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Abstract Newborn screening (NBS) using tandem mass
spectrometry (MS/MS) permits detection of neonates with
Glutaric Aciduria-Type II (GA-II). We report follow-up of
positive GA-II screens by the New England Newborn
Screening Program.

Methods: 1.5 million infants were screened for GA-II
(Feb 1999–Dec 2012). Specialist consult was suggested for
infants with two or more acylcarnitine elevations suggestive
of GA-II.

Results: 82 neonates screened positive for GA-II, 21
weighing > 1.5 kg and 61 weighing � 1.5 kg. Seven (one
weighing < 1.5 kg), were confirmed with GA-II. Four of
these had the severe form (died < 1 week). The other three
have a milder form and were identified because of newborn
screening. Two (ages > 5 years) have a G-Tube in place,
had multiple hospitalizations and are slightly hypotonic.
The third infant remains asymptomatic (9 months old). Two
GA-II carriers were also identified. The remaining positive
screens were classified as false positives (FP). Six infants
(> 1.5 kg) classified as FP had limited diagnostic work-up.
Characteristics and outcomes of all specimens and neonates
with a positive screen were reviewed, and marker profiles
of the cases and FP were compared to identify characteristic
profiles.

Conclusion: In addition to the severe form of GA-II,
milder forms of GA-II and some GA-II carriers are
identified by newborn screening. Some positive screens
classified as FP may be affected with a milder form of the
disorder. Characteristic GA-II profiles, quantified as GA-II
indexes, may be utilized to predict probability of disorder
and direct urgency of intervention for positive screens.
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C4 Butyrylcarnitine
C5 Isovalerylcarnitine
C5DC Glutarylcarnitine
C5OH Hydroxyisovalerylcarnitine
C6 Hexanoylcarnitine
C8 Octonoylcarnitine
DOL Day of life
ETF Electron transfer flavoprotein
ETF-DH Electron transfer flavoprotein dehydrogenase
FAOD Fatty acid oxidation defects
FP False positive
GA-II Glutaric aciduria-type II
MADD Multiple acyl-CoA dehydrogenase deficiency
MCAD Medium chain acyl-CoA dehydrogenase

deficiency
MS/MS Tandem mass spectrometry
NBS Newborn screening
NENSP New England Newborn Screening Program
NICU Neonatal intensive care unit
OOR Out of range
SCAD Short-chain acyl-CoA dehydrogenase

deficiency
TP True positive
TPN Total parental nutrition
VLBW Very low birth weight
VLCADD Very long chain acyl-CoA dehydrogenase

deficiency

Introduction

Glutaric Aciduria Type II (GA-II; also known as multiple
acyl-CoA dehydrogenase deficiency or ethylmalonic-adipic
aciduria; OMIM 231680) is an autosomal recessive disorder
of fatty acid oxidation and amino acid metabolism (Frerman
and Goodman 2001). The underlying etiology is a
functional deficiency of the electron transport flavoprotein
(ETF, comprised of the alpha and beta subunits; ETFA,
ETFB 130410) or electron transfer flavoprotein dehydroge-
nase (ETF-DH; EC 1.5.5.1), caused by mutations in any
one of the ETFA, ETFB, or ETFDH genes (Goodman et al.
2002; Olsen et al. 2007).

GA-II can present as either a severe neonatal form with
or without congenital anomalies, or as a milder late-onset
disease (Al-Essa et al. 2000; Bohm et al. 1982; Curcoy
et al. 2003; de Visser et al. 1986; Loehr et al. 1990; Rhead
et al. 1987). Individuals with the severe neonatal form
usually present within 24–48 h after birth with severe
metabolic abnormalities (nonketotic hypoglycemia, meta-
bolic acidosis, hyperammonemia, lactic acidosis), hypoto-
nia, hepatomegaly, and cardiomegaly, and have a rapidly
fatal course. Individuals with the mild form can present at

any age with episodic illness (lethargy, vomiting, abdomi-
nal pain, hepatomegaly, cardiomegaly, rhabdomyolysis,
ataxia) and metabolic abnormalities worsened by catabolic
stress. Treatment for the severe form is ineffective.
Treatment for the milder form consists of dietary modifi-
cations and supplementation with riboflavin and carnitine
(Frerman and Goodman 2001)

In the severe form of the disease, a diagnosis can usually
be made based on characteristic urine organic acid (UOA)
and plasma acylcarnitine (PAC) profiles (Frerman and
Goodman 2001). In the milder form, characteristic bio-
chemical profiles may be exhibited only during an acute
metabolic crisis. In such cases, enzymatic analysis or
molecular studies may be required to make a definitive
diagnosis.

Tandem mass spectrometry (MS/MS) makes it feasible
to measure numerous acylcarnitines in dried blood spots
enabling screening for several fatty acid oxidation defects
(FAOD) and organic acidurias (OA) (Millington et al.
1990). GA-II is also detected by newborn screening (NBS).
We report the experience of the New England Newborn
Screening Program (NENSP) in identifying individuals at
risk for GA-II, diagnostics of the positive screens, and long-
term outcomes of confirmed cases born in MA, ME, RI,
NH, and VT (defined “region” for this report).

Methods and Population

The NENSP has been routinely analyzing acylcarnitines
and amino acid markers on NBS dried blood spot speci-
mens since 1999. Screening specimens are obtained
between 24–72 h of birth. For infants in the neonatal
intensive care units (NICU) and very low birth weight
infants (VLBW; Weight � 1.5 kg), additional specimens
are requested at 2 weeks, 1 month, and at discharge. The
laboratory procedure, as previously reported (Zytkovicz
et al. 2001), involves extraction from the dried blood spots
into a methanol solution with stable isotope-labeled internal
standards with butylation prior to analysis by MS/MS.
Measurement of C2 acylcarnitine was added in 2002.

Positive screening results wherein one or more markers
exceed a defined cutoff are communicated to the primary
care provider with recommendations for management
(which may include referral to a metabolic specialist).
Diagnostic testing is performed under the guidance of the
specialist. The NENSP and partner states track all positive
screens from the region until resolution of diagnosis (short-
term follow-up), as determined by the specialist, and tracks
confirmed cases periodically to obtain long-term follow-up
information. The final diagnosis and results of confirmatory
studies are provided to the NENSP by the specialists. The
long-term follow-up information is usually obtained from
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the metabolic specialist and occasionally from the primary
care provider. Data elements collected include date of last
specialty visit, treatment, growth parameters, episodes of
metabolic crises, biochemical abnormalities, hospitaliza-
tions, and disorder-related clinical sequelae (developmental
delays, hypotonia, cardiomyopathy). Information about
false negatives is obtained by the NENSP by surveying
metabolic specialists periodically.

Consultation with a specialist has always been recom-
mended for all positive screens with elevations of two or
more acylcarnitines suggestive of a GA-II profile, regardless
of the results of a follow-up screen (if performed). However,
contact algorithms have evolved during the study period.
Since July 2006, the NENSP has been sorting positive
screens into categories (“2006 algorithm”) based on a GA-II
Index: (1) “High Risk” for GA-II are elevations of two or
more acylcarnitines in conjunction with a GA-II Index
[C4xC5 x C8xC14]/ [C0xC3] value of � 0.005 and (2)
“Risk” for GA-II are elevations of two ormore acylcarnitines,
but GA-II Index is < 0.005. For “High Risk” results, an
urgent consultation with a specialist is recommended; for
“Risk” results a non-urgent consultation is suggested. The
NENSP does not have separate cutoff values for the
acylcarnitines at different ages, and specimens collected
beyond 30 days of life are not stratified by risk.

The cohort for this report is limited to all infants born in
the defined region and screened using MS/MS by the
NENSP from February 1, 1999, to December 31, 2012. A
retrospective review of the NENSP data was performed and
neonates with a screening profile suggestive of GA-II, in a
specimen collected within the first 30 days of life, were
identified. A “GA-II profile” is defined as an elevation of
two or more acylcarnitines associated with at least two
distinct flavin-containing acyl-CoA dehydrogenase
enzymes involved in GA-II. Among the markers screened
by the NENSP, these would include acylcarnitines from the
following groups: (i) C4, (ii) C5, (iii) C5DC, (iv) C8, C6,
C10, (v) C12, C14:1, C14. Elevations of two or more
acylcarnitines consistent with another specific disorder are
excluded; for example, elevation of C8, C6 with C10OH
would suggest medium-chain acyl-CoA dehydrogenase
deficiency (MCADD; OMIM 201450). Diagnostic and
long-term follow-up data were analyzed. Short-term and
long-term outcomes were analyzed for neonates with a
newborn screening profile suggestive of GA-II

Results

Approximately 1.5 million neonates in the cohort received
MS/MS screens. Figure 1 summarizes the characteristics
and outcomes of all specimens and neonates found to have
multiple acylcarnitine elevations with a “GA-II profile” in

at least one specimen collected within 30 days of birth. The
first out-of-range (OOR) specimen for each baby is shown,
and whether this was the “initial” specimen (all collected
24–72 h of age) or “not initial” (all collected as per routine
rescreening protocol). Of the 82 infants with a “GA-II
profile,” 21 had birth weights > 1.5 kg. In 20, the OOR
result was seen in the initial screen and only one had an
initial normal followed by and an OOR result. Sixty-one
specimens were from VLBW infants. In 11 VLBW infants,
the OOR result was seen in the initial specimen, and in the
other 50 infants on a subsequent screen. Follow-up
screening specimens were received from several neonates
after the OOR result, and their results are shown as either
normal, abnormal (if any acylcarnitine was out-of-range),
or not available. All follow-up specimens were received
within a week of the OOR result. Infants are classified as
True Positives (TP; Confirmed GA-II), Carriers, and False
Positives (FP; Not GA-II or GA-II carriers) based on the
assessment of the treating physician. The data of the FPs
were reviewed to determine the extent of their diagnostic
evaluations, and those with limited diagnostic evaluations
are shown as incomplete work-up. All confirmed GA-II
cases and carriers had an OOR GA-II profile on the initial
specimen. We are aware of no false negative newborn
screens for GA-II in the study cohort.

The clinical presentations and confirmatory studies
performed on the cases and carriers of GA-II are summar-
ized in Table 1. Table 2 shows the concentrations of
relevant acylcarnitines in all confirmed GA-II cases,
carriers, and the 12 FP neonates > 1.5 kg with an OOR
result on the initial screen.

In our cohort, a total of seven cases of GA-II and 2 GA-
II carriers were identified. Four of the seven cases had the
severe neonatal form and are deceased. Three of these infants
had malformations and a severe FAOD was clinically
suspected even before an NBS screen was obtained. In the
fourth neonate (Case 2) a metabolic disorder had not been
considered until results of NBS became available. Three of
the seven cases have a milder form of the disorder. Case 5 is
notable because the characteristic biochemical profiles were
not present in the diagnostic work-up in the neonatal period,
and GA-II was eventually confirmed in the 2nd year of life.
In this case, screening results suggesting a risk for GA-II
were reported on day of life (DOL) 6. UOA and a repeat
screen were normal. However, PACs revealed mild eleva-
tions of long-chain acylcarnitines and thus a diagnosis of
very long chain acyl-CoA dehydrogenase deficiency
(VLCAD; OMIM 201475) was entertained. Treatment in
the form of avoidance of fasting and a high-carbohydrate,
low-fat diet was initiated. The infant had several episodes of
dehydration and hypoglycemia in the first 6 months of life,
and elevations of urinary ethylmalonic acid were noted at
6 months of age. In vitro fibroblast testing for FAODs was

JIMD Reports 3



reported as “consistent” with short-chain acyl-CoA dehydro-
genase deficiency (SCAD; OMIM 201470) and the child
was diagnosed with SCAD. At 1-and-1/2 years of age, UOA
revealed a profile consistent with GA-II, eventually con-
firmed by repeat enzymatic studies. A mutation analysis was
not pursued for SCAD, and it is feasible that the child
harbors one or more alterations in the SCAD gene in
addition to the documented mutations in the ETFDH gene.
Two infants (Cases 8 and 9) were classified as GA-II
carriers, based on the results of confirmatory testing, and
remain asymptomatic.

Twelve of the 20 infants > 1.5 kg with an OOR result
on the initial screen were classified as FP. Six were FP based
on negative results of evaluations beyond initial biochemical
testing (Cases 10–15). One neonate was found to have
pathogenic alterations in one copy each of the MCAD and

VLCAD genes. MCAD and VLCAD carriers have been
detected by screening and the coincidental presence of
carrier status for both could result in the multiple acylcarni-
tine pattern seen in this case. Whether it would lead to a
clinical phenotype due to synergestic heterozygosity has not
been established, but the increased C2 acylcarnitine in NBS
suggests significant capacity for fasting and the individual
remains asymptomatic (4 years old). The other five OOR
results were attributed to non-metabolic causes such as renal
or respiratory failure. Hemolysis or jaundice was reported in
all five. The only neonate weighing > 1.5 kg who had a
normal initial screen followed by an OOR result (mild
elevations of C0, C5, C8) on a subsequent screen was on
total parenteral nutrition (TPN) at time of specimen
collection. Routine laboratory investigations and diagnostic
UOA and PAC were normal. The infant was diagnosed with

82
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Fig. 1 Characteristics and outcomes of all specimens and neonates
found to have multiple acylcarnitine elevations with a “GA-II profile”
in at least one specimen collected within 30 days of birth.
Consultation with a specialist is recommended for all out-of range
(OOR) screens with acylcarnitines suggestive of a GA-II profile,
regardless of the results of a follow-up screen (if performed). Initial

specimens were all collected at 24 to72 h of age and those shown as
“Not Initial” specimens were collected at 72 h to 30 days of age. “Not
Initial” specimens were collected as per routine rescreening protocols
and the initial screens from these neonates were in range. False
positives with limited work-up are shown as work-up incomplete.
Please see text for details
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a mitochondrial complex III deficiency (OMIM 124000) due
to pathogenic mutations in the BCS1L gene following
extensive diagnostic studies in view of severe hypotonia
and seizures since birth. Mitochondrial disease has been
reported to mimic long-chain FAODs and it is possible that a
GA-II profile could be seen in infants with mitochondrial
disease who are receiving intravenous lipids. Six infants
(Cases 16–21) had incomplete evaluation. In two of these
neonates classified as FP who had an OOR screen on initial
specimen, a repeat NBS was done but no further diagnostic
work-up was performed. In an additional 4 of these 6
neonates, molecular studies and enzymatic analyses had not
been pursued if initial biochemical testing (UOA or PAC)
was not consistent with GA-II, even when no other
condition/s was identified to explain the OOR screening
result.

A “GA-II profile”was found in the initial specimen for 11
VLBW infants, including 1 infant confirmed to have GA-II
(Case 1), and in later specimens after an initial normal screen
in 50VLBWinfants. The 60VLBWinfants other than Case 1
were classified as FP based on limited evaluation, but GA-II
was not on the differential of the treating physicians based on
the clinical picture. These 60 infants were on TPN with lipids
at the time of specimen collection. The markers most
commonly responsible for the “GA-II” profile included C5
(n ¼ 58), C8 (n ¼ 46), C4 (n ¼ 32), and C5DC (+C10OH;
n ¼ 27). Free carnitine (C0) was also elevated in 32
neonates, probably a result of carnitine supplementation.
OOR C0, C5, and C8 were the most common combination.
An elevation of C14 or the other long-chain acylcarnitines
was not found in the VLBW infants.

Table 3 shows the clinical status, outcomes, and GA-II
Index [C4xC5 x C8 x C14]/ [C0xC3] (and its z-score) on
all babies >1.5 kg with a GA-II profile on the initial
specimen. All confirmed cases (1–7) had a z-score higher
than 7 while all confirmed FP (10–15) and carriers (8–9)
had a z-score < 6. None of the VLBW infants on TPN with
incomplete work-up had an index z-score of > 2 (data not
shown). The only VLBW baby with a high GA-II index
was confirmed to have GA-II (Case 1). Three of the six FP
that have not had complete diagnostic work-up (16, 17, 21)
had a z-score > 6. One was noted to have speech delays at
6 years. The other two are apparently asymptomatic and
have no history of documented hypoglycemia at their
current ages of 8 years and 9 months.

Discussion

Seven cases of GA-II were identified in our cohort. Four
had the severe form and died within a week of life. These
neonates were symptomatic or deceased when NBS results

were reported. Although NBS was not helpful in prevent-
ing mortality associated with the severe form, it aided
clinicians in arriving at a final diagnosis, which is
extremely helpful for family counseling.

For the milder forms of GA-II, a diagnosis of GA-II
was pursued primarily because of NBS. Case 6 had
exhibited transient hypoglycemia in the neonatal period
that may have been related to GA-II, but was overlooked
because it resolved quickly with a few hours of intrave-
nous hydration. In Case 5, confirming a diagnosis of GA-II
was a challenge because the characteristic biochemical
abnormalities presented only in the second year of life,
while previous investigations had prompted a diagnosis of
SCAD. Notably all markers on the repeat NBS specimen in
this infant were in range, and normal acylcarnitine levels
during confirmation of abnormal NBS have been encoun-
tered in other FAODs (Browning et al. 2005). If active
diagnostic work-up was not being pursued in these infants, a
diagnosis of GA-II could have been easily missed or
delayed. Our report documents two infants where no
biochemical testing was pursued when a repeat NBS was
normal, thus it is feasible that some milder cases of GA-II
may be dismissed as FP.

Since riboflavin-derived cofactors are essential for the
function of the flavin-containing acyl-CoA dehydrogenase
enzymes, a maternal riboflavin deficiency can present
with a biochemical and clinical phenotype similar to
GA-II (Chiong et al. 2007). No cases of maternal
riboflavin deficiency were identified in the cohort of this
report; however, the maternal riboflavin status was studied
in only a subset (6 of 21 of neonates > 1.5 kg) of positive
screens.

A comparison of the confirmed TP with the confirmed
FP (Table 2) shows that in addition to the elevations of the
expected markers in varying degrees, the severe forms of
GA-II have decreased levels of Free carnitine (C0),
acetylcarnitine (C2), propionylcarnitine (C3), and hydrox-
yisovalerylcarnitine (C5OH). Low C0 concentrations are
expected to be a secondary deficiency, and have been
previously reported (Di Donato et al. 1986). We have
observed lower C2 and C3 concentrations in other long-
chain FAODs also and are not completely unexpected. The
production of acetyl-CoA and thereby its carnitine conju-
gate (C2) is impaired in FAODs and probably accounts for
the lower C2 concentrations. Similarly, it is likely that a
large portion of the propionyl-CoA and its carnitine
conjugate (C3) in neonates comes from beta-oxidation of
odd chain fatty acids, and thus the lower C3 concentrations
observed in the severe FAOD. We had observed lower
concentrations of C5OH in isovaleric acidemia previously
(Sahai 2011). We hypothesized that while it is known that
the accumulated 3-methylcrotonyl-CoA is reversibly
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converted to 3-hydroxisoyvaleryl-CoA and thereby results
in increased concentrations of its carnitine conjugates
(C5OH) in 3-methylcrotonyl-CoA carboxylase deficiency
(Van Hove et al. 1995), a reverse situation is also feasible;
that is, the impaired conversion of isovaleryl-CoA to
3-methylcrotonyl-CoA due to the isovaleryl-CoA dehydro-
genase deficiency in isovaleric acidemia (and GA-II) results
in lower concentrations of 3-methylcrotonyl-CoA and
consequently lower concentrations of 3-hydroxisoyvaleryl-
CoA and its carnitine conjugates (C5OH). Based on these
observations, the NENSP utilizes an index [C4xC5 x C8 x
C14]/ [C0xC3] as a quantitative measure to reflect a GA-II
profile; a higher value suggests a higher probability of the
disorder.

The fact that three out of six of the cases highlighted in
Table 3 who had not had complete diagnostic work-up had
Index z-scores > 6 opens the possibility that some of these
individuals are mild cases, carriers, or that the OOR screen
was due to a maternal riboflavin deficiency. Sixty-one
specimens with a “GA-II profile” were from VLBW infants,
but one VLBW infant was confirmed to have GA-II,
thus positive screens from VLBW infants cannot be ignored.
Our data suggests that quantitative indexes (similar to
our GA-II index) could predict risk even in this complex
subset.

We propose categorizing screening results with eleva-
tions of multiple acylcarnitine species into those at “High
Risk” and those at a lower “”Risk” for GA-II based on a
GA-II Index in conjunction with the magnitude of the
acylcarnitine concentrations. In neonates with a “High
Risk” NBS, enzymatic or molecular studies need to be
pursued if a diagnosis cannot be conclusively established
by the initial biochemical investigations (organic acids and
acylcarnitines). The algorithms available through ACMG
considers elevations of C4 and C5 (+/� other acylcarni-
tines), a profile commonly seen in neonates on TPN, as at
risk for GA-II and recommends biochemical testing, and if
initial biochemical testing is normal, molecular or enzy-
matic testing is considered optional. The GA-II indexes and
categorizations shown help refine the GA-II profile and
provide better risk assessment to direct urgency of
intervention and need for enzymatic molecular studies
when faced with normal initial biochemical investigations
in positive screens.
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Abstract In the past 50 years, newborn screening (NBS)
has grown significantly in the breadth of screening
programs and the number of conditions tested for each
baby. The adaptation of tandem mass spectrometry (MS/
MS) technology to detect inherited metabolic diseases is
arguably one of the most impactful advancements in NBS
testing. The addition of new conditions to the screening
panel and the rarity of these conditions pose challenges for
NBS program development, improvement, and evaluation.
The Region 4 Stork (R4S) project is an international
collaborative NBS database and a resource for programs
across the world to overcome these challenges. By pooling
true-positive case and laboratory testing data, the R4S
database provides insight into complex MS/MS profiles for
these rare conditions. The Washington State NBS Program
is integrating aspects of the R4S web application and
utilizing R4S resources to examine current protocols,
identify improvements, implement changes, and review
outcomes. Washington uses R4S resources to choose
informative analytes and evaluate cutoffs. The program
also examines the performance of R4S tools that are
designed to aid in evaluating a baby’s MS/MS screening
results. This article documents these efforts in utilizing a
subset of the R4S tools to improve their program,
demonstrating the flexibility of the application. Other
NBS programs can use the knowledge Washington has
gained to strengthen their ability to correctly identify babies

with metabolic disorders and mitigate the impact of
screening on babies and their families.

