peaks under the
influence of its chemical environment. These can be singlet,
doublet, triplet, quartet, and multiplet resonances. Figure 7.1a

gives the NMR spectra of lactate and alanine to illustrate that
molecules with a high degree of similarity can be observed as
separate resonances in the spectrum. The methyl groups of lac-
tate and alanine show as doublet resonances. The proton from
their methylene group gives a quartet in the spectrum.

Body fluid NMR spectroscopy can detect a vast array of
IEMs, including most organic acidurias, aminoacidurias, and
diseases in purine and pyrimidine metabolism. Figure 7.1b
shows the accumulation of dimethylglycine in dimethylgly-
cine dehydrogenase deficiency. This example also shows that
metabolites that usually are not detected in conventional tar-
geted metabolic screening techniques can also be seen in the
NMR spectrum. This has contributed to the discovery of seven
novel diseases with the use of NMR. The discovery of squa-
lene synthase deficiency may serve as the most recent example
(Coman et al. 2018). A comprehensive overview of the diagnos-
tic potential including the spectral characteristics of over 100
IEMs is available in book form and online (Engelke et al. 2014).

MS-Based Metabolomics

In the field of inborn errors of metabolism, targeted MS-based
metabolomics methods, mostly on triple quadrupole (QqQ)
instruments, have been well established in clinical diagnostics.
These targeted methods are focused at quantitative determina-
tion of a predefined set of known metabolites, such as acylcar-
nitines or purines and pyrimidines. However, to uncover yet
unknown metabolic diseases, an unbiased, holistic screening of
the metabolite profile, or metabolome, is required. Technologi-
cal innovations in high-resolution mass spectrometry (HRMS)
now allow for the simultaneous detection (and semi-quantifi-
cation) of as many individual metabolites as possible in a very
small volume of biological sample (Fig. 7.2). This ability relies
on the unprecedented mass accuracy that can be achieved by
HRMS instruments, which reaches the parts per million (ppm)
range. Based on this very accurate mass, which is up to four
digits precise, the elemental composition of a metabolite can
be deduced, which enables metabolite identification without
the need for previous knowledge on which metabolites are
expected to be present in the sample. Additionally, HRMS
methods offer high sensitivity, reaching the low nanomolar
range. These characteristics of HRMS make it a powerful tool
to identify yet unknown metabolic derangements in patients
suspected of an inborn error of metabolism.

HRMS-based metabolomics can be either performed by
direct injection into a mass spectrometer such as direct infu-
sion mass spectrometry (DI-HRMS; (Haijes et al. 2019a);
Fig. 7.2) or preceded by chromatographic separation of
metabolites on a column in liquid (LC; Fig. 7.2) or gas phase
(GCO), capillary electrophoresis (CE), or using ion mobility
(Coene et al. 2018; Tebani et al. 2018). DI-HRMS and LC-
HRMS are currently applied in clinical diagnostics for IEM
and will be discussed in more detail below.
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Fig. 7.1 Typical examples of
proton NMR spectra. (a)
NMR spectrum of chemically
similar molecules: lactate and
alanine. The doublet
resonance derives from the
methyl group protons (—-CHs)
and the quartet from the
methylene protons (-CH). (b)
The two singlet resonances in
the NMR spectrum of this
urine sample both derive from
dimethylglycine. The
increased concentration of
this metabolite is the
biomarker for the diagnosis
dimethylglycinuria

(# 605850) in this patient
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— Direct infusion mass spectrometry (DI-HRMS)

In DI-HRMS, no chromatographic separation is
performed (Fig. 7.2). Sample preparation is techni-
cally uncomplicated, and only a very small sample vol-
ume is needed (20 pL plasma, one 3 mm punch from
a dried blood spot (DBS), 10 pL cerebrospinal fluid).
Features measured through DI-HRMS contain two
dimensions of metabolite information: accurate mass
to charge ratios (m/z) and signal intensity. Subsequent
annotation and putative identification of detected
metabolites are solely based on accurate mass. As a
consequence, metabolites with an identical mass (e.g.,
leucine and isoleucine) cannot be distinguished by
DI-HRMS. DI-HRMS circumvents the need to create
an experimental library containing metabolite masses
and retention times, and no alignment of chromato-

3.75 3.50 3.25 3.00 275 ppm

graphic peaks is necessary (Haijes et al. 2019a, b; de
Sain-van der Velden et al. 2017).

Ultra high performance liquid chromatography—high-
resolution mass spectrometry based metabolomics
(UHPLC-HRMS)

By performing chromatographic separation before MS
analysis, the complex composition of a biological sample
can be reduced, as it enables sequential MS analysis of the
different metabolites (Fig. 7.2). In this way, matrix effects
on ionization efficiency are minimized. Importantly, the
retention time of a metabolite adds an additional layer of
information for metabolite identification: potential iso-
mers with similar masses can be resolved based on their
retention time, and also retention time provides insight in
general chemical properties of a metabolite. Ions or “fea-
tures” measured through UHPLC MS therefore contain
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three dimensions of metabolite information: accurate m/z,
retention time, and signal intensity. When using UHPLC-
HRMS metabolomics, a minimal volume of 150 pL of a
body fluid sample (plasma, urine or cerebrospinal fluid)
is required for a single measurement; however, the ana-
lyzing laboratory prefers to receive an amount of 500 pL
to be able to perform additional measurements or further
feature identification.

Different column types exist, which vary in their sepa-
ration performance for polar metabolites. For untargeted
metabolomics, reversed-phase (RP) chromatography can
be used, which provides optimal separation for nonpolar
and weakly polar metabolites with highly reproducible
retention times. Hydrophilic interaction liquid chroma-
tography (HILIC) may provide more optimal separation
of polar compounds.

For analysis of UHPLC-HRMS data, typical process-
ing of the raw data involves nonlinear alignment of fea-
ture peaks between the different samples in an analytical
batch. Several commercial, open-access tools are avail-
able for feature alignment, including XCMS (Forsberg
et al. 2018). This processing step results in a feature
matrix output that contains the m/z ratios, retention time,
and intensities of all features identified for each sample
analyzed in an analytical batch. This matrix can be used
as input for subsequent annotation of metabolites and sta-
tistical comparison of metabolites between patients and
controls.

Interpretation and Data Statistics

The interpretation of the features detected, whether they
come from a DI-HRMS or UHPLC-HRMS experiment,
begins with annotation of the exact feature masses to metab-
olites. The exact masses of features can be queried in open-
access databases such as HMDB or Metlin, which contain
information on metabolites matching these exact masses for
putative identification.

The initial application of untargeted metabolomics has
covered comparative analysis of predefined patient groups
to controls, both outside and inside the field of inborn errors.
The aim of this kind of experiment is to identify a metabolic
fingerprint that can make a clear distinction between the dis-
ease and control group. For comparing metabolomics data
of a disease group versus an unrelated control group, two
popular multivariate analysis methods are principal compo-
nent analysis (PCA) and partial least squares projection—dis-
criminant analysis (PLS-DA). It is beyond the scope of this
chapter to further discuss these methods.

To unlock the full clinical potential of untargeted metabolo-
mics for diagnostics in inborn errors of metabolism, however, the

focus should be on the analysis of the individual patient suspected
of a metabolic disease. Features that are significantly perturbed
in a patient sample compared to controls or other patient samples
should be identified from the data. Since untargeted metabolo-
mics methods render semi-quantitative results on feature inten-
sity, no reference concentration ranges for individual features
can be defined. Absolute intensities can vary between analytical
runs; therefore, in general, evaluation of altered metabolite con-
centrations is based on comparison to a within-run average inten-
sity. The magnitude of the feature alteration can be expressed as
fold change or Z-score. Statistical testing to assess the signifi-
cance of individual features can be performed, by a student T-test
(if data is normally distributed) or a Mann-Whitney test (no nor-
mal distribution). Since the number of univariate comparisons
made in such statistical analysis will be equal to the number of
features detected (>10,000), there will be a large number of false
positives, which is undesirable. Therefore, the p-value assigning
significance to a finding should be corrected for multiple test-
ing. Two commonly used approaches include the Bonferroni and
the False Discovery Rate corrections. Subsequently, metabolites
identified as aberrant should be further assessed for clinical rel-
evance.

Examples of Diagnostic and Research Applications
of Untargeted Metabolomics/Next-Generation
Metabolic Screening

Three consecutive steps in the diagnostic application of
untargeted metabolomics data can be recognized. As a first
step, the laboratory specialists can focus the interpretation
of the untargeted metabolomics data of an individual patient
on known biomarkers for known IEMs. In a second inter-
pretation step, candidate genes that derive from exome or
genome sequencing can be taken into account to specifically
evaluate biochemical signatures of possibly pathogenic gene
variants. In a third step, the full untargeted metabolomics
data is available to “open the metabolome.” This means that
the more than 10,000 features that typically result from a
single sample are taken into account. The laboratory will use
a strategy to prioritize relevant aberrant metabolites for fur-
ther study. The remaining list of aberrant metabolites may
contain features that seldom or never occur in controls and
features that are always present but have an abnormally high
or low concentration in the specific patient sample. These
features may represent the metabolic signature of a genetic
disease, but they also may be the result of exogenous factors
such as medication, diet, or the microbiome. A fourth appli-
cation of untargeted metabolomics in IEM is the discovery
of novel biomarkers for known diseases, which can provide
further insight in the molecular mechanism of a disease or
can predict the clinical status of the patient. The four dif-
ferent applications of untargeted metabolomics in IEMs are
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further discussed below, and specific examples of the four
applications are given.

1. Analysis of a selection of metabolites known to be
associated with IEMs (IEM panel)

Analogous to disease gene panel analysis for whole
exome sequencing data (WES), a predefined selection of
metabolites can be extracted from untargeted metabolo-
mics data as a first step in diagnostic evaluation. This
strategy minimizes the risk of missing a diagnosis because
a specific targeted assay was not performed based on clin-
ical information. This metabolite panel approach has
been shown to be successful in the diagnosis of a broad
range of known IEMs in plasma (Coene et al. 2018). For
patients with a complex, nonspecific [IEM-suspected phe-
notype, showing clinical signs of neurological dysfunc-
tion, energy deficiency, intoxication and/or aberrant
storage, a holistic metabolic screening starting with an
IEM panel analysis is highly relevant. Figure 7.3a gives
an example of the diagnosis in a patient with renal stones
due to xanthinuria.

It should be noted that at present, there is no single
metabolomics method which can cover all diagnostically
relevant metabolites in one analytical run, due to the
diverse chemical nature of different classes of metabo-
lites. The laboratory performing IEM panel analysis from
untargeted metabolomics data should be able to provide
information on which metabolites and diseases are cov-
ered (also comparable to sharing the composition of
exome panels) and should perform complementary tar-
geted assays to provide optimal metabolite coverage if
indicated based on the clinical phenotype.

2. Targeted evaluation of metabolites putatively linked
to a variant of uncertain significance (VUS) in a meta-
bolically active gene

The clinical application of whole exome sequencing
techniques generates an unmet need for functional evi-
dence on the pathogenicity of genomic DNA variants
(variants of uncertain diagnostic significance, VUS).
When these variants occur in metabolically active
genes, the untargeted metabolomics data can be mined
for the presence of a specific biochemical signature of
the variant, which can provide insight in its pathogenic-
ity (e.g., see (Haijes et al. 2019a; Coene et al. 2018; Van
Karnebeek et al. 2016; Tarailo-Graovac et al. 2016)).
This approach also prevents the need to develop sepa-
rate targeted assays to evaluate functional consequences
of VUS identified in open exome data in metabolically
active genes that have not yet been associated with
human disease. Based on combining information from
the KEGG database with the IEMbase (Lee et al. 2018),
it is estimated that over 1200 genes have a function in

human metabolism, but have not yet been linked to a
known IEM.

Additionally, upon identification of a heterozygous
variant that is known to be pathogenic for an autosomal
recessive IEM, functional information can provide the
answer whether a second variant may have been missed
in the exome data, or whether there could be allelic
expression imbalance of the pathogenic variant
(Falkenberg et al. 2017). Figure 7.3b shows an example
of a patient with a homozygous VUS in the ASPA gene in
WES analysis. The untargeted metabolomics data show
that this VUS is nonpathogenic.

To assure that a diagnostic link can be made between
metabolomics and exome data, the metabolic and genetic
laboratory should be tightly connected to discuss patient
results and integrate genetic and functional data when
reporting to the clinician.

. Unbiased analysis of untargeted metabolomics data

(‘“open the metabolome”’)

When no diagnostic leads have been found in IEM
panel analysis and clinical suspicion of an IEM remains
high, a patient’s untargeted metabolomics data can be
investigated beyond known IEM-associated metabolites,
thereby venturing into the unknown areas of the human
metabolome. This is still a challenging endeavor, as the
majority of metabolites detected in an untargeted setting
are of unknown or uncertain identity. Especially when
exome data did not render clear metabolic leads or is not
available, the diagnostic interpretation of the untargeted
metabolome can be difficult and time-consuming. A com-
bined approach of exome sequencing and MS-based
untargeted metabolomics in an individual patient is the
discovery of NANS-deficiency (Fig. 7.3c). This was the
first example of the ability of this combined approach to
find as yet unknown IEMs (Van Karnebeek et al. 2016).
To select clinically relevant metabolites and prioritize
unknown features for further identification, it is advisable
to collect at least two samples of an individual patient at
different timepoints to eliminate dietary effects on the
metabolome. Also, an accurate overview of the patient’s
medication should be provided to the laboratory perform-
ing untargeted metabolomics, as features arising from
medication can obscure the metabolomic profile. Valproic
acid, for example, is notorious for this.

. Identification of novel biomarkers for known IEMs

For the diagnosis and follow-up of therapy of an IEM,
current methods often rely on single biomarkers, usually
the substrate of the defective enzyme. This may work very
well to delineate the diagnosis; however, metabolites fur-
ther down- or upstream of the metabolic block may prove
to be more relevant when it comes to reflecting the clini-
cal signs and symptoms, as is known for neurotransmit-
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ter defects. Additionally, alternative metabolism of the
accumulating substrate may be pivotal for our understand-
ing of the pathophysiology of a disease. The untargeted
metabolomics technology may provide us with a window
of opportunity for this. Because of the holistic and highly
sensitive character of this approach, it will enable us to
simultaneously evaluate an array of relevant metabolites
from the affected pathway and from other pathways that
maybe are influenced by the defect. The paper of Vaclavik
et al. nicely illustrates this for PKU (Véclavik et al. 2018).
In a group of seven clinically stable PKU patients under
adequate treatment, six novel biomarkers for PKU were
discovered (in Fig. 7.3d the novel biomarker glutamyl-
phenylalanine, a dipeptide with m/z 295.1289, is shown
as an example) (Vaclavik et al. 2018). Such additional
metabolic disturbances that now come to light will inspire
investigators to do future studies on the pathophysiology
of PKU. Another example concerns Snyder-Robinson
syndrome (SRS). At the metabolite level, this disease was
hitherto diagnosed by analysis of the spermine/spermi-
dine ratio in lymphoblasts. Untargeted plasma metabo-
lome analysis revealed significantly elevated levels of
N8-acetylspermidine, a precursor of spermine biosyn-
thesis, as an easy plasma biomarker for SRS (Abela et al.
2016). These studies illustrate the potential of metabolo-
mics in clinical practice and research.

Features of Unknown Significance

A significant percentage of features in MS-based untargeted
metabolomics data cannot be easily identified using the exist-
ing knowledge stored in public databases like HMDB. They
are features of unknown identity. These may be “known
unknowns” that are commonly occurring in the population,
which are not clinically relevant when their concentration is
not unusual. In that case the bioinformatic pipeline may be
able to filter these out. Potentially more interesting are the
“unknown unknowns” that are specifically abundant in the
patient under investigation and not in controls. Biomarkers
of an IEM of that patient may be among them. Collectively,
the features in this latter group are coined as Features of
Unknown Significance (FUS). Further they reflect known
intermediates of primary human metabolism, metabolites
from secondary metabolism, but also metabolites from
uncharted metabolic pathways. Additionally, they may
derive from the diet, the microbiome, or the medication that
the patient uses. For the metabolic laboratories, it is therefore
of utmost importance to have the information about medi-
cation used when interpreting an untargeted metabolomics
profile. These unknowns may warrant additional strategies
to identify the metabolite behind that feature. To identify a
feature of unknown significance, the University of Alberta

offers a web-based program, “My Compound ID” (http://
mcid.chem.ualberta.ca/) that allows a user to search a query
mass to generate a list of possible matches with metabolites
in an evidence-based metabolome library. This library is
composed of 8021 known human endogenous metabolites
and their predicted metabolic products (375,809 compounds
from one metabolic reaction and 10,583,901 from two reac-
tions). If the MS/MS spectrum of the query mass ion is avail-
able, this program also allows the user to interpret the MS/
MS spectral pattern against the list of metabolite candidates
generated from the mass search to narrow down the list into
one or a few unique structures.

Currently, there are four other options that may help to
identify the so-called FUS: (1) First there are the in-source
fragments that are formed in the MS-detector from the fea-
ture at stake. (2) Multistep fragmentation techniques (so-
called MS") as used in the paper by Viclavik (Vaclavik et al.
2018). (3) NMR spectroscopy as illustrated in the paper of
van Karnebeek et al. (Van Karnebeek et al. 2016). (4) LC-
infrared ion spectroscopy as explained and shown in the
paper of Martens et al. (2018).

When more groups around the world will be using untar-
geted metabolomics techniques and start sharing their data,
the issue of the substantial amount of features that cannot be
identified will gradually diminish.

Future Perspectives and Challenges

HRMS-based untargeted metabolomics methods now offer
an unprecedented opportunity to fully dissect the human
metabolome, down to metabolites in the low nanomolar con-
centration range. Whereas the use of untargeted metabolo-
mics in diagnostic practice for IEM is currently limited to
a few clinical laboratories, we anticipate that its application
will increase exponentially in the near future. More labora-
tories will gain access to HRMS set-ups, and bioinformatics
solutions will allow for the integration of NGMS data with
WES or WGS data in a combined diagnostic report.