Introduction

The year 2013 marks the 50th anniversary of newborn
screening (NBS), which began with the screening of
phenylketonuria (PKU) in two US states. Since its
inception, NBS has progressed and expanded, and is hailed
as one of the greatest achievements in public health. Over
the past 50 years, NBS has been implemented across most
of the world and all babies born in the USA and in many
other countries are now screened at birth for numerous
dangerous or life threatening conditions. The adaptation of
tandem mass spectrometry (MS/MS) to newborn screening
during the 1990s allows NBS labs to screen for multiple
amino acid, fatty acid, and organic acid metabolism
disorders from one dried blood spot punch. Conditions on
the MS/MS newborn screening panel are very rare, and for
many of them, a NBS program may only see one true-
positive case every few years. The rarity of true cases poses
challenges for program development, improvement, and
evaluation, particularly for smaller NBS programs. The
Region 4 Stork (R4S) project was initiated in 2005 to pool
information and generate data for NBS programs to
improve MS/MS screening by (a) achieving uniformity of
MS/MS testing panels, (b) improving analytical perfor-
mance, and (c) reducing false-positive and false-negative
screening results (McHugh et al. 2011). The project was
initiated by the Region 4 Genetics Collaborative and funded
through grants from the federal Health Resources and
Services Administration (http://www.region4genetics.org/).
In 2008 the R4S website was launched, allowing participant
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NBS programs to upload information into the database and
have live up-to-date access to a number of helpful screening
tools developed by the R4S project utilizing the collabora-
tive data. The R4S website was recently described in detail
(McHugh et al. 2011). As of May 2013, the database
contains NBS results for over 15,000 true-positive cases
from 49 US states and 42 countries (https://www.nbstrn.
org/research-tools/lab-performance-database). An average
of five new cases are added to R4S every day; this is more
true-positive cases than some NBS programs will find in a
year. By compiling case data and laboratory results from
across the world, the database provides insight into the
complex MS/MS profiles for the rare conditions on the
NBS panel. The comprehensive R4S website can be used
by NBS programs to examine condition profiles, identify
informative markers, examine site-specific cutoffs, and
improve test sensitivity and specificity using the R4S-
generated tools. R4S contains a multitude of tools that can
be customized and applied in hundreds of ways to NBS
programs. The Washington State (WA) NBS Program
participated in the website training program and continues
to actively contribute to the R4S database. This article
highlights the specific ways by which WA NBS has
employed R4S functions to strengthen screening
operations.

Washington Newborn Screening

In the Washington State Newborn Screening Program, the
laboratory and follow-up teams reside in the same building,
in a single administrative unit and work together to develop
screening methods for each condition on the required panel.
It is the responsibility of the follow-up team to review and
evaluate screening algorithms for continual program
improvement. The team stays abreast of new techniques
and advancements in the screening community and several
staff members participated in the training program for R4S
hosted by the Region 4 Genetics Collaborative. The
weeklong course reviewed the R4S database and taught
users how to use the R4S website and tools. The WA NBS
program has taken the knowledge gained in this course and
applied many of the site functions in program evaluation
and improvement efforts.

Across the world, NBS programs differ on screening
procedures, cutoff algorithms, and condition panels. In
Washington State, the State Board of Health is the
governing body which oversees the screening panel and
determines which conditions are required for screening
based on five criteria: (1) prevention potential and medical
rationale, (2) treatment availability, (3) public health
rationale, (4) available technology, and (5) cost-benefit/
cost-effectiveness. In 2008, Washington underwent a

rigorous NBS advisory committee review with the State
Board of Health to expand the panel using MS/MS
technology. Currently, Washington is screening for 27 of
the conditions on the US federal government’s Recom-
mended Uniform Screening Panel (RUSP); 19 of these are
tested using MS/MS technology. This is not an extensive
panel of conditions detectable through MS/MS screening,
and in order to limit incidental findings (conditions not
approved by the State Board of Health), MS/MS testing is
done using multiple reaction monitoring (MRM) which
only measures specific analytes defined by the user. This
differs from many NBS labs that use a full MS/MS scan
which measures all analytes within a specified range,
resulting in identification of many disorders that are not
on Washington’s panel. In 2008, the analytes selected for
the MS/MS panel were determined using information
available at the time from R4S and other laboratories. With
the progression of the R4S database as a resource of true-
positive cases and their associated laboratory findings, the
profiles of these rare conditions are now better understood.

Analyte Selection and Review

With the limitations of MRM, it is critical that each
analyte provide useful information. The tools within R4S
provide a quick and easy way to identify informative
markers (analytes and analyte ratios) for all the NBS
conditions. The best screening markers are out of range in
the affected population and normal in the unaffected
population, with good separation between the two. Rarely
does this happen for any screening test, and for most
conditions, a combination of markers is used to help tease
out the differences between these two populations. Using
the R4S tools, the MS/MS panel in WA can be reviewed
and modified as necessary to ensure its full potential to
identify the required conditions. This can be done quickly
and efficiently.

To optimize the MS/MS panel, WA NBS needed to
identify the most informative markers for each condition on
the panel. This was done using two of the R4S Project
Tools, one which examines analytes by condition and one
which examines conditions by analytes. The first tool,
called Plots by Condition, generates box plots of the disease
and normal ranges for markers associated with a specific
condition. This can be done for all acylcarnitines, acylcar-
nitine ratios, amino acids, and amino acid ratios measured
by MS/MS. Plots can be filtered to view only those analytes
considered informative for a particular condition (catego-
rized by the median of the affected population being outside
the 90th percentile of the unaffected population). Markers
where there is no overlap between the two populations are
the most informative and likely have clinical utility for
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interpretation of screening results. Individual plots can be
produced for every condition in the R4S database. The
Plots by Condition tool can quickly identify markers that
should be included on the MS/MS MRM panel.

Conversely, a tool called Plot by Marker (available for
every marker) generates box plots of the disease and normal
ranges for conditions associated with a specific marker. A
marker is considered informative for a condition if the
median of the affected population is outside the normal
range. Conditions where the marker is most informative
have no overlap between the two populations. Once again,
these plots quickly identify conditions in which the marker
is out of range and users can easily identify the potential
influence of each additional analyte or analyte ratio. The
information from R4S can be used to identify the markers
which will make the most impact and limit incidental
findings for programs using MRM. Washington undertook
a careful review, comparing the current MS/MS panel with
the identified informative markers. The review resulted in
the addition of nine new analytes and nine new ratios,
impacting nine conditions on the screening panel. Twelve
of the 18 new markers had no or very little overlap between
the affected and unaffected populations.

Cutoff Determinations

The addition of new conditions to a screening panel can be
a long and arduous process. Often there is only limited
knowledge of the natural progression of the disease, and
data for disease and normal ranges may be based on only a
small nonrepresentative population. In the past, Washington
has mainly used experiences from other programs when
determining initial cutoff algorithms for new screening
tests. When the expansion of MS/MS screening occurred in
2008, preliminary R4S data assisted in cutoff determina-
tions. Now, R4S has a variety of tools that can be used to
review, compare, and improve cutoffs. The Analyte
Comparison tool visually displays the disease and normal
ranges and cutoff values from all participants for individual
analytes. The users can quickly compare their normal range
and cutoffs to those of other programs. They can also see if
their cutoff value is within a recommended target range and
if it overlaps the normal range of their population. This tool
has been helpful in evaluating the cutoffs historically used
in Washington.

The Normal Percentiles Comparison tool can be used to
compare program normal ranges to those in the database,
identifying analytes in which they differ from the R4S
population. Differences may be attributable to testing
methods, population, or errors in data. If program-specific
normal ranges differ vastly from the R4S population,
recommended cutoff ranges may not be appropriate for

that particular analyte. If the normal ranges are comparable,
a Score Card provides recommended cutoff values, with
percentiles for the normal population, participant cutoffs,
and true-positive disease ranges. The user can then choose a
cutoff value using the available percentile ranges. In
Washington, cutoffs are reviewed periodically using these
tools to evaluate their effectiveness. For the 18 new
analytes and ratios where Washington-specific normal
ranges were not available, initial cutoffs were chosen using
the target range from the Score Card. After normal range
data can be collected, temporary cutoffs will be reviewed to
ensure they are appropriate for the Washington population.
R4S provides a robust data set to support decisions made in
program review of cutoffs and the addition of new analytes
to a screening panel.

Post-Analytical Tools

It is well known in the screening community that using
cutoffs is not a perfect method for detecting conditions; there
is an art to the science of balancing false-positives and false-
negatives. Programs try to mitigate errors by using multiple
markers, demographics, and clinical information to make
determinations on screening results. R4S has developed
Post-Analytical (PA) tools to assist programs in making
these decisions, and in the case of Minnesota’s MS/MS
panel, to eliminate cutoffs all together (Rinaldo 2013). A
recent paper documents how the PA tools use multivariate
pattern-recognition software to create case scores based on
the MS/MS results uploaded into R4S, in particular the
degree of overlap of informative analytes (Marquardt et al.
2012). As with many other programs, Washington is uneasy
with eliminating cutoff algorithms, but is interested in
finding ways to integrate the PA tools into the program
as an additional resource in the evaluation of test results.
A plan was developed to use the PA tools in parallel with
the current cutoff scheme and regard them as a guide
in decision-making processes. NBS programs may find
the Tool Runner to be most effective because it can
process batched NBS data directly from the MS/MS
instruments, generating hundreds of scores instantly.
Washington NBS is not routinely using this tool due to
some logistical challenges but would like to increase its
usage in the future.

Currently, WA NBS routinely uses the All Condition
tool. Screening data is uploaded directly into the application
and the All Condition tool runs every One Condition PA
tool simultaneously. It then outputs an overview of each PA
tool that has a summary of tools with informative results.
Each One Condition tool contains useful information
specific to that condition, including normal percentiles,
disease ranges, and percent of overlap between the two.
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The data is also provided in graphical form which is
instantly helpful as the user can visually compare case
analyte values against the normal and disease ranges. There
is also a clear visual categorization of the informative
markers. To assist in interpretation, each tool is pro-
grammed to generate a Case Score. These scores can be
compared to other true-positive cases both in a Percentile
Rank and in a graphical presentation. Interpretation Guide-
lines categorize the Case Scores into not informative,
possibly disease, likely disease, and very likely disease
using percentile distributions of true-positive cases. The
Case Score interpretation is intended to provide guidance
for follow-up programs. Some Case Score interpretations
recommend further screening tests that are not available in
most programs. These programs must decide how to
proceed without the additional information provided by
the recommended tests. For states with routine second
screens, like Washington, the decision process may be even
more complex. The question many programs ask is how do
these Case Score interpretations translate into their popula-
tion? What does very likely mean? Does every very likely
translate into a true-positive case? Does every true-positive
receive a score of very likely? Are some tools better than
others at predicting the outcome? Washington NBS is
collecting data to help answer these questions. Every
abnormal specimen is run through the All Condition tool
and the Case Score, Percentile Rank, and Interpretation are
recorded for each one.

The PA tools have been run hundreds of times in
Washington over the past few years, but the number of true-
positive cases with MS/MS data available is relatively small
for some conditions, inhibiting conclusive answers to the
questions above. However, preliminary numbers are
providing insight into the utility of some of the PA tools.
In R4S, there are four One Condition tools where
propionylcarnitine (C3) is considered the primary marker:
(1) propionic acidemia (PROP), (2) methylmalonic acidemia-
mutase or Cobalamin A and B deficiencies (MUT/Cbl A,B),
(3) methylmalonic acidemia-Cobalamin C and D deficien-
cies (Cbl C,D), and (4) maternal Vitamin B12 deficiency
(B12 Def (mat)). Table 1 depicts the distribution of Case
Score interpretations for all specimens in Washington
where the C3 was considered abnormal on the first screen
and the baby was referred for diagnostic testing. Table 1
also includes the positive predictive value (PPV) of One
Condition tool interpretations. The PPV of a very likely
interpretation varied across the PA tools (28–100%), with
the PROP tool having 100% PPV, but including only two
cases. All true-positive C3 cases received an interpretation
of very likely, with two exceptions. One received an
interpretation of possibly; however, this was a case of
maternal Vitamin B12 deficiency, which is considered an
incidental finding of NBS. The other exception was an

uncommon presentation of mild propionic acidemia: the
baby was 6 months old when finally diagnosed, he was
asymptomatic and only treated briefly. When combining
very likely, likely, and possibly interpretations compared to a
not informative interpretation, the PPV becomes more
consistent across the different PA tools, ranging from 21%
to 33%. If all four PA tools are combined, the sensitivity is
94% and the PPV is 25%. Determining the PPV for MS/MS
analytes will allow NBS follow-up to provide this informa-
tion at the time of referral and give the families a better idea
of the likelihood that their baby is affected.

The Dual Scatter Plot PA tools can also be valuable
assets to NBS programs. These tools compare two One
Condition PA tools to determine if the profile is more
consistent with one condition or the other. These can be
used to separate serious conditions from heterozygotes (het)
and milder forms of the condition. For example, the Dual
Scatter Plot Guidelines for the VLCAD vs VLCAD(het)
tool are: VLCAD, VLCAD(het), neither, or not informative
(meaning it could be either VLCAD deficiency or a
VLCAD carrier). Data in Table 2 are for commonly used
Dual Scatter Plots in Washington where specimens were
abnormal on the first NBS and diagnostic testing was
performed. The preliminary data for the Dual Scatter Plot
tools show that when disease status was predicted (VLCAD,
MCAD, or PKU) the tool was correct 100% of the time.
However, not every true-positive case was as clear: some
received scores in the uninformative category indicating
the tool could not distinguish between the condition on the
NBS panel and the heterozygous or mild state. Over the
past few years, Washington has experienced some difficulty
with C14:1 having a high false-positive rate for VLCAD
deficiency: in the past year, there have been 51 babies with
elevated C14:1 on the first screen. Forty-six of these had a
C14:1 value under 1.0 (approximately 80% of babies with
VLCAD have a C14:1 value greater than 1.0 on the NBS).
Washington found that the vast majority of babies being
referred were either VLCAD carriers or false-positive
newborn screens (VLCAD and VCLAD carriers are
diagnosed by DNA sequencing). In order to reduce the
amount of unnecessary diagnostic testing, WA NBS has
piloted a procedure using the VLCAD vs VLCAD(het)
Dual Scatter Plot tool. When NBS results show an elevated
C14:1 that is less than 1.0 with one or more secondary
ratios in the normal range, specimens are run through the
VLCAD vs VLCAD(het) Dual Scatter Plot tool. If the
results are clearly in the VLCAD(het) range, the baby is not
referred for diagnostic testing and a second NBS is
requested. If the tool predicts either VLCAD or not
informative, the baby is referred for diagnostic testing.
There was only one true-positive mild VLCAD case where
the Dual Scatter Plot indicated the results were not
informative. Since the implementation of this protocol, 28
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Table 1 Region 4 Stork (R4S) Case Score interpretations and positive predictive values (PPV) for babies in Washington State with elevated
propionylcarnitine (C3) on the first newborn screen and diagnostic testing outcomes

Interpretation Diagnostic outcome (n) PPV (%)

PROP tool True-positive Normal

Very likely 2 0 100

Possibly 0 4 0

Not informative 1 12 -

MUT/Cbl A,B tool

Very likely 5 8 39

Likely 0 7 0

Possibly 0 1 0

Cbl C,D tool

Very likely 3 5 38

Likely 0 5 0

Possibly 0 4 0

Not informative 0 2 -

B12 Def (mat) tool

Very Likely 5 13 28

Likely 0 2 0

Possibly 1 1 50

All C3 PA tools True-positive Normal

Very likely 15 26 37

Likely 0 14 0

Possibly 1 7 13

Not informative 1 14 -

PROP: propionic acidemia, MUT/Cbl A,B: methylmalonic acidemia (mutase or Cobalamin A and B deficiencies), Cbl C,D: methylmalonic
acidemia (Cobalamin C and D deficiencies), B12 Def (mat): maternal Vitamin B12 deficiency

Table 2 Region 4 Stork (R4S) Dual Scatter Plot interpretations for babies in Washington State with abnormal results on the first newborn screen
and diagnostic testing outcomes

Interpretations Diagnostic outcome (n)

VLCAD vs VLCAD(het) tool VLCAD VLCAD(het) Normal

VLCAD 1 0 0

VLCAD(het) 0 3 5

Not informative* 1 10 1

Neither 0 0 2

MCAD vs MCAD(het) tool MCAD MCAD(het) Normal

MCAD 3 0 0

MCAD(het) 0 0 1

PKU vs H-Phe tool PKU H-Phe Normal

PKU 1 0 0

Not informative** 3 4 0

very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency vs very long-chain acyl-CoA dehydrogenase (VLCAD) heterozygote (het),
medium-chain acyl-CoA dehydrogenase (MCAD) deficiency vs medium-chain acyl-CoA dehydrogenase (MCAD) heterozygote (het),
pheylketonuria (PKU) vs hyperphenylalaninemia (H-Phe)

*Could be either VLCAD or VLCAD (het)

**Could be either PKU or H-Phe
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babies and their families have avoided the fiscal and
emotional expense of a diagnostic referral for VLCAD.
These Dual Scatter Plot tools provide an opportunity for
programs to adjust cutoffs to reduce false-positives, and to
improve the PPV of their screens.

Limitations

While Washington has found many aspects of the R4S web
application useful in program evaluation and improvement,
there are some limitations to its utility. Currently there is no
definition of a true-positive case: each participant uses
different clinical measures to determine if a case is a true-
positive newborn screen or not. Fortunately, every case that is
uploaded into the system is reviewed by the curators for
extreme values in an effort to reduce skewing of the results.
With the pooling of data and the exclusion of outliers,
misclassified results should have little effect on the tools and
outcomes.

Some limitations only apply to a subset of the screening
community. The MS/MS Portal is only validated for speci-
mens less than 10 days of age at collection, indicating the tools
may not be as useful for programs with routine second
specimens collected outside the 10-day window, or for the
NICU population (which generally receives three routine
newborn screens in the USA). R4S has developed a second
portal called MS/MS[2] in an effort to capture data specific to
specimens collected at an older age. The R4S system was
designed so that users can request portals, such as MS/MS[2],
add conditions or ratios, and build their own PA tools. With
only five participants and less than 400 true-positive cases, the
MS/MS[2] Portal does not yet have the level of participation
of the MS/MS Portal, but Washington plans to collaborate
with other two-screen NBS programs to increase the utility of
MS/MS[2].

Finally, there are limitations to the data available in
Washington. The small number of true-positive cases is a
barrier to complete validation of the PA tools available in
R4S. Following the example set by R4S, collaboration with
other NBS programs would increase the power of the
validation study started in Washington, providing an
opportunity to reach evidence-based conclusions on the
utility of the Post-Analytical tools in a live NBS program.

Conclusion

Washington will continue to explore the integration of R4S
into its screening program and is happy to serve as a
resource for other programs who hope to do the same.

When faced with the reality of screening for rare and deadly
disorders in a climate where funding is scarce and public
perception can be easily swayed, it is paramount for NBS
programs to utilize available resources to ensure screening
is performed quickly, efficiently, and reliably. R4S is a
shining example of how teamwork within the screening
community can provide improved outcomes for newborns
across the globe. Not all of the R4S tools will be applicable
to every NBS program; Washington State’s experience
using the tools to choose informative analytes, evaluate
cutoffs, and collect longitudinal data on performance of the
PA tools demonstrates that using a subset of individual R4S
tools can strengthen a program’s ability to correctly identify
babies with metabolic disorders and mitigate the impact of
screening on babies and their families.

Synopsis

Newborn screening programs can integrate tools from the
Region 4 Stork (R4S) collaborative database to evaluate
current protocols, identify improvements, and review out-
comes of implemented changes. The power of a large pool
of data for rare conditions makes R4S an excellent resource
for newborn screening programs.
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Abstract We report a case of false-positive metabolic
screening for isovaleric acidemia in a newborn due to
treatment of the mother with pivalic acid containing
antibiotics before delivery. By using a recently established
second-tier test based on the tandem-MS technique, we
could identify pivalic acid in a dried blood sample taken
during routine neonatal screening. Before this second-tier
test was initiated, diverse analytical procedures were
performed in the baby to rule out isovaleric acidemia
and carnitine supplementation was started. This caused
additional psychological burden to the family. The direct
use of the second-tier test would have avoided these
negative consequences of a false-positive screening result.

Introduction

Electrospray ionization tandem mass spectrometry is used as
a standard method for newborn mass screening of inborn
errors of metabolism worldwide. Isovaleric acidemia (IVA) is

a target disease of the current newborn screening program in
Germany with an incidence of 1–1.5 per 100,000 screened
newborns (own observation and Ensenauer et al. (2011);
Smith and Matern (2010); McHugh et al. (2011)). IVA has a
spectrum of biochemical and clinical phenotypes, including
an attenuated form that makes clinical diagnosis difficult
and may be associated with only mild elevation of
isovalerylcarnitine in newborn screening.

A known cause of false-positive testing for IVA is the
presence of the isomer pivalic acid in the dried blood spots.
The established newborn mass screening method is not
suited to separate isomers. Antibiotics given to the mother
before delivery are a common source of the C5 isoform
pivalic acid (Abdenur et al. 1998). Pivampicillin is hydro-
lyzed to pivalic acid after absorption (Melegh et al. 1987).

False-positive results have to be avoided whenever possible
as they will cause a considerable psychological burden to the
family. Furthermore, they give rise to unwarranted follow-up
procedures that are invasive and sometimes even require
hospital admission (Smith and Matern 2010; Hewlett and
Waisbren 2006; Fyr€o and Bodegård 1987; Lipstein et al.
2009).