However, several challenges in the application of untar-
geted metabolomics in clinical practice still exist. A major
challenge is formed by the detection of features of unknown
clinical significance or even of unknown identity in the vast
amount of untargeted metabolomics data.

For building knowledge on clinical significance, many
factors need to be taken into account including genomic
variation as well as exogenous factors such as medication,
food intake, age, microbiotic composition, etc. This daunting
amount of information that we cannot judge appropriately yet
can only be addressed by recording as much information as
possible and sharing the information on these big data inter-
nationally. The multifactorial nature of the metabolome is
also partially represented in “The Virtual Metabolic Human”
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(VMH, www.vmh.life), a database capturing information on
human and gut microbial metabolism and linking this infor-
mation to diseases and nutritional data. The VMH at the time
of writing this chapter captures 5180 unique metabolites,
17,730 unique reactions, 3695 human genes, 255 Mendelian
diseases, 818 microbes, 632,685 microbial genes, and §790
food items (Noronha et al. 2019).

Public databases like the Human Metabolome Database
(HMDB) and Metlin are essential in the interpretation of
the large amount of features in the untargeted metabo-
lomics data. It will be a major effort, requiring the input
of many colleagues and laboratories, to identify all small
molecule features occurring in human body fluids. Analo-
gous to deciphering the significance of genetic variants of
unknown significance, national and international collabo-
ration in the metabolic community will be pivotal to bring
our understanding of human metabolism to the next level.
Databases such as the HMDB are a perfect vehicle to store
new metabolic knowledge and share it with the IEM and
broader scientific community. Although there is progress, it
is at the same time clear that we are far from understanding
the full complexity of the many metabolites in our body
fluids.

In addition to expanding our knowledge on interpreting the
metabolome of an individual, efforts will be directed toward
making untargeted metabolomics accessible and integrating
it smoothly in diagnostic practice. An integrated diagnostic
report of WES/WGS and metabolomics results report should
be feasible within the near future by combining the various
existing databases with genetic and metabolic information
using bioinformatics (Fig. 7.4). Despite the multifaceted
functions, untargeted metabolomics can serve in diagnos-
tics of IEMs, an important role of targeted metabolomics in
patient care will remain in the foreseeable future. MS-based
untargeted metabolomics provides semi-quantitative data.
For patients with a known disease, requiring quantitative

assessment of specific metabolites for therapy follow-up, a
dedicated quantitative analysis may be desired.
Unfortunately, no single analytical technique will be able
to reveal the complete spectrum of metabolites in body fluids
or cell extracts. The untargeted metabolomics techniques in
this chapter are not suited for holistic analysis of lipids, which
requires dedicated lipidomics techniques. Metabolic workup
of a patient traditionally relies on metabolite analysis in body
fluids. This also means that metabolites that cannot escape
the cellular surroundings will generally not be detected when
assessing plasma. Examples are phosphorylated metabolites
and again the lipids. This stresses the relevance of analyzing
the intracellular metabolome for future diagnostic purposes.
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Summary

Most inborn errors of metabolism (IEMs) have a potential
for central nervous system (CNS) injury resulting in
chronic encephalopathy. IEMs may affect CNS structures
in a manner dependent upon disorder type, stage of brain
development, severity, and/or duration. Several of the dis-
orders share a final common pathway to brain dysfunction
such as disruption of astrocyte function, excitotoxicity,
and/or energy failure.

Neuroimaging has emerged as a powerful clinical tool
to study the brain in a noninvasive manner in order to
assist in distinguishing disorders from one another,
despite very similar clinical manifestations. As there are
limited ways in which the CNS can respond to insults,
imaging manifestations are often  nonspecific.
Nonetheless, there is a striking anatomical pattern of vul-
nerability in many IEMs. Some IEMs cause reasonably
predictable disease patterns that can be suggestive or
diagnostic. Specific neuroimaging patterns of inborn met-
abolic errors are the focus of this chapter.

Introduction

It is important to alert the radiologist or neuroradiologist
whenever there is clinical concern for a metabolic abnormal-
ity affecting the CNS. The MRI armamentarium contains
numerous sequences that can be chosen to identify altera-
tions in brain structure, texture, water movement, metabo-
lism, and mineralization and to detect hemorrhage. Time
constraints limit sequence selection to only those most nec-
essary and relevant. Therefore, the provided history should
be as specific as possible to ensure that the imaging exam
will be tailored using an appropriate pulse-sequence pre-
scription most likely to determine the IEM type and/or
answer the clinical question. “New onset generalized sei-
zures and developmental regression” is an example of an
adequate history, while “encephalopathy” is more nonspe-
cific and “rule out pathology” is simply unacceptable. “Rule
out X is never appropriate in isolation, but welcomed after
explaining why x needs to be excluded. Pertinent lab values
and head circumference are useful to include in the neuroim-

aging order request in some cases. A history of prematurely
and estimated gestational age should always be disclosed as
the expected normal appearance of the brain changes over
time, especially with regard to myelination. This concept is
best captured by the idiom ‘“‘garbage in, garbage out.”
Inadequate exam indications have a higher chance of yield-
ing the unsavory phrase, “correlate clinically.”

Dominant factors influencing modality selection and
examination protocols include patient age, past medical his-
tory (especially contraindications to contrast material and/or
MRI), signs, symptoms, and the history of present illness.
Head ultrasound is often the initial imaging exam in the neo-
natal setting given its near universal access, portability, ease
of acquisition, and lack of ionizing radiation. Drawbacks of
ultrasound include a relative insensitivity and poor specificity
for brain pathology. CT excels in the detection of calcifica-
tions and hemorrhage. It can also be useful in the acute setting
to quickly identify actionable intracranial abnormalities and
when sonographic findings require clarification. However,
MRI is the reigning gold standard in the neuroimaging assess-
ment of the CNS. In addition to its ability to demonstrate mul-
tiplanar fine structural details, it exploits inherent and acquired
differences in tissue properties to reveal changes in disease
states. Therefore, the sensitivity and specificity of MRI gener-
ally exceed those of ultrasound and CT.

A typical brain MR protocol for suspected metabolic
abnormalities should include both conventional sequences
(i.e., TIWI, T2WI) and advanced imaging techniques such
as diffusion tensor imaging, perfusion, and proton magnetic
resonance spectroscopy (1H MRS). A magnetization transfer
sequence is also useful in the evaluation of leukodystrophies
to determine the type of white matter disturbance. Intravenous
gadolinium-based contrast agents (GBCAs) may be useful
when the specific diagnosis is uncertain as these add speci-
ficity to some IEMs and help exclude mimics such as infec-
tion and subacute infarction. Spine MR imaging can also be
useful in some disorders to improve diagnostic specificity.

1H MRS has great utility in the initial work-up and sub-
sequent follow-up of metabolic disturbances/disorders.
Although a nonspecific pattern (elevated choline, depressed
NAA) is common in many types of brain disease, short
echo 1H MRS (TE < 40 ms) can reveal more specific meta-
bolic signatures. Furthermore, temporal changes on subse-
quent exams can support or refute the benefit of ongoing
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therapeutic measures. A simple single voxel technique
boasts better signal-to-noise ratios and allows shorter TE
options when compared with multivoxel technique (Bluml
and Panigrahy 2013). Voxel size is a balance between sig-
nal-to-noise (SNR) and tissue specificity; ideally, it should
be as large as possible to achieve satisfactory SNR but
small enough to target the area of interest. Generally, a
2 x 2 x 2 cm voxel is used; voxels smaller than 1 cm? are
unlikely to be worthy of the acquisition time it would
require to achieve reasonable SNR. Voxel location and
echo times should be selected based on the suspected and/
or discovered disease patterns. Hemorrhage, iron, and cal-
cification hamper 1H MRS quality and impact SNR; these
should be avoided, and if unavoidable, 1H MRS should not
be performed as misleading information could be returned.
In our experience, two acquisitions using two different
echo (short and longer) are more useful and preferable to
one whenever feasible. The reasons are multifactorial, but
some notable issues relate to the fact that metabolites in
small concentrations tend to be more visible using short
echo times, metabolic peak overlap may be more or less
apparent at different echo times, J coupling and J modula-
tion are altered at different echo times, longer echo times
have less inherent noise, and metabolites have different T2
properties. We typically perform ultrashort (TE 14, TR
1500; STEAM technique), short (TE 35, TR 1500-2000;
PRESS technique), and intermediate (TE 144, TR 1500—
2000; PRESS) or long (TE 288, TR 1500-2000; PRESS)
echo time sequences. Magnetic field strength dictates the
choice of the longest echo time; because lactate detection is
unreliable at 144 ms TE at 3 T field strength, we use a
288 ms TE at 3 T instead (Lange et al. 2006).

The vast majority of inborn errors of metabolism (IEM)
have a nonspecific neuroimaging phenotype. Imaging mani-
festations often overlap among IEMs and more broadly with
other CNS diseases. This is especially true at the extremes of
the disease time course where normal exams may be found
early on and in presymptomatic individuals, and diffuse
chronic brain changes are often present in the end-stage
patient. However, some IEMs tend to be more specific, and
others can be diagnostic using MRI and/or MRS. After a
deviation from the age-expected normal appearance is recog-
nized, the next step in interpretation is to determine the dis-
ease pattern, if present, using images from all available
modalities and time points. Several imaging features raise
concern for the possibility of an IEM: symmetric abnormali-
ties in brain signal/density/echogenicity, disease patterns
atypical for ischemic and infectious insults, mixed aged
lesions, temporal variability inconsistent with the expected
evolution of a static encephalopathy, and unexpected spectro-
scopic abnormalities. Of course, the imaging results should
always be interpreted in the context of the clinical picture.
Metabolic disorders with suggestive or diagnostic neuroim-
aging appearances in the therapeutic naive state are discussed
in the following paragraphs with associated figures.

Intoxication Type Disorders/Acute Metabolic
Encephalopathy

The disorders typically defined as intoxication type share
a similar clinical presentation. Several groups of IEM
including the organic acidemias, urea cycle disorders,
and certain disorders of amino acid metabolism typically
present with acute life-threatening symptoms and a rap-
idly evolving encephalopathy. These symptoms are the
result of a toxic accumulation of metabolites in the
CNS. Symptoms may include seizures, apnea, respira-
tory distress, and lethargy progressing to coma due in
part to ensuing brain edema. While nonspecific in nature
and clinically difficult to differentiate the underlying
diagnosis, several of these diseases have characteristic
imaging patterns, some of which are illustrated below.

Maple Syrup Urine Disease (MSUD)

Neonatal encephalopathy is the most common presentation
of this aminoacidopathy. Marked, extensive brain edema is
typical, comprised of mixed subtypes: vasogenic edema in
unmyelinated white matter and intramyelinic edema in
myelinating white matter (Whitehead and Gropman 2018;
Jan et al. 2003; Sakai et al. 2005; Terek et al. 2013; Ha et al.
2004). White matter reduced diffusion is usually quite pro-
found, especially in the projectional fibers, thalami, globus
pallidus, pontocerebellar fibers, and deep cerebellar nuclei
(Whitehead and Gropman 2018; Jan et al. 2003; Ha et al.
2004; Barkovich and Patay 2019) (Fig. 8.1). Diffusion abnor-
malities may in part reflect spongiotic dysmyelination with
intramyelinic edema rather than demyelination given the
lack of magnetization transfer signal, prolonged persistence
in patients under dietary control, and the presence in pres-
ymptomatic patients (Terek et al. 2013; Ha et al. 2004; Sener
2002; Myers et al. 2012). Diffusion abnormalities in more
maturely myelinated brains may be more widespread (Sakai
et al. 2005). Milder phenotypes may show only hypomyelin-
ation and mild atrophy, T2 prolongation in the globus palli-
dus, and/or deep cerebral white matter hyperintensity
(Ishikawa et al. 1991; Li et al. 1997; Muller et al. 1993). In
adolescent and adults, extensive cerebral cortical restricted
can occur during metabolic decompensation (Jan et al. 2003).
Central spinal cord T2 prolongation has been shown in a sib-
ling pair with MSUD (Bhat et al. 2013).

MRS shows multiple enlarged macromolecular peaks
corresponding to branched chain amino acids (BCAAs),
branched chain ketoacids (BCKAs), lipid, and lactate along
with elevated choline and myoinositol and depressed
N-acetylaspartate (NAA) (Bluml and Panigrahy 2013; Jan
et al. 2003; Terek et al. 2013) (Fig. 8.1). Notably, longer echo
times improve diagnostic specificity in MSUD by eliminat-
ing the normal background macromolecular signal that can
hide BCAA/BCKA peaks (Jan et al. 2003).
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Fig.8.1 Neonatal female with maple syrup urine disease (MSUD). (a)
Parasagittal gray-scale ultrasound image of the brain shows abnormal
hyperechogenicity in the cerebral white matter, lentiform nuclei (thick
arrow), thalamus (thin arrow), and imaged cerebellum representing
edema (curved arrow). (b) Coronal gray-scale ultrasound image of the
brain shows thalamic (thick arrows), brainstem (thin arrow), and cere-
bellar (curved arrow) hyperechogenicity representing edema. (¢) Axial
T2-weighted MR image (TR/TE msec, 2500/65) through the basal gan-
glia depicts abnormal hyperintense signal in parts of the globi pallidi
(thick arrows), thalami (thin arrows), and white matter. Coronal T2WI

(TR/TE msec, 2500/65) (d) and corresponding diffusion weighted
image (TR/TE msec, 8000/84) (e) in a similar plane to (b) show signal
abnormality and reduced diffusion representing intramyelinic edema in
the basal ganglia, thalamus, and brainstem with notable involvement of
projectional fibers representing intramyelinic edema (arrows, e). Single
voxel MRS over the left basal ganglia (TR/TE msec, 1500/35) (f) and
(TR/TE msec, 1500/144) (g) reveal a broadened metabolic peak at 0.9—
1.1 ppm that inverts on the longer echo time MRS (arrows), represent-
ing branch chain amino acids/branch chain keto acids (BCAA)
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Nonketotic Hyperglycinemia (NKH)

NKH is an amino acidopathy that typically presents in the
neonatal period with encephalopathy, seizures, and hypo-
tonia. Neuroimaging features can be quite specific when
MRI and 1H MRS are obtained and interpreted in parallel.
Namely, intramyelinic edema manifested by reduced
diffusion can be seen in the myelinating fibers of the cere-
brum, cerebellum, and brainstem, with excessive hyperin-
tense signal on T2WI in the unmyelinated white matter
either representing undermyelination and/or vasogenic
edema (Whitehead and Gropman 2018; Whitehead et al.
2015; Stence et al. 2019) (Fig. 8.2). These changes occur
in similar locations as those found in maple syrup urine
disease (MSUD), but are typically much less severe and

extensive. The corpus callosum is often hypogenetic and
the total brain volume small (Whitehead and Gropman
2018; Whitehead et al. 2015; Stence et al. 2019) (Fig. 8.2).
Wei and colleagues reported a case of long tract hyperin-
tensity on T2WI spanning from the dorsal medulla into
the cervical and thoracic dorsomedial spinal cord (Wei
et al. 2011).

1H MRS reveals elevated glycine at 3.55 ppm that corre-
lates more reliably with the clinical status than plasma and
CSF glycine concentrations (Bluml and Panigrahy 2013;
Whitehead and Gropman 2018; Whitehead et al. 2015;
Heindel et al. 1993) (Fig. 8.2). It is necessary to obtain at
least one 1H MRS data point using an intermediate (i.e.,
144 ms) or long (i.e., 288 ms) echo time to remove the spec-
tral contamination of MI around 3.5 ppm.

Fig. 8.2 Neonatal female with nonketotic hyperglycinemia. (a)
Sagittal midline TIWI (TR/TE msec, 7/2) demonstrates multiple struc-
tural midline abnormalities including a thin, shortened hypogenetic cor-
pus callosum (curved arrow), marked hypoplasia of the anterior
commissure (thin arrow), hypoplasia of the septum pellucidum (star),
and mild pontine hypoplasia. (b) Axial T2ZWI (TR/TE msec, 3183/96)
at the level of the basal ganglia shows lack of normal myelination-
related hypointensity of the posterior limb of the internal capsule
(PLIC) (arrows). Axial DWI (TR/TE msec, 80,000/85) through the

basal ganglia (¢) and posterior fossa (d) shows increased signal/reduced
diffusion in the PLIC (arrows, ¢), corticospinal tracts (thick arrows, d),
central tegmental tracts (thin arrows, d), and middle cerebellar pedun-
cles/deep cerebellar white matter (curved arrows, d). Single voxel MRS
over the left basal ganglia (TR/TE msec, 1500/144) (e) and (TR/TE
msec, 1500/35) (f) reveals an abnormal metabolic peak at 3.6 ppm that
overlaps with myoinositol on the short echo MRS consistent with gly-
cine (gly). Creatine (Cr) is elevated, while choline (Cho) is mildly
depressed, altering the normal ratios of NAA, Cr, and Cho
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Methylmalonic Aciduria (MMA)

Typical presentation of metabolic acidosis and coma is not
enough to differentiate this clinically from other intoxication
disorders. In MMA, the basal ganglia are commonly affected
with or without concurrent involvement of the substantia
nigra and dentate nuclei. In particular, the globus pallidi are
involved dominantly or in isolation (Whitehead and Gropman
2018). In decompensation, reduced diffusion is present in the
basal ganglia, and chronic injury leads to regional volume
loss and hyperintense signal on T2WI with facilitated diffu-
sion (Fig. 8.3). Lactic acidosis is often shown on 1H MRS
(Bluml and Panigrahy 2013).

Glutaric Aciduria Typel

This IEM may be differentiated clinically due to movement
disorders that may present acutely and may have associated
macrocrania. On MRI, hyperintense basal ganglia signal on
T2WI with restricted diffusion sparing the thalami may be
found in acute symptomatic patients (Whitehead and
Gropman 2018; Barkovich and Patay 2019; Whitehead et al.
2015) (Fig. 8.4). Cerebral white matter hyperintensity and
cerebellar deep gray nuclear involvement may also be pres-
ent. Important structural features that help distinguish glu-
taric aciduria from other IEMs include underopercularization
and enlarged extra-axial spaces in the middle cranial fossae
(Whitehead and Gropman 2018; Barkovich and Patay 2019;
Whitehead et al. 2015) (Fig. 8.4). Progressive atrophy often
leads to development of nontraumatic subdural hemorrhage.
Glutaric acid has been found using 1H MRS, along with
reduced NAA and creatine, elevated choline, and lactate
(Bluml and Panigrahy 2013; Harting et al. 2015).