We report a case of false-positive metabolic screening
for IVA in a newborn due to treatment of the mother with
antibiotics before delivery, which resulted in pivalic acid
production. By using a recently established second-tier test
based on the tandem-MS technique (Janzen et al. 2013), we
could identify pivalic acid in a dried blood sample taken
during routine neonatal screening. Second-tier tests are not
uncommon in newborn screening to identify false-positive
results, for example in tyrosinemia type I (Sander et al.
2006).
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Case Report

The patient is the first child of non-consanguineous healthy
parents. After an uncomplicated pregnancy, the child was
born via caesarean section at 36 weeks of gestation during a
family holiday in Denmark. Because of early rupture of
membranes, the mother received an antibiotic treatment
with six doses of Pondocilline® (à 500 mg pivampicillin)
and metronidazole (à 500 mg). The treatment was stopped
immediately after delivery.

Delivery was uncomplicated, and cardiorespiratory adap-
tation of the child was fine. The child was breastfed,
supplemented with formula milk. A first newborn screening
for inborn errors of metabolism was carried out in Denmark
at the age of 3 days with normal results. IVA is not included
in the standard Danish neonatal screening program.
A second screening test was performed by the local German
pediatrician on day 5, as he wanted to offer the family the
newborn screening panel available at the local program.
This test showed an elevated level of isovalerylcarnitine at
2.6 mmol/l (reference <0.5 mmol/l). The isovalerylcarnitine/
acetylcarnitine ratio was increased (0.1; reference <0.03).
Values were similar in the recall sample.

Follow-up testing in dried blood spots showed a
spontaneous decrease of isovalerylcarnitine to 1.0 mmol/l
on day 9, while the isovalerylcarnitine/acetylcarnitine ratio
dropped to 0.04 (within reference range). Organic acids in
urine were negative for isovaleric acid and isovalerylglycine.
As a variant form of IVA was suspected after the initial
positive result, carnitine supplementation (50 mg/kg per day)
was started. In the meantime, second-tier testing as described
below revealed substantial amounts of pivaloylcarnitine in
the blood, while isovalerylcarnitine was normal. After
obtaining this result, carnitine supplementation was discon-
tinued. Further controls showed a normalization of blood
“isovalerylcarnitine,” i.e., pivaloylcarnitine.

Initially, the mother was not aware that she had been
given antibiotics. Subsequently she remembered that some
medication was given to her before delivery. The clinical file
was obtained from the Danish hospital where birth took
place. It revealed treatment with Pondocilline® and metroni-
dazole because of early rupture of membranes. Pondocil-
line® contains pivampicillin which is broken down to
ampicillin and pivalic acid in vivo. The initial newborn
screening sample from Denmark was sent to us for analysis
and showed a high peak of pivaloylcarnitine.

Materials and Methods

A second-tier test for differentiation of C5 acylcarnitines
using UPLC-MS/MS in dried blood was carried out using
the method recently described (Janzen et al. 2013).

Results

The time course of acylcarnitine levels is summarized in
Table 1. A chromatogram from the patient is shown in
Fig. 1.

Discussion

IVA is a target disease of the newborn screening program in
Germany and other countries. Pivalic acid as a constituent
of some antibiotics is known to interfere with IVA-testing
leading to false-positive results (Abdenur et al. 1998). This
will lead to considerable psychosocial burden for the
parents and other relatives and will give rise to further
biochemical testing in the baby. We describe the use of a
second-tier test that enables screening laboratories to
identify pivaloylcarnitine as the cause of elevated C5
giving false-positive results for IVA (Janzen et al. 2013).
Over a 2-year period we obtained a total of 350,837
German neonatal samples, 227 cases with elevated C5 were
reported as positive (0.064 %). The samples received from
abroad (22,084 cases) showed a higher percentage of
positive samples (104 cases, 0.47 %). Thus, a significant
number of positive samples are found during neonatal
screening for IVA. These figures emphasize the need for
rapid specification of C5 isomers. The second-tier test
described allows rapid separation and quantification of
various C5 acylcarnitines which may underlie elevated C5
levels in routine newborn screening in the original blood
sample (Janzen et al. 2013).

Maeda et al. (2008, 2007) previously described the
chromatographic separation of acylcarnitines from serum
and urine. However, their method needs a second sample
from the patients (urine or serum) and the sample
preparation requires the use of solid phase extraction
material (SPE).

Forni et al. (2010) used similar hardware equipment for the
separation using plasma or dried blood spot material. Before
quantification, they derivatized the acylcarnitines. During this
chemical process some acylcarnitines can be fragmented to
free acids and carnitine; therefore, we decided to measure the
acylcarnitines without any chemical modification.

Ferrer et al. (2007) described a rapid method to separate
C4 and C5 acylcarnitine isomers in plasma samples. The
validation data agree well with our findings. The separation
time was about twice as long, the sample volume was 50 ml.
The most important advantage of our method is the option
to use blood from the original screening card. By using a
UPLC-technique the test is faster, more sensitive, and
cheaper compared to the conventional HPLC method. Thus,
false-positive results can be rapidly excluded without any
burden to the newborn and his family.
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Table 1 Acylcarnitine concentrations in dried blood spots from our patient. The cutoff for the routine screening method with butylation is
0.5 mmol/L. nd – not detected

Sample
number

Day after
birth

C5 carnitines
(butylated) [mmol/l]

Pivaloylcarnitine
[mmol/l]

2-Methylbutyrylcarnitine
[mmol/l]

Isovalerylcarnitine
[mmol/L]

Valerylcarnitine
[mmol/L]

1 3 4.12 6.02 nd 0.05 nd

2 5 2.64 3.55 0.02 0.04 nd

3 5 - 3.69 nd 0.04 nd

4 5 - 3.74 0.02 0.04 nd

5 9 1.00 1.20 0.02 0.05 nd

6 19 0.32 0.29 0.04 0.08 nd

7 41 0.18 0.04 0.04 0.08 nd

8 55 0.13 0.02 0.05 0.08 nd

9 126 0.08 0.01 0.03 0.05 nd

Fig. 1 Chromatographic separation of the C5 isoforms (solved in
methanol/water). The deuterated d9 isovalerylcarnitine (internal
standard) is shown in the bottom chromatogram. Sample of the

patient (day 3) eluted from the dried blood spot (bottom chromato-
gram). The pivaloylcarnitine was the most prominent peak, all other
C5 acylcarnitines were only detected in low concentrations
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The newly established test is able to increase specificity
without hampering sensitivity in IVA-testing and does not
require additional instrumentation. The small sample
volume of a 4.7 mm diameter blood spot equaling 5ml
whole blood prolongs the lifetime of the column and the
hardware equipment, the method therefore is fast and
cost-efficient.

We advocate including this second-tier test in screening
in every sample tested “positive” for IVA. It is generally
possible to run the method on a conventional HPLC with a
less powerful mass spectrometer. This is associated with a
longer run time and a lower sensitivity with an increased
consumption of flow agents. The advantage of the
described method is the use of very little material and
rapid separation with high sensitivity.

Further testing in a large newborn cohort is necessary to
corroborate our promising results.
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Abstract A 26-year-old male with nephropathic cystinosis
treated with cysteamine and renal transplantation presented
for evaluation of multiple sclerotic bone lesions, which were
an incidental finding on chest computerized tomography.
These lesions were in a pattern consistent with osteoblastic
metastases. He did not have a history of clinically significant
hyperparathyroidism or cytopenias either preceding or
following his transplant. Bone and tumor markers (including
alkaline phosphatase and calcium) were all normal. A
percutaneous bone biopsy of the lesions showed changes
compatible with cystine deposition. Our case demonstrates
that sclerotic bone lesions can be a feature of cystinosis in
patients with normal parathyroid function and that significant

bone marrow infiltration with cystine can be present even in
the absence of cytopenias.

Nephropathic cystinosis (OMIM 219800) is an autosomal
recessive disorder caused by defects in the gene coding for
the lysosomal cystine carrier cystinosis (CTNS). Cystinosis
causes multiorgan manifestations, including renal insuffi-
ciency, eye disease, endocrinopathies, myopathy, and pulmo-
nary involvement (Gahl et al. 2007). Many bone
manifestations of cystinosis have been eported, including
osteopenia and fractures (Zimakas et al. 2003), renal
osteodystrophy, short stature, and hypophosphatemic rickets
(Gahl et al. 2007). Bone marrow involvement with deposits
of cystine crystals has also been reported in patients
presenting with cytopenias (Busuttil and Liu Yin 2000;
Quinn et al. 2004; Bigley et al. 2006). We present a case
with bone marrow involvement from cystinosis presenting
with multifocal osteosclerotic lesions mimicking osteoblastic
bone metastases in a patient with normal parathyroid
function and no cytopenias.

Case Report

The patient is a 26-year-old male who was diagnosed
with cystinosis when he was evaluated at the age of
10 months for bowing of his legs, renal Fanconi syndrome,
and corneal crystal deposition. He was placed on oral
cysteamine therapy and WBC cystine levels were initially
within the target of <1 nmol/mg protein. However, his
compliance with therapy as an adult was limited. He
went on to develop end-stage renal disease and received
a related live donor renal allograft at the age of 14. He
did not have significant parathyroid hormone abnormalities
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prior to or after his transplant (Table 1). Chest X-rays done
around the time of his transplant showed vertebral osteopenia
but no compression fractures and no other abnormalities.

He underwent regular assessment of his pulmonary
function as is recommended in patients with cystinosis
(Anikster et al. 2001) and a progressive reduction in his
diffusing capacity to 67% of the predicted value with
preserved lung volumes was noted over serial pulmonary
function tests done over 3 years. This pattern was not
suggestive of myopathic pulmonary dysfunction (Anikster
et al. 2001) but was more suggestive of possible interstitial
lung disease, and he underwent computerized tomography as
is recommended in the evaluation of patients with possible
interstitial lung disease (Behr 2012) at the age of 26.
Although the chest CT showed no evidence of involvement
of his lung parenchyma, multiple sclerotic lesions were noted
in his vertebral bodies (Fig.1a and b), which were confirmed
by MRI (Fig. 1c). The low signal intensity on T1Wand T2W
MRI (Fig. 1c) and increased uptake on bone scan was
suggestive of osteoblastic metastases (Fig. 1d).

The patient at this time was clinically well and had no
symptoms of fevers, night sweats, or weight loss. Blood
work, including calcium, alkaline phosphatase, tumor
markers, and hematologic parameters, was all normal
(Table 1). CT of his neck, abdomen, and pelvis did not show
lymphadenopathy or organomegaly.

In this patient with a history of renal transplantation,
the clinical index of suspicion for malignancy was
high and so a percutaneous biopsy (Fig. 1a) of one of the
sclerotic lesions in his right anterior superior iliac crest
was performed. This biopsy (Fig. 2a–c) showed thickened
benign trabecular bone with scattered aggregates of
histiocytes and admixed hematopoietic elements in the
marrow space. There was trilineage hematopoiesis present,
but the overall cellularity was decreased. These aggregates
of histiocytes were found to be CD68 positive and S100
negative immunohistochemically, which further confirms
their nature as histiocytes. They contained abundant pale
clear cytoplasm, which was filled with variably sized
angular vacuolated spaces, in contrast to the small uniform

Table 1 Biochemical parameters including tumor markers at the time of evaluation for osteosclerotic bone lesions and parathyroid hormone
status pre- and post-transplant

Parameter Patient values Normal or target range

Parameters prior to the development of bone lesions

PTH pre transplanta (mean; range) 31.5 pmol/L (14.2–63.3) 16.5–33 pmol/Lb

PTH post-transplantc (mean; range) 5.7 pmol/L (2.1–8.3)

WBC cystine levels (mean; range for 2 years prior to evaluation for
osteosclerotic bone lesions)

1.34 (0.91–2.23)
nmol/2Cys/mg pr

<1 (optimal)
<2 (still beneficial)

Parameters at the time of evaluation for osteosclerotic bone lesions

Serum creatinine 110 umol/L 45–110

eGFR 70 mL/min/1.73 m2 >59

PTH 7.6 pmol/L 1.5–7.6

Total calcium 2.38 mmol/L 2.10–2.60

Alkaline phosphatase 104 U/L 40–145

LDH 179 U/L 90–240

Hemoglobin 143 g/L 135–170

WBC 5.0 giga/L 4.0–11

Platelet count 145 giga/L 150–400

Serum/urine protein electrophoresis Normal pattern –

Alpha fetoprotein 4.0 ug/L <8

Human chorionic gonadotropin <2.0 IU/L <10

Prostate-specific antigen 0.37 ug/L <2.5

Carcinoembryonic antigen 1.2 ug/L <5

a Values are in the 15 months prior to live donor renal transplantation. In this time interval, his glomerular filtration rate declined from 21.7 to
7.8 ml/min/1.73m2 . He was on intermittent hemodialysis for 6 weeks prior to transplantation
b Target parathyroid hormone level for children with chronic kidney disease (National Kidney Foundation Kidney Disease Outcomes Quality
Improvement Guidelines)
c Values are for the 12 years following live donor renal transplantation. In this time interval, his renal function was normal
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round vacuoles that are sometimes seen within the
cytoplasm of histiocytes present in reactive processes
like fat necrosis. The appearance of these vacuolated
intracytoplasmic spaces within the histiocytes was unusual
compared to typical foamy appearance previously docu-
mented in hereditary cystinosis (Gebrail et al. 2002). This
was a highly unexpected finding as, given the sclerotic
appearance on the imaging, crystalline deposits were not
considered in the differential diagnosis prior to the biopsy,
which was subjected to aqueous tissue processing as is
standard in our institution. While no polarizable crystal
material was identified, the aqueous tissue processing
would have completely dissolved the putative cystine
crystals, leaving behind only the “ghost” outline of these
angulated clear intracytoplasmic spaces. This was therefore

interpreted, in the present clinical context, as being
consistent with cystine accumulation in the histiocytes.

Follow-upMR imaging of these lesions performed 6months
later was unchanged.

Discussion

This case is interesting for three reasons. Firstly, this
patient demonstrated a marked osteosclerotic response
without parathyroid hormone abnormality. It is unclear
whether there is a relation between the cystine accumula-
tion in marrow histiocytic aggregates and the osteoclerotic
changes, as cystinosis presents more often with osteopenia
(Zimakas et al. 2003). Sclerotic lesions in bone are most
often related to metastatic disease (Leffler and Chew 1999).

Fig. 1 Radiologic findings showing osteosclerotic bone lesions.
(a) Sagittal CT scan of the lumbar spine demonstrating multiple
well-defined sclerotic lesions in the vertebral bodies and pelvis. The
biopsy needle can be seen entering a lesion at the anterior superior
aspect of the right iliac blade. (b) Axial CT view of the pelvis showing
the sclerotic lesions. (c) T1 and T2 weighted images MRI of the

lumbar spine demonstrating lesions of low signal intensity on T1W
and T2W imaging within the vertebral bodies and posterior elements.
Appearances correlate with the sclerotic nature of the lesions on CT.
(d) Technetium 99m-labeled bone scan showing multiple areas of
uptake in the spine, pelvis, and proximal tibia corresponding to the
lesions seen on CT and MRI
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Hematologic disorders, including systemic mastocytosis
(Fritz et al. 2012), Langerhans cell histiocytosis, and
Erdheim-Chester disease (Wilejto and Abla 2012), can also
present with sclerotic bone changes, although there are
usually other features on history of imaging to suggest
these and the negative S100 immunostaining of the
histiocytes from the biopsy exclude Langerhans cell
histiocytosis. Nonmalignant causes of sclerotic bone lesions
include Paget’s disease, osteopoikilosis (Woyciechowsky
et al. 2012), and parathyroid-related bone disease. There is
a single case (Quinn et al. 2004) where marrow involve-
ment with cystine crystals was accompanied by changes
suggestive of parathyroid-related bone disease in a patient
with marked elevation (20-fold upper limit of normal) of
parathyroid hormone levels. We do not believe that the
sclerotic lesions we are seeing in our case are related to
parathyroid bone disease for several reasons:

1. His parathyroid hormone levels (Table 1) were controlled
within suggested targets (National Kidney Foundation
2003) for end-stage renal disease prior to transplantation.

2. Parathyroid hormone levels have been normal post-
transplantation.

3. The bone lesions were clearly not present on imaging
done prior to the transplant when his parathyroid
hormone levels were highest.

4. The radiologic finding of multiple discrete sclerotic
lesions (and reduced bone mineral density is not typical
for parathyroid related bone disease in patients with
renal disease where the sclerosis is more often diffuse
(Burnstein et al. 1985).

This case is also unique because the patient did not have
significant cytopenias. Bone marrow involvement with
cystine crystals has been documented by other authors
(Busuttil and Liu Yin 2000; Quinn et al. 2004; Bigley
et al. 2006), but all patients presented with refractory
anemia and, in some cases (Busuttil and Liu Yin 2000;
Quinn et al. 2004), other cytopenias.

Conclusion

Our case shows that cystine accumulation in histiocytes can
occur in cystinosis patients prior to the onset of cytopenia.
It also documents multifocal osteoclerotic changes of the
bone in a cystinosis patient without parathyroid hormone
abnormalities.
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Abstract Maternal lysinuric protein intolerance (LPI) is
associatedwith increased risk of anemia, toxemia, and retarded
growth in fetus during pregnancy, and bleeding complications
during delivery. There has been limited number of reports about
pregnancy and outcomes of lactation in LPI. Here we present
pregnancy and lactation outcomes in a Turkish patient with
LPI. In the pregnancy and delivery period, her metabolic
status was stable with protein-restricted diet and citrulline.
Pathological examination of the placenta revealed multifocal
placental infarcts. A successful outcome was achieved
with well-controlled anemia, thrombocytopenia despite hemo-
phagocytosis in bone marrow, and placental infarcts during
pregnancy. The baby was exclusively breastfed for 6 months.
His growth and development was normal. Mild proteinuria
started at the fourth month of the delivery. Our case report
showed the importance of follow-up of these patients in terms
of placental pathologies during pregnancy and for other
complications during lactation period.

Introduction

Lysinuric protein intolerance (LPI) is an autosomal reces-
sively inherited, rare, multisystem disorder affecting cationic
amino acid transport including ornithine, arginine, and lysine
in the kidney and intestine. SLC7A7 (MIM#603593) named
solute carrier family 7A member 7 is the only gene which is
known to cause LPI and it was identified in 1997 (Borsani
et al. 1999; Torrents et al. 1999). The gene encodes the
y(+)LAT–1 protein, the catalytic light chain subunit of a
complex belonging to the heterodimeric amino acid
transporter family (Sebastio et al. 2011). Main clinical
findings are severe failure to thrive, aversion to protein-rich
foods, periodic vomiting and diarrhea, hepatomegaly, and
tendency to mild leukopenia. Episodes of hyperammonemia
that is caused by impaired urea cycle accompany the
disease. Interstitial changes, progressing into severe
pulmonary alveolar proteinosis in the lung, glomerular
and tubular involvement of the kidney, bone marrow
anomalies resembling hemophagocytic lymphohistiocytosis/
macrophage activation syndrome, lipid abnormalities
including hypercholesterolemia and hypertriglyceridemia,
autoimmunity and immunologic abnormalities, growth
retardation and growth hormone deficiency, pancreatitis,
and increased risk of pregnancy complications are the
major complications of the disease (Sebastio and Nunes
2006; Sebastio et al. 2011).

Increasing number of patients with inborn errors of
metabolism (IEMs) including LPI, are now reaching
adulthood, and childbearing age. Therefore, pregnancy
complications of IEMs are becoming more important.
Maternal LPI is associated with increased risk of anemia,
toxemia, and retarded growth in fetus during pregnancy and
bleeding complications during delivery (Tanner et al. 2006).
There has been limited number of reports about pregnancy
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and outcomes of lactation in LPI. Here we present
pregnancy and lactation outcomes in a Turkish patient
with LPI.

Case Report

The patient was admitted to our center when she was15
years old with the complaints of aversion to protein-rich
foods from the infancy, growth failure, and delayed puberty.
Her parents were second cousins. On physical examination,
her weight was 33.400 kg (<3rd percentile), height was
136 cm (<3rd percentile); she had hepatomegaly (6–7 cm)
and muscle wasting. She was prepubertal according to
Tanner staging. Serum amino acid analysis showed
decreased levels of lysine (93 mmol/L N: 108–223) and
arginine (30 mmol/L N: 44–130), and urine amino acid
analysis showed highly elevated levels of lysine (6895
mmol/24 h N: 48–328), ornithine (137 mmol/24 h N: 0–53),
and arginine (115 mmol/24 h N: <57). Ammonia level was
elevated after protein loading (409 mg/dL N �120).
Abdominal USG revealed hepatomegaly and nephrolithiasis.
Molecular genetic analysis revealed c.283insTGG/-
(p.Glu95_Thr96insTrp) in the SLC7A7 gene.

She was diagnosed with LPI and treated with citrulline
and protein-restricted diet. Pulmonary function tests and
HRCT were normal. Complete blood count revealed hemo-
globin: 10.5 g/dL; leukocyte count: 3.8 � 109/L; and
platelet: 313�109/L and it was consistent with mild
bicytopenia. Serum biochemical investigations showed
elevated levels of total cholesterol (250 mg/dL N: <200),
triglyceride (1076 mg/dL N: <140 mg/dL), lactate dehydro-
genase (699 U/L N: 240–480), and hypofibrinogenemia (107
mg/dL N: 144–430). She had no renal involvement and
proteinuria. Liver enzymes were within normal limits. Light
microscopic evaluation of bone marrow aspirate yielded
increased histiocytes and prominent hemophagocytosis.
Specific treatment for hemophagocytic syndrome was not
given. Her bone mineral density Z score was �5.4 and
calcium and 1,25-dihydroxyvitamin D3 were added to the
treatment. Her menstrual cycle started at 19 years of age. In
addition, she was treated with hormone replacement therapy
for menstrual cycle irregularities.

When she was 25 years old, conception occurred after
10 weeks from ceasing of hormone replacement therapy.
She continued to be treated with protein-restricted diet
(1 g/kg/day) and citrulline 5 g/day. Hemoglobin, blood
pressure, urinary protein, and serum ammonia levels were
checked on every visit during pregnancy. Biochemical
parameters, lipid profile, and thyroid testing was checked
every 4 months. In the pregnancy and delivery period, her
metabolic status was stable. Arterial blood pressure was
normal. Serum transaminase levels and renal functions were

normal. Total cholesterol and triglyceride levels did not
increase when compared to prepregnancy levels. No
complications occurred except for mild thrombocytopenia
(73,000/mm3) and severe anemia that fell to 6 g/dL,
requiring erythrocyte suspension transfusion before
delivery. Thrombocyte transfusion was given during
delivery. Her serum ammonia levels were within normal
levels both before and after delivery. The baby was born
full-term and healthy with a birth weight of 3,200 g. Head
circumference was 35.5 cm.

Pathological examination of the placenta revealedmultifocal
placental infarcts (Figs. 1 and 2). Prothrombotic risk factors
other than metabolic disorder were searched for. Molecular
genetic analysis for Factor V Leiden, prothrombin 20210A,
methylenetetrahydrofolate reductase (MTHFR) A1298C
mutations were normal. She was found heterozygous for

Fig. 1 Omphalomesenteric duct remnants in umblical cord section
(Hematoxylin & Eosin, original magnification x100)

Fig. 2 Ischemic infarct area under the membrane (Hematoxylin &
Eosin, original magnification x40)
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PAI-I 4G/5G and homozygous for MTHFR C677T. Serum
homocystein and folic acid levels were normal [11.83 mmol/L
(N: 4.44–13.56), 4.03 ng/mL (N: 3.1–19.9), respectively].
Anti-cardiolipin and antiphospholipid antibodies were
negative. Complement 3 and 4 levels were normal. INR,
activated prothrombin time, antithrombin activity, protein C
activity, and activated protein C resistance were normal. Free
protein S was 48% and mildly low (N: 60–130).

The baby was exclusively breastfed for 6 months. His
growth and development was normal. Because lactating
women have increased nutrient demands, dietary protein
was increased. The mother received 1.3 g/kg/day protein in
the lactation period. Metabolic status was stable also in the
lactation period as in pregnancy. But mild proteinuria
started at the fourth month of the delivery. Total urine
protein and microprotein was 154 mg/g€un (N: 0–80) and
microprotein was 17.06 mg/dL (N<12), respectively.

Discussion

Lysinuric protein intolerance (LPI) is an autosomal
recessively inherited disorder affecting the basolateral
transporter for cationic amino acids including ornithine,
arginine, and lysine in the kidney and intestine. Mutant
form of SLC7A7 gene causes lysinuric protein intolerance.
Product of the gene, y+ LAT–1 protein, is a light chain
of the heterodimeric amino acid transporter. Highest
prevalence of LPI was reported in Finland. Southern Italy
and Japan have relatively high prevalence (Sperandeo et al.
2005; Koizumi et al. 2003). LPI cases were also reported
from other countries. There are limited reports about
pregnancy outcomes in the patients with LPI and no reports
about lactation period in the literature. Here we presented
pregnancy and lactation outcomes in a Turkish patient
with LPI.

Although number of cases are a few, the most compre-
hensive study about pregnancy and delivery complications in
LPI has been reported by Tanner et al. (2006) from Finland.
In their study, outcomes of 18 pregnancies of 9 Finnish
mothers with LPI and the follow-up of their 19 children
showed that maternal LPI is truly associated with increased
risk of anemia, toxemia, and intrauterine growth retardation
during pregnancy and bleeding complications during
delivery. But the children of the mothers with LPI generally
had developed normally. They concluded that successful
pregnancies and deliveries could be achieved with careful
follow-up of blood pressure and laboratory parameters.
Special care of maternal protein nutrition and control of
blood ammonia levels, anemia, and toxemia during
pregnancy are essential. In another case report from Japan,
a successful outcome without serious complication of
maternal LPI has been reported (Takayama et al. 1995).

In our patient, pregnancy occurred after severe pubertal
delay and menstrual irregularity that was treated with
hormone replacement therapy for 6 years. There was no
severe complication related to pregnancy except for
worsening anemia and thrombocytopenia, but multifocal
placental infarcts were detected on placental pathological
examination. Although etiological investigations showed
heterozygosity for PAI-I 4G/5G and homozygosity for
MTHFR C677T mutations that could contribute to thrombo-
philia and placental infarction, homocystein and folic acid
levels were within normal limits, suggesting placental
infarctions were more likely to be related to LPI. Placental
bleeding after amniotic sac puncture, partial retention of the
placenta, overweight of placenta for gestational age, altered
fetal-placental ratio, and altered vascular development of the
placenta that is considered the probable underlying cause for
preeclampsia were reported placental abnormalities in
patients with LPI in the study of Tanner et al. (2006), but
no histological examination has previously been performed
on the placentas of mothers with LPI in their study.

There has been no report on outcomes of lactation period
in patients with LPI. Breast milk is made from nutrients in
the mother’s bloodstream and bodily stores. Although
maternal nutritional status and amino acid levels may affect
the quality of breastfeeding, composition and amount of the
breastfeeding changes depending on how often and how
effectively the infant sucks and, as well as on the age of the
child. Even if the breastfeeding mother is undernourished,
breastfeeding is recommended. The child of our patient was
exclusively breastfed for 6 months. Normal growth and
development of the baby showed that the breastfeeding was
safe. But proteinuria started during lactation. Glomerular
and tubular involvement is common in LPI. Isolated mild
proteinuria is the initial sign of renal disease. The
pathogenesis of the renal involvement is unknown.
Pregnancy and lactation may have additional physiological
stresses, and organs that are already damaged by the
underlying metabolic illness may be compromised further.
So, theoretically, it was thought that, pregnancy and
lactation period might aggravate renal involvement in this
patient. Blood pressure was normal during pregnancy and
after delivery. Complete urine analysis was normal except
for mild proteinuria. The patient was in lactation period,
and treatment was not started for microproteinuria. But,
follow-up for renal involvement is going on.

In our patient, a successful outcome was achieved with
well-controlled anemia, thrombocytopenia despite hemopha-
gocytosis in bone marrow, and placental infarcts during
pregnancy. However, it is very important to follow up
closely of patients with LPI for pregnancy complications.
Our case report showed the importance of follow up of these
patients in terms of placental pathologies during pregnancy
and for other complications during lactation period.
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Take-Home Message

Follow-up of the patients with lysinuric protein intolerance
is important in terms of placental pathologies during
pregnancy and for other known complications of the
disease during lactation period.
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Abstract Hepatocerebral mitochondrial DNA depletion
syndromes are classically considered diseases of early
childhood, typically affecting the liver, peripheral, and
central nervous systems with a rapidly progressive course.
Evidence is emerging that initial symptom onset can extend
into adulthood, though few such cases have been reported.
We describe a 25-year-old woman who presented initially
with secondary amenorrhea, followed by a megaloblastic
anemia, lactic acidosis, leukoencephalopathy, progressive
peripheral neuropathy, and liver cirrhosis. An apparently
homozygous P98L mutation was identified in MPV17, a
gene associated with a lethal infantile neurohepatopathy.
Homozygosity for the same allele was recently reported in a
man with a similar hepatic and neurologic phenotype. This
is the first clinical report of an adult female with this
disorder, and the first to describe amenorrhea and megalo-
blastic anemia as likely associated symptoms.

Mitochondrial DNA depletion syndromes are a heteroge-
neous group of diseases associated with reduced copy number
of mitochondrial DNA due to defects in the replication
or maintenance of the mitochondrial genome. Frequent
manifestations include neuropathy, leukoencephalopathy,
myopathy, and hepatic disease. Though depletion of the
circular mitochondrial genome and subsequent mitochondrial
dysfunction and energy failure are thought to underlie the
pathophysiology of these disorders, they are caused by
mutations in nuclear-encoded mitochondrial proteins; the
inheritance pattern is usually autosomal recessive. These
syndromes generally present in infancy, and death often
occurs within the first year of life.

Located on chromosome 2, MPV17 encodes an inner
membrane-associated mitochondrial protein of unclear
function (El-Hattab and Scaglia 2013). Mutations in
MPV17 are known to cause Navajo neurohepatopathy
(OMIM #256810), a recessive, rapidly progressive mito-
chondrial DNA depletion syndrome of liver failure and
neurologic deterioration with onset in the first year of life
(Karadimas et al. 2006; El-Hattab et al. 2010; AlSaman
et al. 2012). More recently, mutations in this gene have
been identified in an older child (El-Hattab et al. 2010) and
two adults (Blakely et al. 2012; Garone et al. 2012) with
subacute onset of many of the same symptoms seen in the
infantile form, including peripheral neuropathy, liver
dysfunction or failure, progressive white matter disease,
and lactic acidosis.

The MPV17 mutation P98L was identified in the
heterozygous state in a child who survived to 2.5 years
without liver transplantation, and was hypothesized to be a
milder allele (El-Hattab et al. 2010). This same mutation in
the homozygous state was then reported in a man with
onset of symptoms at age 14 who was still living at age 21
(Blakely et al. 2012). A second man was reported with
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compound heterozygosity for the mutations KM88-89ML
and L143X with initial symptoms at age 34 (Garone et al.
2012). These cases highlight that MPV17-mediated disor-
ders – and likely mitochondrial DNA depletion syndromes
in general – can present in adulthood with multisystem
involvement, and the scarcity of such reports in the
literature suggests that the range of adult phenotypes is
yet to be fully appreciated. Here, we report the first known
case of adult-onset MPV17-mediated neurohepatopathy in a
female, who experienced secondary amenorrhea as the
putative first symptom of the disorder.

Case Report

We report a 25-year-old woman of second-cousin Pakistani
parents who, after normal cognitive and motor development
and normal menarche, presented at age 18 years with
secondary amenorrhea. Her only other health concern was a
short stature of 4’11”, while her adult siblings were 5’4”
and 5’6”.

Up to this time, she had been physically active without
difficulties. Shortly after her periods ceased, she developed
a steppage gait and weakness in her ankles that required
orthotics. She also noticed mild numbness in her lower
extremities. The numbness and weakness progressed slowly
and eventually involved the upper extremities. Electromy-
ography and nerve conduction studies showed a severe
axonal peripheral neuropathy (Table 1). Nerve biopsy
confirmed these findings (Fig. 1). A concomitantly
performed muscle biopsy did not contain sufficient viable
muscle tissue to quantify mitochondrial DNA. Difficulty

with memory and word-finding developed, and a brain MRI
at age 24 showed a leukodystrophy with diffuse and
symmetrical white matter involvement (Fig. 2) concerning
for a genetic syndrome.

Between the time of the onset of symptoms and her
diagnosis, she was repeatedly hospitalized for worsening
weakness, and during these admissions additional involved
organ systems were noted. She developed a mild, perma-
nent lactic acidosis, and the level of ammonia was
intermittently elevated. Chronic thrombocytopenia and
a macrocytic anemia also developed, with hemoglobin
9.5 g/dL and MCV 105 fL (upper limit of normal <100 fL),
and normal serum levels of vitamin B12. Elevated blood
glucose values developed and were treated with insulin
and later with sitagliptin (Januvia). Hepatomegaly was
noted and abdominal CT showed a nodular appearing liver,

Table 1 Motor and sensory nerve conduction studies

Normal Patient

SNAP
(mV)

NCV
(m/s)

SNAP
(mV)

NCV
(m/s)

Sensory nerves

Right sural >5 >41 NR NR

Left sural >5 >41 NR NR

Left median >14 >44 12 57

CMAP
(mV)

NCV
(m/s)

CMAP
(mV)

NCV
(m/s)

Motor nerves

Left peroneal
(TA)

>2 >41 0.6 30

Left tibial >2 >41 NR NR

Right tibial >3 >41 NR NR

Left median >4 >49 7.6 51

SNAP sensory nerve action potential, CMAP compound muscle action
potential, NR no response obtained

Fig. 1 (a) Hematoxylin and eosin stain, 400x magnification, calibra-
tion bar is 0.1 mm. Significantly decreased amount of myelinated
fibers without evidence of digestion chambers or inflammation. (b)
Toluidine blue stain, 400x magnification, calibration bar is 0.1 mm.
Severe (>95 %) loss of myelinated axons without onion bulbs or
regenerating clusters
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splenomegaly, and gastroesophageal varices consistent with
cirrhosis. Portal hypertension was confirmed by both direct
portal pressure measurement and upper endoscopy showing
moderate esophageal varices. She also had evidence of
synthetic liver dysfunction with an INR of 1.8 despite
administration of vitamin K. A liver biopsy showed
cirrhosis as well as steatosis and hepatocyte swelling
suggestive of steatohepatitis despite her thin body habitus.
Electron microscopy showed most hepatocytes to contain
abundant mitochondria of varying sizes and shapes, some
dilated and others with a nonuniform distribution of cristae.
Quantification of mitochondrial DNA on the liver biopsy
sample was not performed.

At age 25, her exam was notable for appropriate mental
status, normal cranial nerve and fundal exam, striking
atrophy of the muscles of the hands and lower legs with
diminished strength in the finger extensors, abductor digiti
minimi, and marked weakness of the tibialis anterior,
gastrocnemius, and toe extensors and flexors. Deep tendon
reflexes were absent in the triceps, patellae, and ankles.
Pain sensation was intact in the fingertips but impaired in a
stocking distribution to the mid-shin level bilaterally.
Vibration sensation was intact at the fingertips. Vibration
sensation was absent distal to the knees bilaterally. Joint
position sensation was moderately impaired at the toes. She

had a steppage gait and was too unsteady to attempt
Romberg testing. The liver edge was palpable 3cm below
the costal margin. The spleen could not be palpated.

Based on the clinical findings of brain and liver
involvement, a hepatocerebral mitochondrial DNA
sequencing panel was sent to Baylor College of Medicine,
which revealed an apparently homozygous P98L mutation
in MPV17. Given the known consanguinity of the parents it
is most probable that this patient was indeed homozygous
for this mutation, but because sequencing of the parents
was not performed, we cannot formally exclude a deletion
or sequencing failure affecting one allele. Additionally, a
heterozygous mutation Q139X in OPA3 was detected.
Homozygous mutations in OPA3 cause 3-methylglutaconic
aciduria type 3, characterized by childhood onset of optic
atrophy, a choreoathetoid movement disorder, and elevated
urine 3-methylglutaconate. Our patient lacked these find-
ings, indicating that the heterozygous OPA3 mutation was
an incidental finding. The patient succumbed to a respira-
tory infection shortly after diagnostic results were received.

This is the second report of a patient homozygous for the
MPV17 mutation P98L (Blakely et al. 2012) and the first in
a female. Features such as amenorrhea, probably due to
ovarian failure, and macrocytic anemia have not been
previously reported for syndromes associated with MPV17.

Discussion

The connection between MPV17 and a hepatocerebral
mitochondrial DNA depletion syndrome has been known
since 2006 (Spinazzola et al. 2006), when an integrative
genomics strategy suggested a mitochondrial gene resided
in a chromosomal region linked with hepatocerebral disease
in infants. Previously, MPV17 had been thought to be a
peroxisomal protein, but studies indicated that it was in fact
localized to the mitochondrial inner membrane (Spinazzola
et al. 2006). Since this initial breakthrough, little additional
insight has been gained into how mutations in this gene
cause mitochondrial DNA depletion, or why the liver and
nervous system are disproportionately affected. Other genes
associated with hepatocerebral mitochondrial DNA deple-
tion such as POLG and DGUOK have clear roles in
mitochondrial DNA synthesis and maintenance. Deletion of
the yeast ortholog of MPV17 recapitulates the DNA
depletion phenotype, and experiments in yeast have
suggested that MPV17 may be important for anaplerosis
of TCA cycle intermediates and for maintaining mitochon-
drial integrity during stress conditions (Dallabona et al.
2010). It is important to note that P98, the residue mutated
in this patient, is conserved across evolution in organisms
including worms and yeast (Blakely et al. 2012). Further
insight into the molecular function of MPV17 may provide

Fig. 2 T2-weighted axial MRI image shows confluent and symmetri-
cal hyperintensities within the deep and subcortical white matter of the
posterior frontal and parietal cerebral hemispheres (arrowheads)
involving the subcortical U-fibers, with sparing of the prefrontal
cortices. There is associated cortical thinning. These hyperintensities
did not show enhancement after the administration of IV gadolinium
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better diagnostic or therapeutic approaches to patients with
DNA depletion syndromes.

Adult-onset disease caused by mutations in MPV17 was
only recently recognized. As in other reported cases, our
patient did not have any upper motor neuron findings or
disabling cognitive deficits despite the abnormal imaging
that showed a leukoencephalopathy (Blakely et al. 2012).
She did report some memory and word-finding difficulties
as discussed above. The polyneuropathy in these
syndromes is axonal, with a dropout of both large- and
small-diameter nerve fibers, consistent with the patient’s
weakness, gait abnormality, and loss of sensation.

Liver involvement in patients with MPV17 mutations is
quite common but typically manifests in neonates and in
children under the age of 5 (Nogueira et al. 2012).
Manifestations can include steatohepatitis, cholestasis, cir-
rhosis, and liver failure (Holve et al. 1999). The mechanism
is thought to be from impaired mitochondrial oxidative
phosphorylation and fatty acid oxidation, resulting in
impaired bile flow and steatosis, cell death, and fibrogenesis
(Lee and Sokol 2007). Interestingly, our patient’s presenta-
tion included steatohepatitis and cirrhosis with portal
hypertension that was not symptomatic until adulthood,
but then progressed rapidly within a year as would be
consistent with cases in much younger patients (Holve et al.
1999). We speculate that this course reflects a threshold of
mitochondrial DNA depletion that is reached later in life in
adult cases, but is then followed by rapid hepatic deteriora-
tion. Unfortunately, medical therapies for mitochondrial
hepatopathies are largely ineffective (Lee and Sokol 2007).
Liver transplantation was considered in this patient but not
pursued due to concurrent neuromuscular disease, poor
functional status, and her severe respiratory infection, which
proved to be her ultimate cause of death.

To our knowledge, this is the third report of an adult,
and the first female, with an MPV17-mediated mitochon-
drial neurohepatopathy. Even though a mitochondrial DNA
depletion syndrome satisfactorily accounts for the majority
of her symptoms, it must be noted, however, given the
known consanguinity of the patient’s parents, that the
coexistence of another recessive disorder cannot be fully
excluded. This patient’s initial presentation was with
amenorrhea after normal menarche. Because no other adult
females with MPV17 mutations have been reported, it is
possible that MPV17 has a critical but unappreciated
function in the postpubertal ovary. The role of mitochon-
drial DNA depletion in ovarian function has not been
extensively studied, but there are reports of reduced
mitochondrial DNA content in the blood of women with
premature ovarian failure (Kim et al. 2004), and mutations
in POLG were associated with premature ovarian failure
and mitochondrial DNA depletion (Luoma et al. 2004;

Pagnamenta et al. 2006). Women with premature ovarian
failure may represent milder forms of mitochondrial
depletion syndromes that have not yet caused typical
heptocerebral symptoms, and should be considered for
evaluation for mitochondrial disorders if nervous system or
hepatic disease are present or develop. Finally, mitochon-
drial DNA depletion syndromes ought to be considered
when severe axonal polyneuropathies occur in young
people with coexisting cryptogenic hepatic failure or
leukoencephalopathy.
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Summary

Mitochondrial DNA depletion syndromes can present in
adulthood with multisystem involvement, including amen-
orrhea and megaloblastic anemia as newly described in this
report.
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Abstract Multiple acyl-CoA dehydrogenation deficiency
(MADD; also known as glutaric aciduria type II) is a
human autosomal recessive disease classified as one of the
mitochondrial fatty-acid oxidation disorders. MADD is
caused by a defect in the electron transfer flavoprotein
(ETF) or ETF dehydrogenase (ETFDH) molecule, but as
yet, inherited MADD has not been reported in animals.
Here we present the first report of MADD in a cat. The
affected animal presented with symptoms characteristic of
MADD including hypoglycemia, hyperammonemia, vom-
iting, diagnostic organic aciduria, and accumulation of
medium- and long-chain fatty acids in plasma. Treatment
with riboflavin and L-carnitine ameliorated the symptoms.
To detect the gene mutation responsible for MADD in this
case, we determined the complete cDNA sequences of

feline ETFa, ETFb, and ETFDH. Finally, we identified the
feline patient-specific mutation, c.692T>G (p.F231C) in
ETFDH. The affected animal only carries mutant alleles of
ETFDH. p.F231 in feline ETFDH is completely conserved
in eukaryotes, and is located on the apical surface of
ETFDH, receiving electrons from ETF. This study thus
identified the mutation strongly suspected to have been the
cause of MADD in this cat.

Introduction

Multiple acyl-CoA dehydrogenation deficiency (MADD,
also known as glutaric aciduria type II, GAII, OMIM
231680) is a type of mitochondrial fatty-acid oxidation
disorder (FAOD) characterized by hypoketotic hypoglyce-
mia; metabolic acidosis; fatty infiltration of the liver, heart,
and kidneys; and diagnostic organic aciduria (Frerman and
Goodman 2001; Gordon 2006). In addition, MADD may
be accompanied by various symptoms including vomiting,
hypotonia, hyperammonemia, hepatomegaly, renal cysts,
myopathy, an odor of sweaty feet, and congenital anoma-
lies. Severe MADD appears in the neonatal period, and
patients die within the first few weeks of life. However,
MADD can also develop in later life. Treatment with
riboflavin and L-carnitine is effective only for patients with
mild symptoms (Gordon 2006; Olsen et al. 2007; Henri-
ques et al. 2009; Law et al. 2009; Ishii et al. 2010; Lund
et al. 2010).