L-2-Hydroxyglutaric Aciduria

In this rare IEM, clinical symptoms overlap with those of
other intoxicating disorders. Conversely, neuroimaging fea-
tures are quite suggestive when present, as this is one of the
few disorders that manifests a centropedal cerebral lesion
severity gradient from superficial to central (Barkovich and
Patay 2019; Fourati et al. 2016) (Fig. 8.5). Thus, subcortical
precedes deep white matter involvement, and external and
extreme capsules are affected prior to the deep gray struc-
tures. Cerebellar deep gray nuclei are also quite commonly
affected (Barkovich and Patay 2019; Fourati et al. 2016). In
addition to decreased NAA and choline concentrations,
L-2-hydroxyglutaric acid elevation has been suggested on
MRS at 2.5 ppm (Fourati et al. 2016; Anghileri et al. 2016).

Urea Cycle Disorders (UCD)

Acute metabolic decompensation associated with hyperam-
monemia (HA) and intermediate metabolite toxicity causes
brain swelling, edema, and variable injury, especially in the
neonatal period and more commonly in complete proximal
urea cycle defects (Helman et al. 2014; Pacheco-Colon et al.
2013). Patients may have mild (partial deficiencies, later
onset) to severe HA (infant onset). There is a metabolic alka-
losis that can, for example, help distinguish UCD from
MMA that can have lower levels of HA. Disease patterns
may vary based on the specific enzymatic or transporter
defect, though phenotypic similarities are common among
UCD subtypes (Barkovich and Patay 2019). The most famil-
iar imaging patterns are “diffuse” and “central” with the lat-
ter isolated to the insular/peri-insular, perisylvian,
perirolandic, internal capsular, and/or basal ganglia regions

Fig.8.3 A 15-year-old female with methylmalonic aciduria. (a) Axial
T2WI (TR/TE msec, 4217/101) through the basal ganglia shows hyper-
intense globi pallidi. The corresponding T2/FLAIR sequence (TR/TE/
TI msec, 10,000/136/2200) (b) and diffusion-weighted sequence (TR/

TE msec, 9300/93) (¢) demonstrate mixed globi pallidi signal changes
with central suppression/necrosis and peripherally reduced diffusion,
representing acute on chronic metabolic injury
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Fig. 8.4 A 9-month-old female with glutaric aciduria type L. (a) Axial
T2WI (TR/TE msec, 3200/90) through the basal ganglia reveals hyper-
intense signal in the globi pallidi (arrows) and underopercularization
(brackets). (b) The corresponding axial diffusion-weighted image (TR/
TE msec, 10,000/91) shows hyperintense signal in the globi pallidi

Fig. 8.5 A 2-year-old female with L-2-hydroxyglutaric aciduria. (a)
Axial T2WI (TR/TE msec, 5347/101) at level of the basal ganglia
shows a centropedal pattern of white matter hyperintensity affecting the
superficial more than deep white matter with relative sparing of the cor-

(Barkovich and Patay 2019; Gunz et al. 2013; Takanashi
et al. 2003; Bireley et al. 2012) (Fig. 8.6). An unsolicited
imaging diagnosis can be tricky as UCD disease patterns
overlap considerably with that of the far more common
hypoxic ischemic encephalopathy (HIE) (Whitehead and
Gropman 2018; Pacheco-Colon et al. 2013).

UCD brain edema is often mixed; vasogenic (facilitated
diffusion), cytotoxic (gray matter, restricted diffusion), and/
or intramyelinic (white matter, restricted diffusion) edema
may be present depending on the imaging timing and disease
activity. Diffusion abnormalities evolve quickly toward

(small straight arrows), frontal subcortical white matter (large straight
arrows), sagittal stratum (large curved arrows), and hippocampal tails
(small curved arrows) representing reduced diffusion/white matter
intramyelinic edema and seizure-related changes in the hippocampi

pus callosum. (b) Coronal T2WI (TR/TE msec, 5347/101) redemon-
strates the centropedal pattern of white matter hyperintensity and shows
abnormal hyperintensity of the cerebral deep gray nuclei (arrows).
Ventriculomegaly reflects white matter volume loss

hyperintense signal on T1WI, representing laminar, deep
gray, and white matter necrosis with associated volume loss.
In all but the most severe cases, the thalami and brainstem
are spared, which may help distinguish it from HIE
(Whitehead and Gropman 2018; Barkovich and Patay 2019;
Pacheco-Colon et al. 2013; Bireley et al. 2012). Also, a peri-
insular and cingulate predilection can be a clue, but these
structures may also be involved in HIE as well (Whitehead
and Gropman 2018; Barkovich and Patay 2019). In distal
UCD subtypes, later onset cases, and/or milder phenotypes,
brain lesions and volume deficits tend to be less severe and
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Fig.8.6 A 10-day-old male with citrullinemia (argininosuccinate syn-
thetase deficiency). (a) Axial T2WI (TR/TE msec, 5725/78) at the level
of the basal ganglia shows cortical/subcortical temporo-insular/perisyl-
vian predominant and striatal hyperintensity consistent with edema;
note thalamic sparing. The corresponding DWI (TR/TE msec,
10,000/95) (b) shows reduced diffusion in the same regions represent-

less extensive. In these cases, DTI can reveal decreased
microstructural integrity in otherwise normal appearing
white matter (Pacheco-Colon et al. 2013; Gropman et al.
2008a, b).

1H MRS can reveal elevated brain glutamine and gluta-
mate in presymptomatic, symptomatic, convalescent, and
asymptomatic phases (Pacheco-Colon et al. 2013; Gropman
et al. 2008a, b) (Fig. 8.6). Myoinositol, an osmotic buffer, is
typically depressed prior to and is inversely correlated with
glutamine concentration (Pacheco-Colon et al. 2013;
Gropman et al. 2008a, b). Accumulated guanidinoacetate has
been shown in arginosuccinate lyase deficiency (Sijens et al.
2006). Arginine elevation has been described in arginase
deficiency (Gungor et al. 2008).

Molybdenum Cofactor Deficiency

A devastating neonatal IEM, molybdenum cofactor defi-
ciency results in massive destructive changes throughout the
cerebral white matter and deep gray structures with progres-
sion to cystic necrosis and marked volume loss (Whitehead
and Gropman 2018; Barkovich and Patay 2019; Schuierer
et al. 1995; Stence et al. 2013) (Fig. 8.7). Lesional hemor-
rhages and deep gray nuclear and/or cerebral white matter
calcifications may also be present. Widespread cortical
restricted diffusion has also been described, especially
affecting sulcal depths and leading to ulegyria (Stence et al.
2013). Changes can mimic HIE, but the pattern is less typi-
cal, often sparing the thalami, and destruction more severe in
the majority of cases. Mixed aged lesions, pontocerebellar
hypoplasia, and enlarged cisterna magna are additional fea-

ing cytotoxic and intramyelinic edema. Short echo single voxel MRS
over the left basal ganglia (TR/TE msec, 1500/35) (c) shows elevated
glutamine (Gln), glutamate (Glu), lipids (Lip), and lactate (Lac) with
reduced myoinositol (MI). Elevated alpha proton-associated metabolic
peak at 1.8 ppm confirms glutamine and glutamate elevation (Glx)

tures that favor molybdenum cofactor deficiency over
HIE. Disease onset can be either pre- or postnatal; cystic
necrosis encountered in the first week of life is most indica-
tive of a prenatal onset. MRS may show elevated lipid and
lactate in the active phase of disease (Salvan et al. 1999).

Chronic Metabolic Encephalopathies

Several of the IEMs do not typically present initially with
an acute decompensation, but rather with ongoing brain
injury in recognizable patterns. These are discussed
below.