MADD is an autosomal recessive disease, and most
cases are caused by a defect of electron transfer
flavoprotein (ETF) or ETF dehydrogenase (ETFDH, also
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known as ETF-ubiquinone oxidoreductase, EC 1.5.5.1)
(Frerman and Goodman 2001; Er et al. 2011). These
proteins play a role in the metabolism of fatty acids. ETF
forms a heterodimer composed of a- and b-subunits, and
contains flavin adenine dinucleotide (FAD) as a redox
cofactor. In the mitochondrial matrix, ETF receives
electrons from acyl-CoA dehydrogenase (EC 1.3.99.3) in
the process of fatty acid degradation. ETFDH is a
monomer, and contains FAD and a 4Fe-4S cluster as redox
prosthetic groups (Frerman and Goodman 2001; Wat-
mough and Frerman 2010). ETFDH transfer electrons
from ETF to ubiquinone, which exists in the inner
mitochondrial membrane and participates in electron
transport system to produce ATP. In this process, electrons
enter through the flavin center of ETFDH and exit via the
4Fe-4S cluster for delivery to ubiquinone. Deficiency of
ETF or ETFDH leads to dysfunction of acyl-CoA
dehydrogenase, resulting in accumulation of long- and
medium-chain fatty acids. As metabolites of the accumu-
lated substances, the urine and plasma levels of specific
organic acids increase; these include isovaleric, isobutyric,
2-methylbutyric, glutaric, ethylmalonic, 3-hydroxyisovale-
ric, 2-hydroxyglutaric, 5-hydroxyhexanic, adipic, suberic,
sebacic, and dodecanedioic acid, as well as isovalerylgly-
cine, isobutyrylglycine, and 2-methylbutyrylglycine.

According to the Genetics Home Reference serviced
by the U.S. National Library of Medicine (http://ghr.nlm.
nih.gov/), the precise incidence of MADD is still unknown
in view of its rarity. Tamaoki et al. surveyed Japanese
patients with FAODs identified between 1985 and 2000,
and found 14 patients with MADD out of 64 such patients
(Tamaoki et al. 2002). They estimated that the frequency
of FAODs in Japan is at least 1/5,000 births, implying that
the frequency of MADD is about 1/20,000. Some studies
have investigated the epidemiology of MADD in southern
China, where c.250G>A mutation in ETFDH is carried
at high frequency in patients with riboflavin-responsive
MADD (Law et al. 2009; Liang et al. 2009; Er et al. 2010;
Lan et al. 2010; Wen et al. 2010; Wang et al. 2011).

In animals, outbreaks of fatal MADD have been
recorded in horses with atypical myopathy in particular
weather conditions (Finno et al. 2006; Cassart et al. 2007;
Westermann et al. 2008; van der Kolk et al. 2010; Valberg
et al. 2012). In these cases, an exogenous factor was
predicted to cause MADD, and a genetic mutation of ETF
and ETFDH has never been recognized. In any event,
MADD associated with gene mutation in animals has never
been reported. Here, we report a novel case of inherited
MADD that developed in a cat, which we consider to be
the first of its kind to have been reported in an animal.

Materials and Methods

Subject

A 6-month-old castrated cat with a previous history of
hypoglycemia and hyperammonemiawas brought by its owner
to the animal hospital with a chief complaint of collapse, loss of
appetite, and vomiting. Blood biochemistry revealed elevated
levels of ammonia and liver enzymes (NH3, 227 mg/dl; ALT,
610 U/l; and AST, more than 1,000 U/l); reference values of
NH3, ALT, and AST are 23–78 mg/dl, 22–78 U/l, and 22–84
U/l, respectively, in cats. A generalized seizure also occurred
during follow-up. We treated the cat for hyperammonemia
with administration of lactulose and infusion of Ringer’s
solution. Although we suspected hepatic encephalopathy
associated with a portosystemic shunt, measurement of
fasting and postprandial blood ammonia and serum bile acid
(SBA) concentrations revealed no evidence of hepatic
dysfunction (Table 1). In addition, computed tomographic
angiography revealed no congenital vascular anomaly or any
enlargement of the liver. Symptoms were improved within 10
days after the first visit. Just a year later, this cat was brought
again in worse condition than that at the first visit. As a
countermeasure against hepatic lipidosis accompanied by lack
of energy, the cat received nutritional care via a gastrostomy
tube, in addition to the treatment for hyperammonemia.

Diet Loading Test

To exam hepatic function, blood ammonia and SBA
concentrations were measured during fasting and postpran-
dial periods at the first visit. Blood samples were collected
after an overnight fast and at 2 hours after a meal.

GC-MS Analysis

To assay urine organic acids, GC-MS analysis was conducted
inMILS INTERNATIONAL (Kanazawa, Japan) as published
previously (Zhang et al. 2000). The first sample of urine was
collected under the condition in loss of appetite at the second
visit, when the present cat was 18 months old. At 6 days

Table 1 Diet loading test

NH3 (mg/dl) SBA (mmol/l)

Fasting 227 3.7

Postprandial 71 18.2

Reference range 23–78 0–20

SBA serum bile acid
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after the first sampling, we received the result suggesting
MADD. The affected cat has received the oral administration
of riboflavin (100–300 mg/day) and L-carnitine
(100–150 mg/day) since then. At 16 days of treatment,
posttreatment sample was collected after an overnight fast.

LC-MS/MS Analysis

To assay the blood levels of acylcarnitines, LC-MS/MSanalysis
was conducted as published previously (Chang et al. 2012). The
first sample was collected under the condition in force-feeding
via a gastrostomy tube at the age of 18 months, when we start
the treatment with riboflavin and L-carnitine as described
above. At 3 months of treatment, posttreatment sample was
collected after an overnight fast. Physical value of the blood
levels of acylcarnitines was obtained from 27 of healthy cats.
For statistical analysis, the Smirnov-Grubbs test was used.

Cell Culture

From among cats brought to the Veterinary Teaching Hospital
of Miyazaki University by their owners, small pieces of
subcutaneous adipose tissues were collected by scraping from
surgical specimens with the informed consent of their owners,
then cultured on plastic dishes with Dulbecco’s modified
Eagle medium (D6429, Sigma-Aldrich, St. Louis, MO, USA)

including 10% fetal bovine serum (Lot no. ABL0106, Biofill,
Victoria, Australia), 50 mM b-mercaptoethanol (Life Technol-
ogies, Carlsbad, CA, USA), 10 units/ml penicillin, 10 mg/ml
streptomycin, and 250 ng/ml amphotericin B (Antibiotic-
Antimycotic, 15240-062, Life Technologies). Tissue pieces
were removed from the dishes four days later, and monolayer
cells were allowed to proliferate on the dishes. After the first
passage, amphotericin B was not included in the medium
(Penicillin-Streptomycin, Life Technologies).

RT-PCR

Total RNA was isolated from cultured cells using a RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany) after the third
passage. Complementary DNA was synthesized using Super-
Script III Reverse Transcriptase (Life Technologies) with the
oligo dT primer. For rapid amplification of cDNA ends
(RACE) sequencing, a cDNA library was produced using a
GeneRacer kit (Life Technologies). PCR was conducted using
specific primers (Table 2) and BIOTAQ HS DNA Polymerase
(Bioline, London, UK). The specificity of the reaction
products was confirmed by agarose-gel electrophoresis. PCR
products were also collected and sequenced. The protein
conformation and cysteine bonding state were predicted using
the fully automated protein structure homology-modeling
server (SWISS-MODEL, http://swissmodel.expasy.org/) and

Table 2 List of primers used in this study

Purpose Sequence

Target Forward Reverse

5'-RACE

ETFa * CTTTCCAAAGGCAGATGCTC

ETFb * GCATAGCGAGGTTCGTTGAG

ETFDH * GGGCACCATCCTTTTGTATC

3'-RACE

ETFa TACCATCACTGCAGCCAAAC *

ETFb CCGCTGGATTTCTAGACTGG *

ETFDH CTCCCAGGTCTTCCAATGAA *

Gene expression

ETFa TACCATCACTGCAGCCAAAC CTTTCCAAAGGCAGATGCTC

ETFb CCGCTGGATTTCTAGACTGG GCATAGCGAGGTTCGTTGAG

ETFDH CTCCCAGGTCTTCCAATGAA GGGCACCATCCTTTTGTATC

GAPDH GTTTGTGATGGGCGTGAAC CGTATTTGGCAGCTTTCTCC

ORF sequence

ETFa TGAGACTGACGGTGCTTCTAG AAAGCATTCTGGCATCTGTGAG

ETFb ACTGACCCCGGCAGGTG CGGGAGGGTCATAGTTTTATTGCTG

ETFDH AACTTCAGCGGAGGTGTTGG GGTAAGATAGTTTGACAACCTGTTGACTTC

PCR-RFLP

ETFDH GAGGGCACCTGTTGGGAT TCCTTGAGTCCAATTCCATAGGTT

*Attached in GeneRacer kit
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the cysteine disulfide bonding state and connectivity predictor
(DISULFIND, http://disulfind.dsi.unifi.it/), respectively.

PCR-Restriction Fragment Length Polymorphism
(PCR-RFLP)

Genomic DNA was isolated from cultured cells after the
third passage using a QIAamp DNA Mini kit (Qiagen).
PCR was conducted using specific primers (Table 2) and
BIOTAQ HS DNA Polymerase (Bioline). The amplified
ETFDH was reacted with the restriction enzyme PciI (New
England Biolabs, Ipswich, MA, USA). The specificity of
the reaction products was confirmed by agarose-gel
electrophoresis.

Results

Feline MADD

We assayed urine organic acids because we suspected a
metabolic disorder such as dihydropyrimidinase deficiency
(OMIM 222748), which has been reported in a cat exhibiting
hyperammonemia (Chang et al. 2012). Surprisingly, the
results indicated a MADD-like profile, with increased levels
of lactic acid, sarcosine, 3-hydroxybutyric acid, malonic
acid, 3-hydroxyisovaleric acid, succinic acid, ethylmalonic
acid, glutaric acid, isoverylglycine, 2-hydroxyglutaric acid,
3-hydroxyglutaric acid, hexonylglycine, suberic acid, sebacic
acid, 3-hydroxysebacic acid, and suberylglycine (Fig. 1a).

Fig. 1 GC-MS analysis of urine organic acids. Total ion chromato-
grams are obtained from the cat with MADD (a) before, and (b) after
treatment with riboflavin and L-carnitine. (c) Reference chromatogram
is obtained from urine of a normal cat. Horizontal and vertical axes are
scales of retention time and signal intensity, respectively. Scale marks
represented as Cr indicates a signal intensity of creatinine in each
chromatogram. Various organic acids characteristic of MADD are
increased in the present cat with MADD, and treatment with riboflavin

and L-carnitine suppresses the elevated levels of organic acids. a:
lactic acid, b: sarcosine, c: 3-hydroxybutyric acid, d: malonic acid, e:
3-hydroxyisovaleric acid, f: succinic acid, g: ethylmalonic acid, h:
glutaric acid, i: isovalerylglycine, j: 2-hydroxyglutaric acid, k:
3-hydroxyglutaric acid, l: hexonylglycine, m: suberic acid, n: sebacic
acid, o: 3-hydroxysebacic acid, p: suberylglycine, and *: heptadeca-
noic acid added as internal standard
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For definitive diagnosis, we assayed the blood levels of
acylcarnitines. The results supported our diagnosis of
MADD; increases of C4, C5, C6, C8, C10, C12, C14,
C16, and C18 were evident, but no increase of C0, C2, and
C3 (Table 3 and Fig. 2). MADD was thus confirmed, and
treatment with riboflavin and L-carnitine improved the
symptoms, including the elevated levels of urine organic

acids and blood levels of acylcarnitines (Table 3 and Fig. 1b
and 2).

Sequencing of Feline ETFa, ETFb, and ETFDH

To detect the gene mutation causing MADD, we tried to
amplify the cDNA of feline ETFa, ETFb, and ETFDH

Table 3 Blood levels of acylcarnitine species

Numerical symbol Normal feline reference value Pretreatment Posttreatment

Mean (nmol/ml) S.D. Value (nmol/ml) Value (nmol/ml)

C0 12.7 6.8 22.1 29.3

C2 7.27 2.38 7.42 4.98

C3 0.55 0.31 0.38 0.35

C4 0.14 0.06 9.36** 3.49

C5 0.15 0.09 7.5** 2.88

C5DC 0.01 0.01 0.2** 0.14

OH-C5 0.16 0.06 0.13 0.17

C5:1 0.02 0.01 0.02 0.02

C6 0.02 0.02 1.48** 1.12*

C8 0.02 0.01 0.72** 0.6**

C10 0.01 0.01 0.45** 0.57**

C12 0.02 0.01 0.46** 0.44**

C14 0.04 0.02 0.77** 0.44

C14:1 0.03 0.02 1.27** 0.93*

C16 0.26 0.15 2.27** 0.79

OH-C16 0.00 0.00 0.02** 0.01

C18 0.18 0.10 2.29** 0.87

OH-C18:1 0.01 0.01 0.06* 0.04

C18:1 0.26 0.23 1.96** 0.67

**P < 0.01

*P < 0.05

Fig. 2 LC-MS/MS analysis of acylcarnitine species. The present cat
with MADD had high blood levels of carnitines conjugated with
saturated fatty acids longer than C4 (black columns). Treatment with
riboflavin and L-carnitine improved the blood levels of acylcarnitines

as normal (shaded columns). White columns and their error bars
indicate mean and standard deviation, respectively, of the blood levels
of acylcarnitines in 27 of healthy cats. *: P < 0.01
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including the region of the open reading frame (ORF) based
on the Ensembl genome browser (http://www.ensembl.org/).
However, this was not successful for ETFa and ETFDH. The
referenced sequence of ETFb cDNA also seemed to lack the
5'- and 3'-untranslated regions. Therefore, we attempted to
determine the complete cDNA sequences of ETFa, ETFb,
and ETFDH in normal cats. Using RACE sequencing, we
identified the specific sequences (Table 4) for the feline
ETFa, ETFb, and ETFDH cDNAs, which were 1340, 841,
and 2153 bp long, respectively, apparently encoding proteins
of 333, 255, and 617 amino acids, respectively, and each
showing 96 % similarity with their human homologs. No
splicing variants were detected in any of the three genes.
Based on this refined information, we succeeded in amplify-
ing the complete ETFa, ETFb, and ETFDH cDNAs
including an ORF region from the present cat with MADD
and three control cats. In cultured cells derived from adipose
tissue, the cat with MADD expressed ETFa, ETFb, and
ETFDH at the same levels as those in control cats (Fig. 3).

Presence of a Novel Mutation in the Cat with MADD

We analyzed the sequence of amplified cDNA from all cats
including that of the patient, and finally identified a specific
mutation in the latter: c.692T>G in ETFDH (Fig. 4a). No
other mutation was detected in ETFDH, ETFa, or ETFb.
PCR-RFLP analysis showed that the patient only carries
mutant alleles of ETFDH (Fig. 4b). The c.692T>G mutation
in ETFDH causes an amino acid substitution: p.F231C. To
assess the importance of p.F231 for the function of ETFDH,

we compared the amino acid sequences of various species
using a database search, and this revealed that p.F231 in
feline ETFDH is completely conserved in eukaryotes,
including human (Homo sapiens), mouse (Mus musculus),
amphibia (Xenopus laevis), fish (Danio rerio), insect
(Drosophila melanogaster), nematode (Caenorhabditis ele-
gans), plant (Arabidopsis thaliana), and fungus (Saccharo-
myces cerevisiae) (Fig. 5a). The disulfide bonding predictor,
DISULFIND, showed that no abnormal disulfide bond is
formed on the aberrant p.C231 in ETFDH. Analysis of the
protein conformation showed that p.F231 is located on the
surface of the FAD-binding domain opposite the ubiquinone
domain in ETFDH (Fig. 5b).

Discussion

A surviving individual with MADD is rare because patients
with neonatal-onset MADD die soon after birth. As an
animal model of MADD has been never established,
research on MADD has made little progress. The present
case of inherited MADD in a cat is the first of its kind to
have been reported other than in humans, indicating that
inherited MADD is latent in animals.

The cat we studied presented with symptoms of
hypoglycemia, hyperammonemia, vomiting, and increased
levels of urine organic acids including 3-hydroxyisovaleric,
ethylmalonic, glutaric, 2-hydroxyglutaric, suberic, and
sebacic acids, as well as isovalerylglycine (Fig. 1a). The
blood levels of medium- and long-chain acylcarnitine
species were also elevated (Table 3 and Fig. 2). Therefore,
the symptoms of MADD in this cat were consistent with
those in humans (Frerman and Goodman 2001; Gordon
2006), suggesting that the present individual would be a
valuable pathological model of human MADD.

Variousmutations have been identified in ETFa, ETFb, and
ETFDH in human MADD patients. Most mutations causing
riboflavin-responsive MADD have been located in ETFDH
(Olsen et al. 2007; Law et al. 2009; Trakadis et al. 2012). The
present cat, which responded to riboflavin treatment, also
carried a mutation in ETFDH (Fig. 4), but not in ETFa or
ETFb. The mutations inherited in human patients with
riboflavin-responsive MADD all cause a single amino acid
substitution (Olsen et al. 2007; Law et al. 2009; Trakadis
et al. 2012). The present cat expressed ETFDH mRNA at the
same level as control cats (Fig. 3). The p.F231C substitution
in ETFDH does not appear to lead to the formation of an
abnormal disulfide bond. Therefore, cases of mild MADD
responsive to riboflavin treatment may involve less severe
dysfunction of ETFDH.

The mutation identified in this study has not been
reported previously in human cases of MADD (Goodman
et al. 2002; Olsen et al. 2003; Schiff et al. 2006; Yotsumoto

Table 4 List of sequenced genes

Gene GenBank ID

ETFa KF682224

ETFb KF682225

ETFDH KF682226

Fig. 3 RT-PCR analysis of MADD-related genes. All of the cats
examined, including the one with MADD, expressed ETFa, ETFb,
and ETFDH
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et al. 2008; Er et al. 2010; Wolfe et al. 2010; Er et al. 2011;
Wang et al. 2011; Trakadis et al. 2012) (Fig. 5c). p.F231 in
ETFDH has been completely conserved in eukaryotes across
mammal to fungus (Fig. 5a), implying that p.F231 has an
important role in the function of ETFDH. Phenylalanine has a
role in electron transfer in Alzheimer’s amyloid beta-peptide,
methylamine dehydrogenase, sulfite oxidase, and triheme

cytochrome PpcA (Davidson 2003; Pogocki 2004; Dantas
et al. 2013; Davis et al. 2013). p.F231 is located on the
FAD-binding domain, which is involved in the receipt of
electrons from ETF, at the end opposite the ubiquinone
domain, which is buried in the inner mitochondrial membrane
(Fig. 5b) (Watmough and Frerman 2010). Thus, p.F231 is
located on the apical surface of ETFDH, where it is exposed

Fig. 4 The ETFDH mutation in the present cat with MADD. (a) The
mutation c.692T>G (arrow head) was identified by sequencing
analysis. (b) The allelic frequency of the mutation was determined
by PCR-RFLP analysis. The PciI restriction site (arrow), ACATGT,
was located on the fragment amplified from the mutant ETFDH, but

not on that from wild-type ETFDH. The lanes labeled U and C show
the electrophoretic profiles of the ETFDH fragments without and with
PciI cleavage, respectively, after PCR amplification. The fragment
derived from the cat with MADD was completely cleaved by PciI

Fig. 5 Characterization of the p.F231C mutation. (a) The peptide
sequence of feline ETFDH is compared with its homologs for the
amino acids covering the region p.Q222 to p.V241. Phenylalanine
encoded by c.692T in feline ETFDH is conserved in ETFDH from
Homo sapiens, Mus musculus, Xenopus laevis, Danio rerio, Drosoph-
ila melanogaster, Caenorhabditis elegans, Arabidopsis thaliana, and
Saccharomyces cerevisiae. Escherichia coli lacks the homologous
region including p.F231. The gray background indicates amino acids
that differ from the feline sequence. The red background indicates the
mutation site. (b) The protein conformation of feline ETFDH

represented in space-fill mode predicted by SWISS-MODEL. p.F231
(red) is located on the surface of the FAD-binding domain (green)
opposite the ubiquinone domain (blue). (c) The primary structure of
the ETFDH precursor with the mutation locus is shown. The colors
indicate the domain of the signal peptide (yellow), the 4Fe-4S cluster
(gray), the FAD-binding site (green), and ubiquinone (blue). Vertical
lines on each domain indicate the locus of mutations reported
previously in human cases of MADD (Trakadis et al. 2012). The
present novel mutation (red arrow) does not overlap with any of these
mutations
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to the mitochondrial matrix. Therefore, the p.F231C amino
acid substitution in ETFDH might hinder the receipt of
electrons from ETF, followed by accumulation of reduced
ETF, and leading to a deficiency of acyl-CoA dehydrogenase.
There is possibility that this p.F231C substitution in ETFDH
causes MADD in humans.

Our analysis of allelic frequency showed that present cat
only carries mutant alleles of ETFDH (Fig. 4b). In humans,
most cases of MADD are attributable to a zygotic effect on
different mutations in ETF or ETFDH (Olsen et al. 2003),
although the majority of patients with late-onset MADD
recorded in southern China carried a homozygous mutation
of c.250G>A in ETFDH (Wang et al. 2011). According to
the owner, the present cat is derived from a group of dozens
of stray cats, which were fed by a particular person. They
were likely to breed in a small colony. The present cat
might have been produced by inbreeding of ancestors
carrying the mutation c.692T>G in ETFDH, although there
is the possibility of a hemizygous point mutation or
uniparental disomy containing ETFDH gene. Unfortu-
nately, all three littermates and parents already died, so
we could not observe genetic information about this
mutation. Accordingly, we recommend avoiding unneces-
sary inbreeding of companion animals to prevent the
production of genetic abnormalities such as the present one.

In conclusion, we have described the first case of inherited
MADD in an animal, and identified a novel mutation in
ETFDH suspected to be the cause. The cat we examined is the
only one currently known to be diagnosed as having MADD,
and the knowledge gained from it is anticipated to be
valuable for the development of an effective therapy for
MADD. As gene therapy can be applied for patients carrying
a single gene mutation, we are currently studying the
possibility of gene therapy for this cat.
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Abstract Biotin-responsive basal ganglia disease (BBGD)
is an autosomal recessive disorder, which is caused by
mutations in the SLC19A3 gene. BBGD typically causes
(sub)acute episodes with encephalopathy and subsequent
neurological deterioration. If untreated, the clinical course

may be fatal. Our report on a 6-year-old child with BBGD
highlights that the disease is a crucial differential diag-
nosis of Leigh syndrome. Therefore, biotin and thiamine
treatment is recommended for any patient with symmetrical
basal ganglia lesions and neurological symptoms until
BBGD is excluded. In addition, we exemplify that
deformation-field-based morphometry of brain magnetic
resonance images constitutes a novel quantitative tool,
which might be very useful to monitor disease course and
therapeutic effects in neurometabolic disorders.

Introduction

Biotin-responsive basal ganglia disease (BBGD; OMIM
607483) is a rare autosomal recessive disorder, which is
caused by mutations in the SLC19A3 gene, encoding a
thiamine transporter (hTHTR2). The disease was first
described in 1998 and later genetically characterized in
2005 (Ozand et al. 1998; Zeng et al. 2005). The first
patients reported were of Saudi, Syrian, or Yemeni ancestry.
However, in the following, also European and Japanese
patients were identified, indicating that BBGD is a
pan-ethnic disease (Debs et al. 2010; Tabarki et al. 2013).
So far, the influence of SLC19A3 mutations on hTHTR2
function (i.e., transporter functionality, protein stability,
targeting, or transport activity) and their impact on cell
biology are unresolved (Subramanian et al. 2006).

BBGD frequently manifests in childhood with (sub)
acute episodes of encephalopathy, dystonia, dysarthria,
and seizures. If untreated, the clinical course may be
fatal (Tabarki et al. 2013; Alfadhel et al. 2013). Brain
magnetic resonance imaging (MRI) typically demonstrates
bilateral hyperintensity of caudate nucleus and putamen
on T2-weighted sequences. In addition, especially during
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acute neurometabolic crisis, diffuse cortical and subcortical
changes are characteristic, which are thought to be caused
by vasogenic edema (Tabarki et al. 2013).

Treatment of BBGD consists of high doses of biotin
and additional thiamine. The efficacy of biotin treatment
is still unclear because hTHTR2 is unable to transport
biotin. However, it has been shown that biotin regulates
gene expression of SLC19A3 (Debs et al. 2010). Therefore,
a biotin-induced upregulation of hTHTR2 levels in combi-
nation with increased thiamine supplementation are most
likely the therapeutic mechanisms.

Case Report

Here, we report on a 6-year-old girl, born to consanguine-
ous Moroccan parents. She was the third child of the
family. Two older sisters suffered from a progressive
neurodegenerative disorder, which was classified as Leigh
syndrome because of symmetrical brain lesions in the
basal ganglia.

Leigh syndrome is a devastating disease caused by
direct or indirect impairment of mitochondrial oxidative
phosphorylation. The disorder typically causes symmetrical
lesions in basal ganglia and/or brain stem and leads to a
clinical course with rapid deterioration of cognitive and
motor functions (Baertling et al. 2013).

However, in these two girls, biochemical diagnostics
did not reveal any clear disturbance of mitochondrial
metabolism. Both girls died during the course of the
disease.

The girl reported here developed normal until the age
of 3½ years. At that time, she suffered from a first
encephalopathic episode with somnolence, dystonia, and
dysarthria. Metabolic work-up was normal (including
organic acids in urine, amino acids in blood and cerebro-
spinal fluid, acylcarnitines, etc.). Initial brain MRI showed
symmetric basal ganglia lesions. In view of family history,
Leigh syndrome was diagnosed.

At the age of 6 years, the child was seen at our
department during an acute metabolic crisis (including
somnolence and seizures). Brain MRI showed the previously
described basal ganglia lesions (Fig. 1 a–b). In addition,
single voxel spectroscopy demonstrated an intense lactate
peak within the affected areas (see Supplementary Fig. 1).
However, MRI also showed diffuse cortical and subcortical
changes in addition to basal ganglia lesions, which appeared
rather atypical for classical Leigh syndrome (Fig. 1 a–b).
This finding brought up the differential diagnosis BBGD.
Accordingly, the girl was treated with high-dose biotin
(10 mg/kg/day) and additional thiamine (100 mg/day). This
medication improved her clinical status dramatically. The
child recovered from somnolence within several hours and
seizures subsided completely.

Molecular genetic studies confirmed BBGD, demonstrat-
ing a mutation in the SLC19A3 gene (c.1264G>A, p.T422A,
in exon 5; mutation previously described by Zeng et al.
2005). In addition, molecular genetic studies were also
carried out in cultured skin fibroblasts of the oldest sister,
which allowed a postmortem diagnosis also in this child.

The further clinical course of the girl was favorable.
Follow-up brain MRI, 3 months after the acute metabolic
crisis revealed a clear regression of lesions in basal ganglia
and other cortical and subcortical regions (Fig. 1 c–d).

In order to enable a quantitative evaluation of the disease
course with respect to different brain areas, we applied
deformation-field-based morphometry of the MR scans
and cytoarchitectonic probabilistic maps to localize volume
changes (Fig. 2; Pieperhoff et al. 2008). The superimposi-
tion of the MRI scans obtained prior and after 3 months of
therapy showed a widespread involvement of brain regions,
extending those of the previously identified changes in the
caudate nucleus and putamen. The caudate nucleus and
putamen were among those regions with most pronounced
volume decrease under therapy. Other regions with volume
decrease were the fundus striati, the ventral globus pallidus,
the pulvinar of the thalamus, the periaqueductal gray
matter, but also cortical areas PG and PGa of the angular
gyrus. Volume increases were found in the ventricles, but
also in the thalamus (paratenial nucleus, mammillary body,
ventral anterior nuclei, and habenula).

These findings are in accordance with current MRI
studies on BBGD (Tabarki et al. 2013) and indicate that
brain pathology of the disease is much more complex than
previously thought. The volume changes observed most
probably constitute a combination of recovery processes
(e.g., disappearance of vasogenic edema and normalization
of cell metabolism) and residual tissue damage/atrophy.

Discussion

In conclusion, our report highlights that BBGD is
an important treatable differential diagnosis of Leigh
syndrome. The clinical picture may completely mimic a
mitochondrial disorder, including lactic acidemia (which
was present in one of the girls during acute metabolic
crisis) and detection of a lactate peak on magnetic
resonance spectroscopy (as demonstrated in the index
patient). Importantly, atypical brain imaging findings
(i.e., cortical signal alterations; indications of vasogenic
edema) should alert clinicians to the differential diagnosis
BBGD. Generally, biotin and thiamine treatment is
suggested in any patient with symmetrical basal ganglia
lesions and neurological symptoms until BBGD is excluded
or a mitochondrial dysfunction has been clearly identified.
Moreover, our morphometry analysis exemplifies that this
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novel quantitative tool might be very useful to monitor
disease course and therapeutic effects in neurometabolic
disorders.

Synopsis

Biotin and thiamine treatment is lifesaving in patients with
biotin-responsive basal ganglia disease.
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Fig. 1 MRI findings in biotin-responsive basal ganglia disease.
(a–b), T2-weighted sequences during acute metabolic crisis demon-
strating bilateral hyperintensity and swelling of caudate nucleus and
putamen as well as abnormal signals in cortical-subcortical areas.

(c–d) T2-weighted sequences 3 months after start of treatment with
biotin and thiamine showing clear improvement of basal ganglia
alterations and disappearance of cortical abnormalities
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Fig. 2 Deformation-field-based morphometry of the MR scans.
Volume changes in time as assed by means of deformation-field-
based morphometry (DFM, Pieperhoff et al. 2008). The first and
second pictures in each row show MR sections, which were acquired
within an interval of ~3 months. The third picture in each row shows
the difference in volume as compared to the first MR image, where the

brain was imaged for the first time. Volume decreases and increases of
more than 10 % are colored in red to yellow, and in blue, respectively.
Contours of the following anatomical regions are labeled: ipl-pf,
ipl-pg ¼ areas PF and PG of the inferior parietal lobule (Caspers et al.
2008); bn bed nucleus, fustr fundus striati, acc ncl. accumbens, vgp
ventral globus pallidus, caud ncl. caudatus, put putamen
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Abstract Severe hypertriglyceridemia (sHTG) (plasma
triglyceride level > 10 mmol/L) due to lipoprotein lipase
(LPL) deficiency is a known risk factor for acute pancreati-
tis. A 23-day-old male with sHTG was admitted to the
Neonatal Intensive Care Unit for plasmapheresis being at
high risk for acute pancreatitis. Given the potential hazard
of an extracorporeal technique in a very young infant, we
decided to perform an exchange transfusion (ET), a
procedure widely used by neonatologists and less invasive
than plasmapheresis. ET led to a dramatic reduction in
plasma triglyceride level, from 93.2 to 3.8 mmol/L at the
end of the procedure, without adverse events. The
subsequent administration of a special formula low in fat
and high in medium-chain triglycerides was effective in
keeping fasting plasma triglyceride level below 5.6 mmol/L
during the first 5 months of life. The sequence of LPL gene
revealed that the patient was apparently homozygous for a

novel nucleotide deletion (c.840delG) in exon 6 leading to
a premature termination codon (p.N281Mfs*23). However,
family studies revealed that while the patient’s mother was
heterozygous for this mutation, the father was heterozygous
for a novel deletion eliminating the whole LPL gene. The
patient therefore turned out to be a compound heterozygous
for two LPL gene mutations predicted to abolish LPL
activity. This is the first case of sHTG treated with ET in a
neonate reported in the literature. ET appears to be a safe
procedure, alternative to plasmapheresis, to prevent
acute pancreatitis in young infants with sHTG due to LPL
deficiency.

Introduction

Hypertriglyceridemia is conventionally defined as severe
(sHTG) when the level of fasting plasma triglyceride (TG)
is > 10 mmol/L. This condition is often referred to as
chylomicronemia because of plasma accumulation of
chylomicrons in the fasting state (Brahm and Hegele
2013). Familial chylomicronemia, also known as hyper-
lipoproteinemia (HLP) type 1, is a rare recessive disorder
which often presents during early infancy and childhood
(Brahm and Hegele 2013; Feoli-Fonseca et al. 1998).
Fasting serum TG level is generally > 10 mmol/L and
sometimes can exceed 100 mmol/L. The clinical features
include failure to thrive, eruptive xanthomas, lipemia
retinalis, hepatosplenomegaly, recurrent abdominal pain,
and episodes of acute pancreatitis (Brahm and Hegele 2013;
Feoli-Fonseca et al. 1998; Kavazarakis et al. 2004; Avis
et al. 2010; Chen et al. 2012). Familial chylomicronemia is
due to a defect in the lipolytic cascade of TG-rich
lipoproteins that may result from mutations in at least five
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different genes: LPL (encoding the lipoprotein lipase, LPL;
OMIM #238600), APOC2 (encoding apolipoprotein CII,
the activator of LPL; OMIM #207750), APOA5 (encoding
apolipoprotein AV, also an activator of LPL; OMIM
#144650), GPIHBP1 (encoding the molecular platform
which, on the endothelial surface of capillaries, allows the
interactions of LPL with TG-rich lipoproteins, apolipopro-
tein CII, and apolipoprotein AV; OMIM #612757), and
LMF1 (encoding a tissue factor which allows the secretion
of functional LPL and hepatic lipase, HL; OMIM #611761)
(Johansen et al. 2011; Davies et al. 2012; Surendran et al.
2012). LPL deficiency due to mutations in the LPL gene is
the most common disorder (95 % of cases) with an
estimated prevalence of one per million individuals in most
populations (Brahm and Hegele 2013).

Treatment of patients with familial chylomicronemia
requires severe dietary fat restriction in order to maintain
fasting TG levels below 4.5–5.6 mmol/L to reduce the risk
of pancreatitis (Feoli-Fonseca et al. 1998; Leaf 2008).
Plasmapheresis constitutes a therapeutic option in selected
cases of sHTG for preventing this potentially life-threatening
complication (Ewald and Kloer 2009; Stefanutti et al.
2009).

In this study, we report on a newborn with sHTG
admitted to a Neonatal Intensive Care Unit (NICU) for
therapeutic plasmapheresis by plasmafiltration, who was
successfully treated with exchange transfusion (ET), a less
invasive procedure than plasmapheresis. The patient was
found to be a compound heterozygous for two novel LPL
mutations, including the complete deletion of LPL gene.

Materials and Methods

Patient

The patient was a male neonate delivered by caesarean
section after a full-term uneventful pregnancy. His birth
weight was 3,305 g; he had a normal physical examination.
Breastfeeding was started on day 1. He was discharged
from hospital on day 6 of life in good clinical conditions
with complementary feeding. His parents, apparently
unrelated, were in good health as his two sisters.

On day 23 of life the capillary blood, collected for the
second Guthrie screening routinely performed at the local
hospital, was remarkably pink-creamy colored. Laboratory
tests revealed extremely elevated plasma levels of TG
(140 mmol/L) and total cholesterol (TC) (17.3 mmol/L);
plasma lipase level was 209 IU/L (normal value 7–60 IU/
L). Enteral feeding was suspended, an electrolyte solution
was started, and the baby was transferred to our NICU after
12 h to undergo plasmafiltration.

At admission, the baby appeared in good health.
Physical examination showed weight, height, and head
circumference within the normal range (50th–75th percen-
tile for his age), mild hepatomegaly, and some small
yellowish papules on the face resembling eruptive xan-
thoma. Ophthalmoscopic examination revealed creamy-
white retinal vessels, typical of lipemia retinalis. Blood
chemistry confirmed the high plasma TG and TC levels
(93.2 and 20.6 mmol/L, respectively); transaminase, alka-
line phosphatase, total bilirubin, and serum electrolytes
were within the normal range. No other biochemical data
could be obtained because of the lipemic serum. Blood cell
count was normal; hemoglobin level was 9.9 g/dL. Fasting
was continued and the different therapeutic options were
carefully evaluated. Conservative treatment only (i.e.,
dietary therapy) and plasmapheresis by plasmafiltration
were excluded in favor of ET. A blood sample was
collected from the patient and his family members for
LPL gene analysis. A written informed consent was
obtained from the parents before initiating the ET procedure
and for DNA analysis.

Exchange Transfusion (ET) Procedure

ET is a procedure by which an infant’s blood is replaced
with donor blood by repeatedly removing and replacing
small aliquots of blood over a short time period. We used
fresh (collected <5 days before the procedure), filtered,
irradiated 0 Rh-negative packed red blood cells suspended
in AB plasma in a ratio to ensure a hematocrit of 40 %.
Aliquots of 10 mL of donor blood were exchanged with
infant blood till a cumulative volume of exchange of
200 mL/kg (twofold and half the estimated infant blood
volume) was reached. ET was performed using a central
venous catheter (double-lumen 5 French) placed in the right
internal jugular vein by surgical cutdown, avoiding ligation
of the vessel. The “pull-push technique” through special
four-way stopcock was used. The procedure was completed
within 120 min. No adverse events were observed except
for mild thrombocytopenia which resolved spontaneously.

Analysis of LPL Gene

The exons and the promoter region of LPL gene
(NG_008855.1, Chromosome 8p22) were amplified from
genomic DNA by polymerase chain reaction (PCR) and
sequenced using appropriate primers (Bertolini et al. 2000).
Multiplex ligation-dependent probe amplification (MLPA)
(SALSA MLPA P218-B1 LPL probe mix, MRC Holland,
Amsterdam, the Netherlands) was used for the detection of
major rearrangements of LPL gene. The PCR products were
separated on an ABI PRISM 3100 sequencer and the data
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analyzed by Peak Scanner™ software v1.0. The mutations
were designated according to the Human Genome Variation
Society, 2012 version (http://www.hgvs.org/mutnomen/
recs-DNA.html). LPL protein sequence variants were
designated according to http://www.hgvs.org/mutnomen/
recs-prot.html.

Results

ET Procedure and Follow-Up

ET led to a dramatic reduction in plasma TG level:
3.84 mmol/L at the end of the procedure and 1.95 mmol/L
12 h later. Lipemia retinalis disappeared. Fasting and a
lipid-free parenteral nutrition were continued. After 72 h
from ET, laboratory tests were as follows: TG 1.03 mmol/L,
TC 3.77 mmol/L, high-density lipoprotein cholesterol
(HDL-C) 0.85 mmol/L, low-density lipoprotein cholesterol
(LDL-C) 2.45 mmol/L; amylase, lipase, and the other
biochemical parameters were within the normal range.
Hemoglobin was 13.1 g/dL. After 3 days fasting, diet with
a special formula low in fat and high in medium-chain
triglycerides (MCTs) was started (Monogen®, 25 % of
calories as fat, 90 % of fat as MCT). Plasma lipids slightly
increased after starting the diet: TG 3.83 mmol/L, TC
4.13 mmol/L (HDL-C 0.54 mmol/L, LDL-C 2.25 mmol/L)
after 4 days; TG 5.32 mmol/L, TC 4.13 mmol/L (HDL-C
0.62 mmol/L, LDL-C 2.09 mmol/L) after 8 days; TG
4.04 mmol/L, TC 3.20 mmol/L (HDL-C 0.57 mmol/L,
LDL-C 1.47 mmol/L) after 14 days. Parenteral nutrition
was discontinued and the catheter removed after 7 days
from ET. The baby was discharged after 20 days in
excellent clinical conditions with feeding with Monogen®
milk. At the age of 5 months, the baby is still in good health
and presents a normal growth (weight, height, and head
circumference within the 75th percentile) and development.
He is fed with the same milk and plasma lipid values are
similar to those recorded at discharge: TG 4.18 mmol/L, TC
3.36 mmol/L, HDL-C 0.59 mmol/L, LDL-C 1.60 mmol/L.

Before the child was discharged, family members were
evaluated for presence of dyslipidemia. In all subjects,
fasting plasma lipids were found to be within the normal
range for age and sex.

Analysis of LPL Gene

The resequencing of LPL gene revealed that the patient
was homozygous for a single nucleotide deletion in exon
6 (c.840delG) (Fig. 1). This mutation causes a shift in
the reading frame leading to a truncated protein
(p.N281Mfs*23) of 302 amino acids. Therefore, the
sequence of exon 6 of LPL gene was performed in all

family members (parents and two sisters) available for
study. This screening revealed that the mother and one
sister of the patient were heterozygous carriers of the
mutation (Fig. 1). The absence of the mutation in the father
(Fig. 1) was inconsistent with the genotype of the patient,
suggesting either a condition of non-paternity or that the

Fig. 1 Partial nucleotide sequence of exon 6 of LPL gene. The
hypertriglyceridemic patient (panel b) appears to be homozygous for a
single nucleotide deletion (c.840delG). This mutation was found in
patient’s mother (panel c) in heterozygous state, but not in patient’s
father (panel a) whose sequence was normal
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father might be heterozygous carrier of a partial deletion of
LPL gene eliminating exon 6. To test this hypothesis, we
analyzed the DNA of all family members by MLPA and
found that the patient’s father was, in fact, heterozygous for
a complete deletion of LPL gene (Fig. 2) that had been
transmitted to the patient. The latter therefore turned out to
be a compound heterozygote with one allele harboring the
c.840delG and the other harboring of deletion of the LPL
gene. The LPL deletion was also found in the patient’s
sister previously found to be negative for the c.840delG
mutation.

Discussion

Clinical Aspects

In this study, we describe the clinical features and the
treatment of a 23-day-old male with sHTG who was
admitted to our NICU for plasmapheresis, being at high risk
for acute pancreatitis. Therapeutic plasmapheresis can be
used to rapidly reduce TG levels as patients with sHTG are
at high risk for acute pancreatitis (Ewald and Kloer 2009;
Stefanutti et al. 2009).

Fig. 2 Multiplex ligation-dependent probe amplification (MLPA) of
LPL gene. The height of the histograms indicates that the patient is
heterozygous for a large deletion which eliminates the entire LPL gene

(panel a); this deletion is present also in the patient’s father (panel c),
but not in the patient’s mother (panel b)
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Since 1978, different plasmapheresis techniques (plas-
mafiltration, plasma exchange) have been applied to the
treatment of adult patients with sHTG. The use of
plasmapheresis in newborn infants raises great concern,
because of the potential risks related to the extracorporeal
procedure, particularly the hemodynamic effects and hem-
orrhagic events. Plasmafiltration would be preferred in very
young infants since it requires a lower volume of
extracorporeal circulation than plasma exchange, but it
seems to be less effective in sHTG, as chylomicrons remain
trapped in the primary plasma filter because of their large
size and high molecular weight (Ewald and Kloer 2009;
Stefanutti et al. 2013). Stefanutti et al. (2004, 2013)
reported two cases of sHTG in very young infants (a 25-
day-old male and a 3-month-old female) treated success-
fully with plasma exchange without adverse events. These
authors introduced modifications to the standard procedure
to minimize the risks. Given the little chance of success
with plasmafiltration we are familiar with and our limited
experience in plasma exchange plasmapheresis, we decided
to perform an ET. ET was introduced in the late 1940s to
decrease the mortality of hemolytic disease of the newborn
and to prevent kernicterus in the surviving infants. Since
then, ET has been applied to many diseases (such as high
levels of unconjugated hyperbilirubinemia in the newborn
due to any cause, severe anemia, disseminated intravascular
coagulation, neonatal sepsis), and has become one of the
most common procedures performed by neonatologists
(Steiner et al. 2007). The most common ET-related adverse
effects include thrombocytopenia, hypocalcemia, hyper-
kalemia, apnea, bradycardia, hypotension, and catheter-
related complications. A retrospective study by Steiner
et al. (2007) reported ET-related morbidity and mortality
over a 20-year period (1986–2006) at Yale New Haven
Hospital. The majority of complications were transient and,
when serious adverse events occurred, they were observed
in infants who were preterm and/or very sick. No deaths
were related to ET during the study period.

In our patient, ET led to a significant and immediate
reduction in plasma TG level without adverse events. This
effect is due to the ET procedure “per se” and, possibly, to
the presence in transfused blood of LPL released from
blood mononuclear cells (known to produce minute
amounts of LPL) (Merkel et al. 2002; Stengel et al.
1998). Dietary therapy, started after the ET procedure,
was effective in maintaining fasting plasma TG level below
5.6 mmol/L over time.

To the best of our knowledge, this is the first case of
sHTG treated with ET in a newborn infant reported in the
literature. Given the result we achieved, we believe that ET
should be taken into account by neonatologists and
pediatricians to treat sHTG in very young infants in order
to rapidly decrease elevated TG levels and thus avoiding

the potentially fatal risk of acute pancreatitis. This
observation sets the stage for a future clinical trial of
exchange transfusion in newborns with sHTG due to LPL
deficiency or other genetic or acquired conditions.