Phenylketonuria (PKU)

Phenylketonuria, an autosomal recessive condition, is char-
acterized by deficiency in phenylalanine hydroxylase, an
essential precursor to an array of neurotransmitters, notably
dopamine which is critically involved in higher order cog-
nition. The majority of patients have extensive white matter
damage, in both untreated and early treated PKU cases.
Classic MR imaging features include posterior predomi-
nant cerebral periventricular hyperintensity on T2WI with
or without reduced diffusion, usually sparing the juxtacor-
tical white matter, cortex, brainstem, and cerebellum
(Whitehead and Gropman 2018; Anderson and Leuzzi
2010; Kono et al. 2005) (Fig. 8.8). White matter diffusion
restriction reflecting intramyelinic edema tends to occur
when plasma phenylalanine levels exceed 8.5 mg/dL (Kono
et al. 2005).
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Fig.8.7 A 3-day-old female with molybdenum cofactor deficiency. (a)
Axial T2WI (TR/TE msec, 3500/126) at the level of the basal ganglia
demonstrates frontal volume loss and heterogenous, mixed hyperin-
tense and hypointense signal in the basal ganglia and frontal white mat-
ter, right more than left, consistent with chronic sequela of prior

Fig. 8.8 A 9-year-old male with phenylketonuria (PKU). Axial T2WI
(TR/TE msec, 3350/102) (a) and corresponding DWI (TR/TE msec,
10,000/82) (b) at the level of the basal ganglia show hyperintense signal
in the paraventricular frontal and temporo-occipital tissues; in correla-

IH MRS in isolation or in combination with MRI is spe-
cific to the diagnosis when correctly performed using a spe-
cialized short-echo sequence and postprocessing to identify
the generally small phenylalanine peak at 7.3-7.4 ppm
downstream beyond the suppressed water peak (Bluml and
Panigrahy 2013). The alpha proton associated with elevated
phenylalanine can be seen at 3.8 ppm; however, there is con-
siderable overlap with other metabolites at this same location
(Sener 2003). NAA, creatine, choline, and other conven-
tional metabolites tend to be normal.

hemorrhages and infarctions with resultant cystic/necrotic encephalo-
malacia. (b) Sagittal midline T2WI (TR/TE msec, 3500/126) shows
marked thinning of the corpus callosum most pronounced anteriorly
reflecting the cerebral white matter volume loss

tion with the directionally encoded DTI color map (c), the signal
changes correspond to myelin edema in the frontal subependymal white
matter fibers (small arrows) and temporo-occipital tapetum (large
arrows), typical sites of PKU-associated intramyelinic edema

Pantothenate Kinase-Associated
Neurodegeneration (PKAN)

A form of neurodegeneration with brain iron accumulation
(NBAI), PKAN is classically known for its “eye of the tiger
sign” on MRI (Fig. 8.9). Dark iron deposition in the globus
pallidus and bright central necrosis contribute to this appear-
ance. Accelerated iron deposition is also common in the sub-
stantia nigra, while the dentate nucleus is rarely affected
(Hayflick et al. 2018). These features help distinguish PKAN
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Fig. 8.9 A 5-year-old male
with pantothenate kinase-
associated neurodegeneration
(PKAN). Axial T2WI (TR/TE
msec, 6350/97) (a) through
the basal ganglia shows globi
pallidi signal abnormality
with peripheral hypointensity
and central hyperintensity
representing accelerated iron
deposition and central
necrosis, the “eye of the tiger”
sign of PKAN (arrows). The
corresponding axial gradient
echo sequence (b) confirms
increased iron deposits with
dark susceptibility effect
(arrows)

Fig.8.10 Menkes disease in a male child performed at 3 months (a, b)
and 12 years (c) of age. (a) Axial susceptibility weighted angiography
(SWAN; TR/TE msec, 68/24) at the level of the circle of Willis shows
multiple tortuous, elongated intracranial arteries. (b) Axial T2WI (TR/

from other forms of NBAI, such as infantile neuroaxonal
dystrophy that lacks “eye of the tiger sign,” beta-propellar
protein-associated neurodegeneration (BPAN) with domi-
nant subtantia nigra involvement showing a hyperintense
“halo”, and neuroferritonopathy and aceruloplasminemia
where iron deposition is more widespread to name a few
(Hayflick et al. 2018).

TE msec, 5900/91) of the cerebrum at the level of the basal ganglia is
normal for age. (¢) Follow-up head CT at age 12 years reveals interval
development of bilateral subdural hemorrhages of varying age, marked
parenchymal atrophy, and bilateral cerebral encephalomalacia

tumefactive temporal lobe vasogenic edema is reasonably
common in the infantile period (Whitehead et al. 2015).
Progressive volume loss and subdural hemorrhages are fre-
quent features in the chronic disease stage (Manara et al.
2017a, b) (Fig. 8.10). MRS reveals lactate, reduced NAA,
and/or increased choline in some cases (Ito et al. 2011;
Munakata et al. 2005).

Menkes Disease

Deficient tissue copper results in various vascular and brain
abnormalities. Elongated, tortuous intracranial arteries have
a disorganized, spaghetti-like appearance (Whitehead et al.
2015; Manara et al. 2017a, b) (Fig. 8.10). Cerebral white
matter disease with delayed myelination and basal ganglia
lesions are characteristic (Manara et al. 2017a, b). Transient

Congenital Disorders of Glycosylation (CDG)

Reduced brain volume and variable signal changes are
common in CDG. There are now over 30 subtypes of
CDG. The prototypical subtype, CDG Type Ia, commonly
shows pontocerebellar hypoplasia and superimposed cere-
bellar volume loss with cortical hyperintensity, referred to
as the “shrunken, bright cerebellar sign” (Whitehead et al.
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Fig.8.11 A 3-year-old male with congenital disorder of glycosylation
type Ia. (a) Sagittal midline TIWI (TR/TE msec, 11/5) shows a mark-
edly small cerebellum that is shortened with widened fissures repre-
senting combined volume loss and hypoplasia. Mild pontine hypoplasia
is also present. The fourth ventricle and posterior fossa cisterna spaces

Fig.8.12 A 5-year-old
female with neuronal ceroid
lipofuscinosis. (a) Sagittal
midline TIWI (TR/TE msec,
11/5) demonstrates diffuse
moderate cerebral and
cerebellar cortical volume
loss with enlarged sulci,
cerebellar fissures, and
cisternal spaces. (b) Axial
T2WI (TR/TE msec, 4250/97)
also shows the moderate
diffuse gray matter
predominate cerebral volume
loss and relative hypointensity
of the thalami (arrows)

2015; Feraco et al. 2012) (Fig. 8.11). Vasculopathy and/or
hemorrhages may occur at some point in the disease course,
occasionally as the presenting symptom (Stefanits et al.
2014; Cohn et al. 2006). MRS shows decreased NAA,
decreased choline, increased myoinositol, and/or increased
glutamine and glutamate (Takeuchi et al. 2003; Holzbach
et al. 1995).

Neuronal Ceroid Lipofuscinosis (NCL)

This group of neurodegenerative disorders causes progres-
sive cerebral and cerebellar cortical gray matter brain vol-
ume loss and white matter signal alteration (Whitehead and
Gropman 2018) (Fig. 8.12). As with other lysosomal storage

are enlarged secondary to the rhombencephalic volume deficit. (b)
Axial T2 FLAIR image (TR/TE/TI msec, 10,000/126/2250) through
the cerebellum shows volume loss and cortical hyperintensity, the
“shrunken, bright cerebellar sign” consistent with CDGla (arrows)

disorders, thalamic hypointensity is also common, but an
often overlooked feature (Autti et al. 2007). NAA may be
decreased in keeping with neuronal loss (Bluml and
Panigrahy 2013; Whitehead and Gropman 2018).

Mucopolysacharidoses (MPS)

Concurrent brain and bone abnormalities are key diagnostic
features in MPS. Leukoencephalopathy with enlarged peri-
vascular spaces is the most common brain manifestations
(Barkovich and Patay 2019; Whitehead et al. 2015; Zafeiriou
and Batzios 2013) (Fig. 8.13). Hydrocephalus is another fre-
quent disease attribute. Dysostosis multiplex is found in the
spine, commonly with craniocervical junction abnormalities
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Fig. 8.13 A 19-year-old male with mucopolysacharidosis (Hunter
syndrome). (a) Sagittal midline TIWI (TR/TE msec, 15/7) demon-
strates skullbase and spinal hypopoplasia/dysplasia with underdevelop-
ment of the clivus, dysmorphic cervical vertebrae, and spinal/foramen
magnum stenosis. The callosal genu and body are thin with small foci
of hypointensity representing perivascular space enlargement (arrows).

and skull base dysplasia (Whitehead et al. 2015; Zafeiriou
and Batzios 2013) (Fig. 8.13). MRS may demonstrate ele-
vated myoinositol, increased glutamate, increased or
decreased choline, decreased NAA, and/or abnormal lactate
(Zafeiriou and Batzios 2013).

Mitochondprial Disorders

The mitochondrial respiratory chain disorders have a
multisystem presentation and genetic origin. The combi-
nation of any symptom, organ or tissues, compounded
with any age of presentation accounts for the challenge in
diagnosing these conditions. From a neuroimaging stand-
point, there are several hallmark features that when
taken together with the clinical history should alert one
to the possibility of these conditions. The more common
disorders with characteristic imaging features are dis-
cussed below.

Leigh Disease

Leigh disease may be caused by a mitochondrial defect in a
nuclear or mitochondrial gene and may have multiple organ
system involvement. The most common presentation is the
early infancy onset associated with severe neurodegenera-
tion with encephalopathy, seizures, blindness, and progres-
sive psychomotor regression typically resulting in death
within 2-3 years, usually due to respiratory failure (Thorburn
et al. 2003). MRI results in a distinctive brain disease charac-
terized by variable signal changes in the basal ganglia, thal-
ami, brainstem, and/or cerebellum with restricted diffusion
ultimately evolving to combination of gliosis and necrosis

Hazy hypointense signal in the brainstem represents enlarged perivas-
cular spaces. Axial T2WI (TR/TE msec, 3500/120) (b) and T2/FLAIR
sequence (TR/TE/TI msec, 8000/82/2200) (c¢) reveal multiple promi-
nent perivascular spaces in the white and deep gray matter (T2 hyperin-
tense, FLAIR hypointense) on the background of FLAIR hyperintense
white matter signal

(Whitehead and Gropman 2018; Whitehead et al. 2016)
(Fig. 8.14). Arterial spin-labeling (ASL) perfusion sequence
can show hyperperfusion in regions of active brain disease
that may correspond to small vessel proliferation described
on pathology (Whitehead et al. 2016) (Fig. 8.14). 1H MRS
demonstrates elevated lactate in many cases; however, its
absence does not exclude the disease.