Molecular Aspects

The hypothesis that the patient had familial chylomicrone-
mia was confirmed by the analysis of LPL gene, which
revealed at first that he was apparently homozygous for a
single nucleotide deletion (c.840delG) predicted to result in
a truncated protein. This truncated protein belongs to a
group of functionally inactive LPL proteins, resulting from
mutations that cause the elimination of the carboxyl-
terminal domain of the protein (Bertolini et al. 2000;
Merkel et al. 2002). This domain is involved in the
intracellular processing and secretion of LPL, the formation
of functionally active LPL homodimer, the interaction of
LPL with TG-rich lipoproteins, and in the binding of LPL
to the LDL receptor-related proteins (LRPs) and glycosa-
minoglycans of the endothelial cell surface (Murthy et al.
1996; Buscà et al. 1998; Wang and Eckel 2009).

The unexpected absence of the mutation c.840delG in
the patient’s father prompted us to consider the hypothesis
that the father had transmitted to his son a partial deletion
of LPL gene involving exon 6 (the exon harboring the
c.840delG). By applying the MLPA method, we found that
the patient’s father was heterozygous for a large deletion
eliminating the whole LPL gene. This deletion was
transmitted to the patient (who was in fact a compound
heterozygote) and to one of his healthy sisters. As far as we
know, this is the first report of a complete deletion of LPL
gene in humans. At the moment, we do not know the size
of this deletion and whether or not other nearby genes are
involved. The two heterozygous carriers of this deletion
(the father and the sister of the patient) appear to be in good
health and to have a normal plasma lipid profile.
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Synopsis

Exchange transfusion appears to be a safe procedure,
alternative to plasmapheresis, to prevent acute pancreatitis
in young infants with severe hypertriglyceridemia due to
lipoprotein lipase deficiency.
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Abstract A 3-year-old girl suffering from ornithine carba-
moyltransferase (OTC) deficiency was poorly equilibrated
under conventional diet and scavenger treatment. Following
unsuccessful cryopreserved hepatocyte transplantation, she
received two infusions of Adult Derived Human Liver
Stem/Progenitor Cells (ADHLSCs) expanded in vitro under
GMP settings, the quantity being equivalent to 0.75% of
her calculated liver mass. Using FISH immunostaining for
the Y chromosome, the initial biopsy did not detect any
male nuclei in the recipient liver. Two liver biopsies taken
100 days after ADHLSC transplantation showed 3% and
5% of male donor cells in the recipient liver, thus
suggesting repopulation by donor cells. Although limited

follow-up did not allow us to draw conclusions on
long-term improvement, these results provide a promising
proof of concept that this therapy is feasible in an OTC
patient.

Introduction

The urea cycle is the pathway responsible for the metabolism
of wasted nitrogen in humans. This pathway is dependent of
the functional integrity of the liver ornithine transcarbamy-
lase (OTC). OTC deficiency is the most common urea cycle
enzyme defect. Ammonia incorporation is impaired leading
to recurrent high blood values, causing severe neurological
damage and long-term cognitive defects (Nassogne et al.
2005; Leonard 2001; Ensenauer et al. 2005). OTC deficiency
is an x-chromosomal transmitted disorder. Current treatment
encompasses a low natural protein diet, use of ammonium
scavengers, and supplements in arginine and citrulline
(Enns et al. 2007). Patients can still present episodes of
decompensation, and most of them develop secondary
anorexia requiring gastric tubing. Their total protein intake
remains often below the WHO recommendation. Orthotopic
liver transplantation (OLT) applies to the sickest patients,
while some other patients are perfectly equilibrated. There is
a wide range of clinical presentations, with recurrent
episodes of moderate hyperammonemia, and in less severe
cases, parents and physicians are balanced between
conventional therapy or liver transplantation, the procedure
in which access remains highly limited by donor shortage
and because of the inherent short- and long-term risks of the
procedure. Less invasive, innovative therapies are expected

Communicated by: Daniela Karall

Competing interests: None declared

E.M. Sokal :X. Stéphenne :C. Ottolenghi :N. Jazouli :
F. Lacaille :M. Najimi : P. de Lonlay : F. Smets
Université Catholique de Louvain & Cliniques Universitaires Saint
Luc, 10 av Hippocrate, B 1200, Bruxelles, Belgium

E.M. Sokal (*) :X. Stéphenne :N. Jazouli :M. Najimi : F. Smets
Service de Gastroentérologie et Hépatologie Pédiatrique, Cliniques
St Luc, 10 av Hippocrate, B 1200, Bruxelles, Belgium
e-mail: Etienne.sokal@uclouvain.be

P. Clapuyt
Service de radiologie, Gastroentérologie et Hépatologie pédiatrique,
10 av Hippocrate, B 1200, Bruxelles, Belgium

E.M. Sokal :X. Stéphenne :N. Jazouli :M. Najimi : F. Smets
Centre de Thérapie Cellulaire et Institut de Recherche Expérimentale
et Clinique, 10 av Hippocrate, B 1200, Bruxelles, Belgium

C. Ottolenghi : F. Lacaille : P. de Lonlay
Hôpital Necker Enfants Malades, Centre de Référence des Maladies
Héréditaires du Métabolisme, service de biochimie spécialisée et
hépato-gastroentérologie, Université Paris Descartes, Institut Imagine,
Paris, France

JIMD Reports
DOI 10.1007/8904_2013_257



to improve the phenotype and the quality of life of these
children and their families.

Liver regenerative medicine aims to repair a deficient
liver with cells. In the context of inborn errors of liver
metabolism, allogeneic cells are used to correct a liver-
based enzyme defect. The proof of concept has been
established with hepatocyte transplantation. After infusion
in the recipient’s portal system, transplanted hepatocytes
have been documented to provide the missing enzyme for
urea cycle defects and other metabolic diseases (Sokal et al.
2003; Stéphenne et al. 2005, 2006). However, hepatocyte
transplantation faces several limitations, including organ
shortage, poor quality of livers offered for cell isolation,
poor resistance of mature hepatocytes to cryopreservation
and culture conditions, as well as risk of disease transmis-
sion with a transplant product (Meyburg and Hoffmann
2010; Jorns et al. 2012; Smets et al., 2008). Therefore,
stem/progenitor cells are upcoming as the next generation
of cells for regenerative medicine, being developed for their
capacity to overcome the limitations of mature hepatocytes,
and to be expanded industrially under GMP conditions.
This technology brings regenerative medicine of the liver
widely available to any patient suffering from this disorder
and other inborn metabolic diseases of the liver (Nussler
et al. 2006; Sancho-Bru et al. 2009; Khuu et al. 2010;
Najimi et al. 2007).

Here we report the first human stem/progenitor cell
transplantation, with engraftment and repopulation of
recipient liver, using Adult Derived Human Liver Stem
Cells (ADHLSCs) intraportal infusion in a 3-year-old girl
with OTC deficiency.

Patient and Methods

Patient’s History

A 3-year-old girl suffered severe OTC deficiency with
neonatal onset. The diagnosis had been established after a
neonatal coma occurring 38 h after birth (NH3 380 mmol/L,
TP 10%) and was confirmed by DNA analysis, indicating
a de novo deletion of exons 6–8 on the paternal allele of
OTC gene. She was under protein restriction diet (1 g/kg/day
by amino acid mixture and natural proteins) and
received Na-Benzoate (200 mg/kg/day), Na-phenylbutyrate
(150 mg/kg/day), citrulline (150 mg/kg/day), and arginine
(150 mg/kg/day). Anorexia and impossibility to provide oral
feeding led to enteral feeding by gastrostomy tube starting at
age 9 months. The child’s growth was normal with good
psychomotor development, but despite intensive treatment she
displayed recurrent episodes of hyperammonemia

(NH3 > 300 mmol/L) and frequent (monthly) hospital
admissions. Glutamine levels were persistently elevated
(>1,400 mmol/L – normal range: 250–850 mmol/L).

In an attempt to improve her metabolic control, and
decrease the risk related to recurrent hyperammoniemia,
she was proposed to receive hepatocyte transplantation,
according to a protocol used in previously reported patients
(Sokal et al. 2003). The project and procedure was
approved by the institution ethical committee. Hepatocytes
were procured from a ministry of health accredited tissue
bank.

She received two infusions of 1.25 and 2.3 billions
cryopreserved/thawed female hepatocytes over two days
(viability post thawing 72% and 84%, respectively, using
trypan blue exclusion assay). Four months later, she
received a second series of infusions with 2.45 billions of
cryopreserved/thawed male hepatocytes (viability post
thawing 91%). The cells were infused through a percutaneous
portal catheter, at a concentration of 10–15 � 106cells/mL, at
a rate of 1 mL/min. Immunosuppression included Tacrolimus
(Prograf, Astellas, Belgium). The tolerance was good without
complications, but there was however no evidence of benefit
from these hepatocyte transplantation courses.

During the 6-month follow-up treatment, she continued to
have monthly episodes of metabolic decompensation with
hyperammonemia up to 300 mmol/L and she was proposed
to receive a new cell therapy course using ADHLSC. This
protocol was approved by the ethical committee of the
institution and informed consent was given to and received
from the parents by an independent physician.

Large-Scale Production of ADHLSC

ADHLSCs were obtained after primary culture of
cryopreserved/thawed liver cells previously isolated from
the right lobe of a healthy cadaveric liver donor, an 11-year-
old male. Emerging ADHLSCs become predominant after
the second passage according to our previous documented
observations (Najimi et al. 2007; Scheers et al. 2012).
ADHLSCs were expanded in cell-stack 10 chambers to
reach 15 cumulative population doublings after 6 passages.

The purity of the ADHLSC culture was investigated at the
morphology, the hepato-mesenchymal phenotype (Albumin+,
alpha smooth muscle actin (a-SMA+) and the absence of
epithelial markers such as cytokeratins (CK) 7, 8, 18, and 19
as well as CD133 using immunocytochemistry, RT-PCR, and
flow cytometry.

The hepatogenic differentiation potential was also
evaluated as described elsewhere (Khuu et al. 2010; Khuu
et al. 2012). The differentiated cells were analyzed at the
morphological, genetic, and functional levels (Khuu et al.
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2010; Najimi et al. 2007). The quality of cell suspensions
recovered was also checked at the safety level. Cell cultures
were analyzed at all passages and no bacterial or virus (EBV,
CMV, HBV, and HCV) contamination was detected.
In addition, no cytogenetic abnormalities were detected in
ADHLSC cultures at passage 7 (end of large-scale produc-
tion). No tumor formation was observed 24 weeks after
subcutaneous injection to nude mice (Scheers et al. 2012).

Cryopreservation

Cells were resuspended in solution of 90% fetal bovine
serum and 10% DMSO. Cell suspension concentration
was adjusted to 2.4 million cells/mL. Cell suspension was
cryopreserved using a programmed freezer equipment
(Cryoson) using a stepwise decrease in temperature
(1�C/min until �40�C and then 2�C/min until �90�C).
While reaching �90�C, cells were transferred into liquid
nitrogen tank.

Thawing and Formulation Before Infusion

Cells were thawed at 37�C for a few minutes and washed with
thawing solution (human albumin 5%, glucose 5 g/100 mL,
bicarbonate 84 mg/mL, and heparin 10 UI/mL) at a dilution of
1/10. Cells were washed and centrifuged twice before counting
and viability evaluation. Cells were resuspended in infusion
solution (thawing solution with N-AcetylCystein 10 mM), at
a concentration of 10 millions of cells/mL in 50 mL syringe.
Viability of cells after thawing was always above 85% using
trypan blue exclusion assay.

Adult Derived Human Liver Stem Cells Infusion

ADHLSCs were obtained and expanded in 2009 from liver
cell batches previously isolated and cryopreserved in 2007
(e.g., 11-year-old male donor). ADHLSCs were infused
through a percutaneous intraportal catheter for a total of
0.9 billion cells (this corresponds to 60 million ADHLSCs
per kg body weight, i.e., 0. 75% of the theoretical liver
hepatocyte mass) (14).

In May 2009, two first infusions of respectively 262
millions (viability 89%) and 230 millions (viability 90%)
of cryopreserved ADHLSCs were performed under general
anesthesia (concentration 10 � 106/mL, infusion rate
1 mL/min). A transcutaneous catheter was placed in the
main portal vein under fluoroscopy and ultrasound
guidance as previously described (5).

Immunosuppression regimen remained identical, using
tacrolimus monotherapy to reach trough levels of
6–8 ng/mL. Prophylactic antibiotherapy with cefazolin

(40 mg/kg) was given immediately prior, 8, and 16 h post
infusion. The infusion and post-infusion course were
unremarkable and the child was discharged from hospital
on day three post infusion.

The second infusion occurred 2 weeks later (June 2009)
with freshly trypsinized ADHLSC (430 millions of cells,
viability 98%) at same concentration and infusion rate as
for the first session. Liver Doppler ultrasounds were
performed before and after each cell infusion.

Biochemical Monitoring

The ammonia level in plasma was measured by using
ammonia reagent by a timed endpoint method (Synchron LX
system, Fullerton, CA) (nl < 125 mg/dL).

The glutamine measurement was performed by ion
exchange chromatography and ninhydrin detection (Jeol
Aminotac analyzer).

Liver Biopsies: Fluorescence In Situ Hybridization

Liver biopsies were performed before ADHLSC infusion
and three and half months after the infusions. FISH
immunostaining was performed for the Y chromosome on
liver-biopsy fingerprints mounted on slides. Transplanted
male cells were detected by using a probe specific to the
SRY gene labeled with a SpectrumOrange, with a CEP X
SpectrumGreen control probe. Hybridized slides were
examined using either a DMRB microscope or an axioplan
2 microscope equipped with a single-by-pass filter for
excitation of DAPI, FITC, and rhodamine; double-by-pass
filters for excitation of FITC/rhodamine and triple-by-pass
filters for excitation of DAPI/FITC/rhodamine. Images
were captured by using a Photometrics camera and
processed by Isis software. For each hybridization, 200
cells in interphase were analyzed.

Statistical Analyses

Three different 6-month treatment phases have been
defined:

– Baseline (BSL): within 6 months before start of
hepatocytes infusion

– Post-hepatocytes (Post-Hep): over 6 months after end
of hepatocytes infusion

– Post-cells: over 6 months after infusion with progenitor
cells

Within each of these treatment phases, two different
periods of interest have been considered: from 0 to 3 months
and from 3 to 6 months.
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Only data collected during these treatment phases have
been included in the statistical analysis. To account for their
lognormal distribution, glutamine, ammonia, and orotic
acid concentrations have been log-transformed (Ln) prior
statistical analysis. The Ln-transformed levels have been
statistically analyzed using a two-way analysis of variance,
with the phase, the period, and the interaction between the
phase and the period included as fixed factors in the model.

Specific contrasts have been used to derive estimates
(with 95% confidence interval) for each treatment period of
interest and for the following comparisons:

– Post-Hep vs. Baseline
– Post-Cells vs. Baseline
– Post-Cells vs. Post-Hep (0–6 months)
– Post-Cells vs. Post-Hep (0–3 months)
– Post-Cells vs. Post-Hep (3–6 months)

Results

ADHLSC Engraftment and Clinical Outcome

Prior to the first infusion of ADHLSC, (9 months after the
last hepatocyte infusion), a biopsy was performed to
evaluate the engraftment of previously received male
hepatocytes using Fluorescent in situ hybridization (FISH)
technique for the Y chromosome (male donor and female
receiver). No Y-chromosome-positive cells were detected in
the recovered biopsy. Three and half months after both
infusions of ADHLSCs, two percutaneous biopsies were
performed in two separate areas of the right liver lobe to
evaluate cell engraftment. Demonstration was made of the
presence of 3% of male donor cells in the first biopsy and
5% in the second biopsy, while no Y positive cells were
found in the basal biopsy. Taking into account the
quantity of infused cells (0.9 � 109), the average 4%
chimerism, the theoretical liver cell mass of the patient
(15 kg � 5 � 109/kg ¼ 75 � 109) (Fox et al. 1998), and
the homogeneous liver distribution as shown in other
patients (data not shown), this would mean an absolute
quantity of donor cells reaching 3 � 109 cells, i.e., 3.3
times the quantity of cells infused. This theoretical
calculation suggests a proliferation and liver repopulation
capacity of ADHLSC.

The serum transaminases and bilirubin levels during
the immediate post infusion period and in the long-term
follow-up stayed within normal laboratory values.

The 8-month follow-up period was characterized by
temporary recovery from disease related anorexia and
improvement of the child’s overall condition as evaluated
by the parents, with less frequent hospital admissions (see

below). The psychomotor evolution was however not
evaluated by behavioral or intellectual score assessments.

Metabolic Control After Infusion

The data obtained for each treatment phase and for each
period of interest are presented in Figs. 1, 2, 3, and 4 and
are summarized in Table 1.

Glutamine levels were not significantly influenced by
hepatocytes or ADHLSC infusion.

Ammonia levels were significantly increased after hepato-
cyte infusion. After ADHLSC infusion, ammonia levels
decreased to levels close to baseline, with a significant decrease
compared to levels observed after hepatocyte transfusion
(Figs. 1 and 4).

Compared to baseline, orotic acid levels were significantly
lower after hepatocyte and ADHLSC infusions, without
significant differences between both interventional procedures
(Figs. 3 and 4).

The number of decompensations was multiple before
ADHLSC infusions with four admissions in the 6-month
period preceding hepatocyte infusions and three additional
severe decompensations between hepatocyte transfusion
and ADHLSC infusion (6 months, 12 and 16 months after
hepatocytes transfusion, NH3 > 300 mmol/L). After
ADHLSC infusions, one mild decompensation occurred at
6 months of the procedure (NH3 100 mmol/L) and a second
mild to moderate decompensation at 8 months (NH3
120 mmol/L). The protein content of the diet remained
at 1 g/Kg/day (mostly aminoacid mixture). Urea cycle
disorder (UCD)-medications were unchanged. In addition,
the patient was under tacrolimus therapy at a dosage
adapted to reach a level of 5–6 ng/mL.

The follow-up was limited in time, as immunosuppression
was stopped 6 months after the ADHLSC infusion, by fear

Fig. 1 Ammonium blood levels at different points of the evolution.
Normal value < 50 mMol/L (dotted horizontal line). H1 and H2
represent the hepatocyte infusions and ADHLSC the ADHLSC
infusion
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of viral infection during the H1N1 flu epidemic. There was
no more evidence of cell effect, and a liver transplantation
was proposed 3 months later. The child unfortunately died
from the procedure.

Pro-coagulant Effects of ADHLSC

At the end of the second infusion of ADHLSC, sudden increase
of portal vein pressure occurred and partial thrombosis of the
left intrahepatic portal vein branch was observed by Doppler
ultrasound, leading to arrest of infusion. This adverse event was
treated by low molecular weight heparin (FraxiparinR, Glaxo

Smith Kline, Genval, Belgium) and coumarinic anticoagulant
(SintromR, Novartis, Vilvoorde, Belgium), 5 mg/day for
30 days. D-Dimers were markedly elevated after both cell
infusion courses, confirming the procoagulant effect of the
cell preparation. This adverse event did not lead to any
consequence for the patient but encouraged our team to
investigate further the procoagulant effect of the progenitor
cells and adapt the anticoagulation protocol accordingly.

Discussion

This is the first report demonstrating engraftment of an
advanced therapy medicinal product after intraportal
transplantation in human. The theoretical calculation
tended to show that cells had repopulated the recipient
liver, as the percentage of donor cells in two liver biopsies
taken 3 months after the infusion, extrapolated to the
entire liver, would correspond to a threefold increase of
the original transplanted cell number. Such interpretation
must be taken cautiously, as sampling error may play
a role.

The first attempt to treat the child using cryopreserved
hepatocyte has not been clinically successful in improving
the child condition, and there was even a trend toward
higher ammonium values following hepatocyte infusions.

Following ADHLSC infusion, there was some indication of
clinical improvement (parental reporting, decompensation
episodes with milder level of NH3). However, we were not
able to follow the furthermetabolic data as immunosuppression
was stopped after 6 months; the child was thereafter liver
transplanted and died from complications of this procedure.

Thus, we are unable to conclude on the long-term
clinical efficacy of the therapy, but overall, the data suggest
that cells had engrafted and started to expand and/or to
differentiate to a more protective extent. Indeed, patients
with neonatal onset OTC are well known to be extremely
prone to sudden fatal decompensations, and in the absence
of successful liver transplantation, their survival is less than
10% beyond age 5 years (Kido et al. 2012; Uchino et al.
1998). Thus, it is possible that, if immunosuppression had
been maintained and in absence of liver transplantation,
ADHLSC infusion would have helped to prolong the life of
this patient long enough to allow for greater repopulation
by the engrafted cells, perhaps as early as during the
so-called early “honeymoon” period of the disease
(Leonard 2001; Ensenauer et al. 2005).

Markers, such as NH3 and glutamine which represents
the gold standard of diagnostic and follow-up studies on
UCD disorders, may be unsuitable to detect early limited
improvements of potential clinical relevance. We stress the
need for longer follow-up and of composite end points to
explore more finely any behavioral, dietary, and biochemical

Fig. 3 Urine orotic acid excretion at different time points of the
evolution. Normal value: <3.3 mmol/mol creatinine (dotted horizontal
line). H1 and H2 represent the hepatocyte infusions and ADHLSC the
ADHLSC infusion

Fig. 2 Plasma glutamine levels at different time points of the
evolution. Normal values: 250–850 mg/dL (dotted horizontal line ¼
maximal value). H1 and H2 represent the hepatocyte infusions and
ADHLSC the ADHLSC infusion
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effects. The improvement of urea cycle function in vivo
could be explored in the future by measurement of C13
incorporated into urea, following C13 Na acetate administra-
tion (Yudkoff et al. 2010).