MELAS Syndrome

Mitochondrial encephalopathy with lactate acidosis and
stroke-like episodes (MELAS) syndrome is typically of
childhood onset characterized by stroke-like episodes,
migraine, hearing loss, diabetes, and seizures. In those
patients that survive into the late teens and early twenties, a
severe gastroparesis is seen (Gagliardi et al. 2019).
Characteristic brain lesions involve overlapping large vascu-
lar territories that help distinguish it from a non-metabolic
thromboembolic infarction (Whitehead and Gropman 2018)
(Fig. 8.15). Posterior predominant cortical and subcortical
disease is typical, with progressive atrophy. The “black toe-
nail sign” corresponding to gyral necrosis is a common neu-
roimaging finding associated with cerebral lesions of
sufficient severity and chronicity (Whitehead et al. 2017a)
(Fig. 8.15). Abnormal T2 FLAIR hyperintensity in and along
cortical veins may predict disease severity and future devel-
opment of brain lesions (Whitehead et al. 2017b) (Fig. 8.15).
Deep gray nuclear mineralization is often present, though
these structures may be spared of significant volume loss and
focal lesions unlike in other mitochondrial diseases. MR
spectroscopy shows elevated lactate most commonly at times
of metabolic decompensation and may show reduced NAA
in the setting of neuronal loss.
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Fig. 8.14 A 2-month-old female with Leigh disease due to a TRMU
gene defect. (a) Axial T2ZWI (TR/TE msec, 3500/120) and (b) diffusion
weighted image (TR/TE msec, 8000/85) at the level of the basal ganglia
demonstrate T2 prolongation and reduced diffusion in the thalami
(arrows). (¢) The corresponding arterial spin labeling (ASL) perfusion
sequence shows thalamic hyperperfusion (arrows). (d) Sagittal midline

T2WI (TR/TE msec, 3500/156) shows hyperintense lesions in the cal-
losal body (long curved arrow), midbrain tegmentum (short curved
arrow) pontine tegmentum (long straight arrow), and central vermis
(short straight arrow). There is mild pontine hypoplasia and thinning of
the corpus callosum
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Fig. 8.15 A 19-year-old male with MELAS. Axial T2WI (TR/TE
msec, 3543/98) (a), T2 FLAIR (TR/TE/TI msec, 10,000/124/2200) (b),
and apparent diffusion coefficient map (TR/TE msec, 10,000/95) (c) at
the level of the lateral ventricles show bilateral parieto-occipital corti-
cal/subcortical hyperintensity not confined to large arterial territories

White Matter Disorders/Leukodystrophies

Leukodystrophy is one of a group of disorders character-
ized by degeneration of the white matter in the brain.
Many are of genetic etiology due to IEMs (van der Knaap
and Bugiani 2017). Leukodystrophies are often degener-
ative in nature, but some only impair white matter func-
tion. The clinical course may be static or progressive, but
may also improve with time. Progressive leukodystro-
phies are often fatal. There has been a large increase in
the number of genetically defined leukodystrophies in
recent years due to recognition of magnetic resonance
imaging patterns coupled with next-generation and
whole exome sequencing (van der Knaap and Bugiani
2017).

X-linked Adrenoleukodystrophy (X-ALD)

The prototypical leukodystrophy for which there is signifi-
cant MRI literature is X-ALD. The three recognizable clini-
cal phenotypes are childhood cerebral disease,
adrenomyeloneuropathy (AMN), and Addison disease. AMN
manifests most commonly in an individual in his twenties or
middle age with progressive lower extremity spastic weak-
ness, sphincter disturbances, sexual dysfunction, and, often,
impaired adrenocortical function. Addison disease only pres-
ents with primary adrenocortical insufficiency between age
2 years and adulthood and most commonly by age 7.5 years,
usually without neurologic abnormality (Raymond et al.
1999). All are associated with elevation of very long chain
fatty acids due to a mutation in the ABCD1 gene, which
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with partial signal suppression superficially consistent with necrosis
and the “black toenail” sign compatible with chronic MELAS-related
brain injury (curved arrows, b). Note several cortical veins show FLAIR
hyperintensity that may represent venopathy (straight arrows, b)

encodes for a peroxisomal very long chain fatty acid
transporter.

The callosal splenium is usually the earliest and most
commonly affected part of the brain in X-ALD (Barkovich
and Patay 2019) (Fig. 8.16). Lesions quickly spread to the
forceps major and, in worse cases, involve the projectional
white matter fibers extending into the brainstem along with
other brain white matter (Whitehead and Gropman 2018;
Barkovich and Patay 2019; Loes et al. 1994). Laminated
signal changes in the corpus callosum and adjacent commis-
sural fibers are common in the subacute and chronic phases,
reflecting multiple bouts of active brain disease and repre-
senting combined edema, inflammatory changes, and
destructive changes (demyelination and necrosis). Therefore,
the signal intensity is heterogenous and variable, often with
mixed restricted diffusion and facilitated diffusion and vari-
able contrast enhancement in the areas of active inflamma-
tion. Corticospinal tracts, visual, and auditory pathways are
often involved. Loes score associated with lesion location
and extent has been validated to determine brain disease
severity and transplant candidacy (Loes et al. 1994). MRS is
nonspecific, often depicting lactate, increased lipids,
decreased NAA, and elevated choline (Bluml and Panigrahy
2013). However, an NAA:Cho less than 5 has been shown to
predict clinical decline (Barkovich and Patay 2019).

Zellweger Syndrome

Another peroxisomal-based disorder, Zellweger syndrome is
a severe IEM with multisystemic manifestations. From a
neurological standpoint, there is both gray and white matter
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Fig.8.16 A 16-year-old male
with X-linked
adrenoleukodystrophy. (a)
Sagittal midline TIWI (TR/
TE msec, 8/3) demonstrates
marked hypointensity within a
mildly thinned callosal
splenium (arrow). (b) Axial
T2/FLAIR (TR/TE/TI msec,
10,000/144/2250) shows
signal abnormality in the
callosal splenium and forceps
major with partial signal
suppression in the splenium
representing chronic
demyelination/gliosis and
necrosis

involvement. Neuroimaging findings are typified by cerebral
polymicrogyria, often perisylvian predominant, caudotha-
lamic groove germinolytic cysts, and white matter hyperin-
tensity on T2WI (Whitehead et al. 2015) (Fig. 8.17).
Germinolytic cysts carry a differential diagnosis of prior ger-
minal matrix hemorrhage, TORCH infection, genetic, and
toxic/metabolic disturbances (Herini et al. 2003). Significant
hydrocephalus is unusual, unlike in the dystroglycanopa-
thies. MRS can show elevated lipids associated with hepatic
disease and decreased NAA (Bluml and Panigrahy 2013).

Aicardi-Goutieres Syndrome (AGS)

Imaging manifestations in AGS are typified by leukoencepha-
lopathy (diffuse or displaying an anteroposterior severity gra-
dient), frontotemporal white matter rarefaction, reduced brain
volume, and, importantly, parenchymal calcifications collec-
tively overlapping with the appearance of some TORCH
infections (La Piana et al. 2016; Vanderver et al. 2015)
(Fig. 8.18). Brain malformations may include dysgenesis of
the corpus callosum and/or cerebellar hypoplasia; however,
malformations of cortical development are typically absent
unlike in many cases of congenital CMV. Calcifications, a
cornerstone feature, are generally detectable using certain
gradient echo sequences; however, CT is more sensitive and
may be required if the diagnosis is suspected, but no calcifica-
tions are found using MRI (La Piana et al. 2016). Central spi-
nal cord signal hyperintensity has been described (Samanta
and Ramakrishnaiah 2019). 1H MRS demonstrates reduced
NAA and elevated MI (Robertson et al. 2004).

Krabbe Disease

There are two main age-specific neuroimaging manifesta-
tions of Krabbe disease. In the infantile period, dentate hilar
and basal ganglia signal abnormalities are present, whereas
in later onset forms, a cerebral leukodystrophy with a pos-
teroanterior (PA) and centrifugal gradient predominates
often manifesting a “tigroid” pattern of signal alteration
(Whitehead and Gropman 2018; Whitehead et al. 2015)
(Fig. 8.19). The cerebral corticospinal tracts are often
affected from the corona radiata to the cerebral peduncles.
Cauda equina and cranial nerves (especially the optic path-
way) may be thickened and show abnormal contrast
enhancement. Deep cerebral white and gray matter mineral-
ization is common; CT is useful for confirmation (Whitehead
and Gropman 2018; Whitehead et al. 2015). MRS shows
variable metabolic changes that may include elevated myo-
inositol and/or glutamate, increased or decreased choline,
decreased NAA, and/or abnormal lactate (Bluml and
Panigrahy 2013; Whitehead and Gropman 2018; Whitehead
et al. 2015).

Metachromatic Leukodystrophy (MLD)

Metachromatic leukodystrophy is an inherited disorder
characterized by the accumulation of sulfatides. Sulfatide
accumulation in myelin-producing cells causes progres-
sive destruction of white matter throughout the nervous
system, including the brain, spinal cord, and peripheral
nerves. Imaging features of MLD are similar to Krabbe in
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Fig. 8.17 Neonatal female with Zellweger syndrome. (a) Coronal
gray-scale head ultrasound shows bilateral caudothalamic groove ger-
minolytic cysts (arrows). (b) Sagittal midline T2WI (TR/TE msec,
3500/158) shows mild thinning/dysmorphia of the corpus callosum
consistent with hypogenesis/dysgenesis (arrow) and pontine hypopla-
sia. (c¢) Axial T2WI (TR/TE msec, 3500/120) through the lateral

ventricles depicts perisylvian predominant polymicrogyria (arrows).
Short echo single voxel MRS over the left basal ganglia (TR/TE msce,
1500/35) (d) shows elevated lipids (Lip) and lactate (Lac), increased
glutamine (Gln; Glx), and glutamate (Glu; Glx). NAA, Cr, and Cho
ratios are borderline but within normal range
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Fig.8.18 A 12-year-old
female with Aicardi-Goutieres
syndrome. (a) Axial T2
FLAIR (TR/TE/TI msec,
10,000/149/2200) MR image
through the lateral ventricles
shows anterior predominant
white matter signal
hyperintensity and
ventriculomegaly reflecting
cerebral volume loss. (b) The
corresponding phase map
from a susceptibility weighted
sequence (SWAN; TR/TE
msec, 38/23) shows bright
dystrophic calcifications in
the frontal subcortical white
matter (arrows)

many ways including the tigroid cerebral white matter pat-
tern, a PA and centrifugal gradient (in children), cranial
nerve and cauda equina involvement, and elevated myo-
inositol (Whitehead and Gropman 2018) (Fig. 8.20).
Dentate nuclei tend to be spared and calcifications are
absent, however.

Canavan Disease

Aspartoacylase deficiency induced dysmyelination in
Canavan disease causes diffuse spongiform thickening
of the cerebral, cerebellar, and brainstem white matter
with resultant macrocephaly in the infant brain
(McAdams et al. 1990; Brismar et al. 1990).
Neuroimaging shows swelling and widespread hyperin-
tense white matter signal on T2WI often involving the
thalami, globus pallidus, and cerebellar deep gray nuclei
with relative sparing of the striatum (McAdams et al.
1990; Brismar et al. 1990) (Fig. 8.21). Sometimes the
capsules, corpus callosum, and deep cerebellar white
matter are also spared with more pronounced subcortical
white matter involvement unlike in Krabbe and
MLD. The absence of contrast enhancement and pres-
ence of restricted diffusion thought to represent water
trapping associated with vacuolization helps distinguish
Canavan from Alexander disease (Brismar et al. 1990;
Sener 2004). Parenchymal volume loss may be present at
diagnosis or develop over time; therefore macrocephaly
is not universal (Brismar et al. 1990). MRS shows abnor-
mally accumulated/elevated NAA, characteristic to the
disease (Bluml and Panigrahy 2013) (Fig. 8.21). Milder
juvenile forms of the disease have differing imaging
changes including mild or absent leukodystrophy, stria-
tum signal changes, and lack of NAA elevation (Toft
et al. 1993; Nguyen and Ishak 2015).

tRNA Synthetase Disorders

Brain disease in tRNA synthetase disorders includes leuko-
dystrophy, hypomyelination, Leigh-like, and/or MELAS-
like patterns with metabolic strokes; lactate may be present
on MRS. AARS2, DARS2, and EARS?2 are three of the most
well-described gene defects with fairly specific imaging
manifestations. In AARS2, a deep anterior frontal and poste-
rior parietal leukodystrophy develops, relatively sparing
frontoparietal junctional tissue but involving the corticospi-
nal tracts, frontopontine, and parietooccipital pontine fibers
(Dallabona et al. 2014). DARS?2 genetic abnormalities cause
leukoencephalopathy with brainstem and spinal cord involve-
ment and lactate elevation (LBSL); the deep cerebral white
matter is involved with or without a PA severity gradient,
multiple brainstem white matter tracts are affected (cortico-
spinal, spinocerebellar, medial lemniscus, cerebellar pedun-
cles, and intraparenchymal trigeminal nerve fibers), and
spinal cord signal changes are present (Kassem et al. 2014).
In EARS2, neuroimaging patterns may include hypomyelin-
ation, deep cerebral leukodystrophy with relative periven-
tricular sparing, and Leigh-like involvement of the thalamus,
dentate nucleus, and dorsal brainstem (Steenweg et al. 2012).

Substrate Depletion Disorders

The more common disorders with substrate depletion are
discussed below.

Creatine Deficiency Syndromes

The cerebral creatine deficiency syndromes are inborn errors
of creatine metabolism that include the creatine biosynthesis
disorders, guanidinoacetate methyltransferase (GAMT) defi-
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Fig. 8.19 A 4-month-old male with Krabbe disease. (a) Sagittal mid-
line TIWI (TR/TE msec, 8/3) shows thickening of the optic chiasm
(large arrow), thickening of the medulla oblongata and hypointensity of
the pyramidal tracts (small arrow), and thickening of the upper cervical
spinal cord with abnormal hypointense signal (curved arrow). (b) Axial
T2WI (TR/TE msec, 3500/90) at the level of the corona radiata depicts
striated/tigroid deep frontoparietal white matter signal (arrows). (c)

ciency, and L-arginine:glycine amidinotransferase (AGAT or
GATM) deficiency, as well as the creatine transporter
(SLCO6AR) deficiency. All three are characterized by clinical
presentation including seizures and intellectual disability,
although behavioral difficulties such as autism spectrum and

DTI image (TR/TE msec, 10,000/92) at a slightly lower section of the
cerebrum demonstrates a posterior to anterior gradient of diffused
anisotropy with hypointense white matter. (d) Coronal T2WI (TR/TE
msec, 3500/90) through the cerebellum shows abnormally increased
signal in the dentate hila (straight arrows) and cerebellar white matter
(curved arrows)

an extrapyramidal movement disorder may be seen. Onset is
between ages 3 months and 3 years. The phenotype of
SLC6AS deficiency in affected males ranges from mild intel-
lectual disability and speech delay to significant intellectual
disability, seizures, and behavioral disorder. GAMT and
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AGAT deficiency are autosomal recessive conditions,
whereas the transport defect is an X-linked disorder (Gropman
2012). Apart from occasional periventricular white matter
signal hyperintensity, structural imaging fails to disclose sig-

nificant abnormalities. MR spectroscopy is critical for the
diagnosis and useful in follow-up by demonstrating reduced
concentration of creatine compounds at 3 and 3.9 ppm
(Whitehead and Gropman 2018) (Fig. 8.22) (Table 8.1).

Fig. 8.20 A 6-year-old female with metachromatic leukodystrophy.
(a) Sagittal midline TIWI (TR/TE msec, 8/3) demonstrates extensive
hypointense signal throughout most of the corpus callosum, sparing
peripheral most fibers and some central fibers with a stippled appear-
ance; the posterior fossa structures are normal. (b) Axial T2WI (TR/TE
msec, 3205/102) at the level of the corona radiata depicts striated/

Fig. 8.21 A 2-month-old female with Canavan disease. Axial T2WI
(TR/TE msec, 3500/10) through the basal ganglia (a) and cerebellum
(b) reveals generalized mild cerebral, cerebellar, and brainstem white
matter hyperintensity for age and subtle increased signal in the thalami
(arrows, a). (¢) Axial diffusion weighted image (TR/TE msec, 7500/61)

tigroid deep frontoparietal white matter signal. (¢) Axial diffusion
weighted image (TR/TE msec, 10,000/70) at a slightly lower section of
the cerebrum demonstrates striated and confluent deep and periventric-
ular white matter reduced diffusion consistent with intramyelinic edema

through the basal ganglia hyperintense signal of the cerebral white mat-
ter and thalami representing reduced diffusion/intramyelinic edema;
note sparing of the striatum. (d) Single voxel MRS over the left basal
ganglia (TR/TE msec, 1500/35) shows abnormal NAA elevation
(NAA), diagnostic of Canavan disease
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Fig.8.21 (continued)
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Fig.8.22 An 11-year-old male with X-linked creatine transporter defi- ~ voxel MRS over the left basal ganglia (TR/TE msec, 1500/35) shows
ciency secondary to a SLC6A8 gene defect. (a) Sagittal midline TIWI ~ marked reduction of creatine compounds (Cr) at 3 and 3.9 ppm; other
(TR/TE msec, 11/5) shows thinning of the body, isthmus, and genu of =~ metabolites including N-acetylaspartate (NAA), glutamine and gluta-
the corpus callosum representing mild posterior predominant cerebral ~ mate (GIx), choline (Cho), and myoinositol (MI) are normal

white matter volume loss without signal alterations (bracket). (b) Single
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