As hepatocyte, islets, and other mesenchymal stromal cells
(MSCs) do, the ADHLSCs express tissue factor and induce the
coagulation cascade. This was most probably responsible for
the partial left portal vein thrombosis observed during the
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second infusion. This led our group to conduct studies on
the procoagulant properties of the ADHLSC and to identify
the specific combination of anticoagulant that could prevent
thrombosis. In vitro investigation using clotting factor
analysis and thromboelastography confirmed the procoagu-
lant effect of both hepatocytes and progenitor cells.
However, hepatocyte procoagulant effect can be inhibited
by heparin and only partly for the progenitor cells. The
mechanisms of procoagulant effect were identified and a
specific anticoagulant cocktail containing heparin (10 UI/
mL) and bivalirudin (0.75 mg/kg) was developed and
submitted for patent application. The use of this anticoagu-
lant combination in successive patients confirmed safety and
inhibition of the procoagulant effect of the cells (Stephenne
et al. 2012).

In metabolic diseases, cell therapy requires the use of
allogeneic cells and hence immunosuppression. ADHLSCs
are of mesenchymal phenotype, and like MSCs of other
origins, exhibit immunotolerogenic properties (Le Blanc
et al. 2008). Trials are being conducted in various autoim-
mune diseases, with the aim to modulate the patient immune
system. We detected similar features in vitro for the liver-
derived MSCs, which can block an ongoing mixed lympho-
cyte reaction (Sana et al. 2013). However, it is not clear
whether any such immune suppressive features would persist
once the cells engraft and differentiate. For this reason,
immunosuppression must be given to the patient, and in our
case, we choose to use the same immunosuppression
protocol that is widely used in pediatric liver transplantation.

We conclude that liver-based regenerative medicine
using AHDLSC is feasible, and that it can lead to a
significant engraftment and parenchymal repopulation at
medium term after portal infusion. Although the limited
follow-up of the patient did not enable us to draw any firm

conclusion on the clinical evolution, the histological data
provide a very promising proof of concept that ADHLSC
therapy is a potential treatment. Urea cycle disease is one of
the most desired targets, but composite end points must be
further developed to better assess the efficacy and benefits
for the patients. Ongoing research is about to bring new
tools to improve the level of engraftment.

Our first-in-man study is another example that stem
cell–based regenerative medicine is now coming to clinical
application, and EMA approved phase I/II clinical trials are
currently being conducted using this technology (clinicaltrial.
gov identifier NCT01765283), which will allow to evaluate
both safety and efficacy of this treatment.

Take-Home Message

Liver stem cells infused in the portal vein engraft and
repopulate the liver in an OTC patient.

Compliance with Guidelines

This cell transplantation protocol was approved by the
ethical committee of the institution and informed consent
was given to and received from the parents by an
independent physician.
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Abstract Neurological dysfunction is common in humans
and animals with lysosomal storage diseases. b-Mannosidosis,
an autosomal recessive inherited disorder of glycoprotein
catabolism caused by deficiency of the lysosomal enzyme
b-mannosidase, is characterized by intracellular accumulation
of small oligosaccharides in selected cell types. In ruminants,
clinical manifestation is severe, and neuropathology includes
extensive intracellular vacuolation and dysmyelination. In
human cases of b-mannosidosis, the clinical symptoms,
including intellectual disability, are variable and can be
relatively mild. A b-mannosidosis knockout mouse was
previously characterized and showed normal growth,
appearance, and lifespan. Neuropathology between 1 and 9
months of age included selective, variable neuronal vacuola-
tion with no hypomyelination. This study characterized
distribution of brain pathology in older mutant mice,
investigating the effects of two strain backgrounds. Morpho-
logical analysis indicated a severe consistent pattern of
neuronal vacuolation and disintegrative degeneration in all
five 129X1/SvJ mice. However, the mice with a mixed
genetic background showed substantial variability in the
severity of pathology. In the severely affected animals,

neuronal vacuolation was prominent in specific layers of
piriform area, retrosplenial area, anterior cingulate area,
selected regions of isocortex, and in hippocampus CA3.
Silver degeneration reaction product was prominent in regions
including specific cortical layers and cerebellar molecular
layer. The very consistent pattern of neuropathology suggests
metabolic differences among neuronal populations that are not
yet understood and will serve as a basis for future comparison
with human neuropathological analysis. The variation in
severity of pathology in different mouse strains implicates
genetic modifiers in the variable phenotypic expression in
humans.

Introduction

b-Mannosidosis (OMIM 248510) is a rare lysosomal
storage disease that was first identified in Nubian goats
(Jones and Dawson 1981; Jones and Laine 1981; Jones
et al. 1983) and later in Salers cattle (Abbitt et al. 1991;
Bryan et al. 1993; Patterson et al. 1991) and humans
(Alkhayat et al. 1998; Cooper et al. 1986; Wenger et al.
1986). This autosomal recessive inherited disorder of
glycoprotein catabolism is caused by a deficiency of the
lysosomal enzyme b-mannosidase (MANBA; EC 3.2.1.25,
609489). MANBA acts exclusively at the last step of
oligosaccharide catabolism in glycoprotein degradation and
functions to cleave the b-linked mannose sugar found in
N-linked oligosaccharides of glycoproteins (Neufeld 1991;
Winchester et al. 2000). b-Mannosidosis is characterized by
the intracellular accumulation of small oligosaccharides
(mainly disaccharides and trisaccharides) in selected cell
types (Jones and Laine 1981). In human cases of
b-mannosidosis, the clinical symptoms, including
intellectual disability, are relatively mild and are variable,
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even in patients with null mutations (Bedilu et al. 2002);
however, little is known about the pathology of the disease.
In contrast, the two ruminant animal models (goats and
cows) have a severe clinical presentation at birth (Jones
et al. 1983; Abbitt et al. 1991) and pathology includes
extensive regionally variable myelin deficits as well as
widespread cytoplasmic vacuolation (Patterson et al. 1991;
Lovell and Jones 1983,1985).

Amousemodel of b-mannosidosis was created by targeted
disruption of the b-mannosidase gene by homologous
recombination in 129X1/SvJ ES cells (Zhu et al. 2006).
Homozygous mutant animals had the expected enzyme
deficiency and had accumulation of disaccharide in brain
tissue, but showed normal growth, appearance, and lifespan.
Previous examination of mutant animals between 1 and 9
months of age showed selective, variable neuronal vacuola-
tion with no hypomyelination, closer to what would be
expected in the human b-mannosidosis phenotype given the
human clinical presentation. Cell populations identified with
variable vacuolation included pyramidal cells (layer V)
in dorsolateral cortex, choroid plexus, specific segments of
Ammon’s horn, striatum, amygdala, deep cerebellar nuclei,
and spinal cord (Zhu et al. 2006).

This study was designed to define the distribution and
severity of central nervous system (CNS) pathology in the
isocortex and allocortex of older mice, and to determine if
there are phenotypic or pathologic differences based on
the clone or background of the animals. This study
characterized the distribution of brain pathology in mutant
mice between the ages of 15 and 20 months, investigating
the effects of two different embryonic stem cell (ES) clones
and two strain backgrounds: 129X1/SvJ congenic and
mixed C57BL/6J x 129X1/SvJ.

Methods

Animals

A b-mannosidosis knockout mouse was produced by
targeted disruption of the b-mannosidosis gene (Zhu et al.
2006). The congenic line, labeled “sv129” in Table 1, was
generated by backcrossing the chimeras from the transgenic
129X1/SvJ ES cells (clone A2) to 129X1/SvJ mice. The line
labeled “mixed” in Table 1 was generated by backcrossing
the chimeras from the transgenic 129X1/SvJ ES cells (clones
A2 and B2) to C57BL/6J mice, leading to F1 animals with
mixed strain background. The resulting F1 mice of a mixed
129X1/SvJ:C57Bl/6J background were intercrossed to
generate homozygotes in the F2 generation. All of the
homozygous knockout mice (of both clones and both strains)
lacked b-mannosidase enzyme activity and showed similar
patterns of storage material (Zhu et al. 2006). This study

utilized 21 homozygous mutant mice and 4 wild-type (WT)
mice between the ages of 15 and 20 months. See Table 1
under Results for the age and strain for each mouse.

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at Michigan State
University and were in accordance with the NIH Guide to
the Humane Care of Laboratory Animals.

Embedding, Sectioning, and Staining

Animals were perfused transcardially with 4% paraformal-
dehyde. Following removal from the skull, brains were
placed in 4% paraformaldehyde for 24 h, and then
transferred to cacodylate storage buffer. Brains were
embedded in a 5�5 array in a gelatin matrix using
MultiBrain Technology (NeuroScience Associates,
Knoxville, TN) as reported in previous studies (Fix et al.
1996; Ong et al. 2001). The block of embedded brains was
frozen and sectioned coronally at 30 mm beginning at the
olfactory bulb and proceeding to the medulla. A serial set
of every sixth section was selected for staining with
hematoxylin and eosin (H&E), with Weil myelin stain,
and with amino cupric silver stain to reveal disintegrative
degeneration (Ong et al. 2001). A few selected sections
were subjected to Nissl staining, GFAP staining for
astrocytes, or Iba1 staining for microglia.

Since each of the large sections cut from the block was a
composite section holding individual sections from each of
the brains embedded in each block, uniformity of staining
was achieved across normal and mutant mice. Sections at
each level were analyzed for the distribution and extent of
pathology as seen in each type of stain.

Morphological Analysis

Sections from all animals at all levels were analyzed
to determine the overall characteristics and severity of
pathology. Charts using a 5�5 grid were developed to
record observations on each section at each level without
regard to status of strain or clone. The type and extent of the
pathology in each structure was recorded. Severity was
classified as mild, mild/variable, and severe by characterizing
the extent of vacuolation or degeneration staining in specific
regions. For those regions where pathology was observed in
any of the animals, “severe” indicated that vacuoles or
degeneration staining were prominent in all of the affected
regions. “Mild” indicated less prominent pathology in those
regions. “Mild/variable” indicated that mild pathology was
present in some regions, but in some regions, no pathology
was apparent. After the variation in severity was determined,
selected sections were analyzed in greater detail to record the
precise location of vacuolation and degeneration staining in
each severely affected mouse.
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Results

Overall Severity of Pathology Analyzed by Strain
and Clone

Table 1 provides a summary of the age and strain for each
mouse, indicating the overall severity of vacuolation and
degeneration staining. Analysis indicated a severe consistent
pattern of neuronal vacuolation and disintegrative degenera-
tion in all five 129X1/SvJ mice (clone A2). However, the
mixed background mice (A2 and B2 clones) showed
substantial variability in the severity of pathology (Table 1).
There was no discernible difference related to the ES clone.
In the severely affected animals (all 129X1/SvJ mutant mice,
one mixed background mouse), neuronal vacuolation was
prominent in a consistent pattern. Thus, the background
strain was an important factor in determining the phenotype
of the CNS pathology.

Distribution of Vacuolation

The vacuole distribution at four selected levels is shown
diagrammatically in Fig. 1. In general, vacuolation
consistently occurred in specific layers of piriform cortex,
retrosplenial cortex, anterior cingulate cortex, some dorsal
and lateral cortical regions, and in hippocampus. The
structures involved are illustrated and will be discussed as
labeled in the Allen Mouse Brain Atlas (http://mouse.brain-
map.org/). In the dorsal hippocampus, the only neurons
showing vacuolation were pyramidal cells in the dorsal
aspect of CA3 (Fig. 1c), in a narrow region at the junction of
CA3 and CA2. An example of the specificity of the
vacuolation is demonstrated in Fig. 2b,g in HE-stained
and Weil-myelin-stained sections. In the medial isocortex,
vacuolation was prominent in neurons of the anterior
cingulate cortex (rostrally) and the retrosplenial cortex
(caudally) (Fig. 2b,e,f). In the retrosplenial cortex, the

Table 1 Summary of characteristics and outcomes (severity of pathology)

ID number Age (mo) Sex Status Strain Clone Vacuolation Degeneration stain

127 20 M WT Mixed A2 None None

365 15 M WT Mixed A2 None None

272 18 F WT sv129 A2 None None

352 16 F WT sv129 A2 None None

104 20 F Mutant Mixed A2 Mild/variable None

106 20 F Mutant Mixed A2 Mild/variable None

131 20 F Mutant Mixed A2 Mild None

149 19 F Mutant Mixed A2 Mild None

150 19 F Mutant Mixed A2 Mild Mild

209 19 F Mutant Mixed A2 None None

154 19 F Mutant Mixed B2 Mild None

155 19 F Mutant Mixed B2 Mild Mild

160 19 F Mutant Mixed B2 Mild/variable Mild

169 19 M Mutant Mixed B2 Mild Mild

177 19 M Mutant Mixed B2 Mild Mild

361 15 F Mutant Mixed A2 Mild/variable Mild/variable

366 15 F Mutant Mixed A2 Mild/variable None

371 15 F Mutant Mixed A2 Severe Severe

376 15 F Mutant Mixed A2 Mild/variable None

386 15 F Mutant Mixed A2 None None

262 18 F Mutant sv129 A2 Severe Severe

264 18 F Mutant sv129 A2 Severe Severe

342 16 F Mutant sv129 A2 Severe Severe

348 16 M Mutant sv129 A2 Severe Severe

349 16 F Mutant sv129 A2 Severe Severe

See Methods for description of mild, mild/variable, and severe classifications
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vacuolation appeared more dense in the ventral retrosplenial
cortex compared to the dorsal retrosplenial cortex and lateral
agranular part, resulting in an apparent gap (Fig. 1c,d;
Fig. 2b,f) between the vacuolation in medial cortex and in
dorsal cortex. A similar gap is seen more rostrally (Fig. 1b),
with vacuolation more prominent in the ventral anterior
cingulate cortex than in the dorsal anterior cingulate cortex.
In Fig. 1b,c,d and Fig. 2b,e,f, the prominent vacuolation in
regions of dorsal and lateral cortex is illustrated. With respect
to layers showing vacuolation, it appeared that in the medial
cortex, neurons in layers 4–5 contained vacuoles, while
vacuolation was prominent in layer 5 of dorsal and lateral
cortex. The vacuoles were intraneuronal, as illustrated in
Fig. 2d, and previously demonstrated with 1m thick
toluidine-blue-stained plastic sections and electron micros-
copy (Zhu et al. 2006).

Distribution of Degeneration Staining

A consistent pattern of silver reaction product was observed
only in the same b-mannosidosis mutants that showed
substantial vacuolation. In the cerebellar molecular layer, large
numbers of silver-stained puncta consistent with degenerating
nerve terminals were observed, with variation among folia in
the intensity of staining (Fig. 2i,j). No neuronal abnormalities
were observed in inferior olivary nuclei (source of projection
of climbing fibers to the cerebellar cortex). In the region

dorsal to the hippocampus, silver-stained puncta over a linear
area were observed (Fig. 2k); the most intense staining of
puncta occurred in deep layers of cortex adjacent to the
corpus callosum/external capsule. Mild linear wisps were
present in the corpus callosum, but these were also present to
some extent in the control sections.

Discussion

Lysosomal storage diseases involve dysfunction of one of the
more than 50 enzymes in the lysosome, resulting in the
accumulation of the associated uncatabolized substrate
(Neufeld 1991; Winchester et al. 2000) or toxic intermediates
(Suzuki et al. 2003). A majority of lysosomal storage
diseases affect the CNS and disease presentation can range
from severe and consistent to mild and variable depending
on the enzyme involved, the severity of the mutation, and the
species concerned. In addition, the genetic mutations may
trigger complex pathogenic cascades (Walkley 2009; Lieber-
man et al. 2012). For example, interference with signaling
events and salvage processing normally controlled by the
endosomal/lysosomal system and/or effects on autophagy
may represent key mechanisms accounting for the inherent
complexity of lysosomal disorders.

Goats and cattle affected with b-mannosidosis have very
similar severe clinical features, and affected animals die in

Fig. 1 Structures showing prominent vacuolation at four levels of
coronal sections. Diagrams are from The Mouse Brain Library DBA2J
atlas (www.mbl.org). Regions with consistent vacuolation are shown by
white circles on one side of the brain; all lesions are bilaterally
symmetric. Regions involved include: 1 – molecular layer of piriform
area, 2 – layer 2 of taenia tecta (a); 1 – anterior cingulate cortex,

2 – layer 5 of primary motor area, 3 – layer 5 of primary somatosensory
area, 4 – molecular layer of piriform area (b); 1 – retrosplenial cortex,
2 – hippocampus CA3, 3 – layer 5 of primary motor, somatosensory,
visual cortex, 4 – piriform area (c); 1 – retrosplenial cortex, 2 – layer 5
of visual cortex, 3 – parts of hippocampus including part of CA3,
4 – piriform area (d)
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Fig. 2 Examples of pathology in selected locations in HE-stained
sections (a–d), Weil-myelin-stained sections (e–g), and amino cupric
silver–stained sections (h-k). Extensive vacuolation is present in
hippocampus CA3, retrosplenial cortex, and cerebral cortex layer 5 in
an affected mouse (b) compared to a control mouse (a). Vacuolation is
prominent in piriform area in frontal lobe (c). Enlargement of vacuoles

in part of hippocampus CA3 in Nissl stain reveals intracytoplasmic
vacuoles; arrows indicate cells where a flattened nucleus is visible
adjacent to a vacuole (d). Low-magnification view of one hemisphere
(e) demonstrates restricted locations of vacuoles in cortex and
hippocampus, with higher magnification views, indicated by rectangles,
showing vacuolation in retrosplenial cortex and cerebral cortex layer 5
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the neonatal period if intensive care is not provided (Jones
et al. 1983; Abbitt et al. 1991). Microscopic examination
reveals extensive cytoplasmic vacuolation in specific cell
types of the nervous system and visceral organs. The
storage material does not stain with PAS and appears clear
in electron microscopic examination. Regionally specific
myelin deficiency is present in the CNS but not in
peripheral nerves (Jones et al. 1983; Lovell and Jones
1983; Boyer et al. 1990). In contrast with ruminant
b-mannosidosis, human cases have a milder and
heterogeneous clinical expression, even when caused by
functionally null mutations (Alkhayat et al. 1998; Bedilu
et al. 2002; Cooper et al. 1990). The most severe cases are
associated with intellectual disability, developmental delay,
dysmorphology, frequent infections, and hearing loss. None
of the human cases showed clinical signs that would
indicate CNS hypomyelination. Little is known about the
distribution of storage material or the severity of tissue
vacuolation. Mutant b-mannosidase-deficient mice
(Zhu et al. 2006) had normal growth, appearance, and
lifespan, and no hypomyelination, closer to the human
b-mannosidosis phenotype than the ruminant phenotype.

Reasons for the phenotypic differences among mouse,
human, and ruminant b-mannosidosis are unknown, but
speculation has centered on differences in the size and
nature of the storage product and on the different
developmental programs of the species (Cooper et al.
1990). In the lysosome, N-linked glycoproteins are
degraded sequentially from the nonreducing end of the
molecule. The b-mannoside linkage is unique to N-linked
glycoproteins; therefore, unlike most other lysosomal
enzymes, b-mannosidase has only a single substrate in the
cell. In humans and rodents, the nonsequential cleavage
of the terminal GlcNAc(b1-4)GlcNAc bond of the
carbohydrate moiety of glycoprotein can be accomplished
by chitobiase (ctbs), resulting in storage of disaccharide,
Man(b1-4)GlcNAc (vanPelt et al. 1990; Winchester 2005).
In ruminants, there is very low expression of chitobiase
(Zhu et al. 2006; Aronson and Kuranda 1989) and storage
of the trisaccharide Man(b1-4)GlcNAc(b1-4)GlcNAc
predominates; novel complex oligosaccharides also
accumulate (Jones and Laine 1981; Matsuura and Jones
1985). Cloning of the chitobiase gene (Balducci et al. 2008)
permits the construction of a double b-mannosidase and
chitobiase knockout mouse, to determine if the storage
product is the trisaccharide, as in ruminants, and assess the

clinical phenotype. There may also be other factors
involved in the neuropathology mechanisms in different
species.

In the b-mannosidase-deficient mice, there was
considerable variation among two strains of mice in the
severity of neuropathology as illustrated in Table 1. There
was a consistent pattern of neuronal vacuolation and
disintegrative degeneration in all five 129X1/SvJ mice.
However, the mixed background mice showed substantial
variability in the severity of pathology. The variability
in severity for C57BL/6J mice is greater than in the
examination of 9-month-old mice (Zhu et al. 2006); in that
study, the majority of C57BL/6J mice had moderate to
severe vacuolation. The influence of genetic background on
knockout mouse phenotypes is well documented and can
present itself as completely different phenotypes, as
variations in penetrance of phenotype, or as variable
expressivity of phenotype (Sanford et al. 2001). Modifier
genes (Sanford et al. 2001) and/or biological robustness
(Barbaric et al. 2007) may play a role in these effects, and
such modifying factors may be epistatic, epigenetic, or of
other origins. In b-mannosidosis, the variation in the
pathology depending on genetic background indicates
modifier factors are involved. One hypothesis is that
protective factor(s) in the mixed strain mice, variable
among animals, modifies the disease expression and
determines differential susceptibility to phenotypic features
such as neuronal vacuolation. Similar factors may be
involved in the tremendous clinical heterogeneity among
the small number of patients with b-mannosidosis,
including intrafamilial variation and variation among
patients with null mutations (Alkhayat et al. 1998). Thus,
for future studies of this animal model, it will be important
to use the congenic 129X1/SvJ strain (or characterize the
phenotype in a different uniform genetic background).
Identification of factors that modify the disease expression
may help clarify the pathogenetic mechanisms involved in
this or other lysosomal storage diseases.

In those mutant mice showing vacuolation, the locations
of neuronal vacuoles were very consistent, including
piriform area, taenia tecta, part of hippocampus CA3
(consistent in dorsal hippocampus but not ventral
hippocampus), retrosplenial area, parts of anterior cingulate
area and entorhinal cortex, and layer V in primary
motor cortex, primary somatosensory cortex, primary
visual cortex, and posterior parietal association cortex.

(f) and part of hippocampus CA3 (g). The absence of cupric silver
reaction product in control cerebellum molecular layer, except for red
blood cells in vessels (h) contrasts with reaction product in a section of
cerebellum from an affected mouse showing degeneration staining in
the molecular layer, variable among folia (i). Large numbers of silver-
stained puncta consistent with degenerating nerve terminals were

observed in some folia (j). Localized degeneration staining was
consistently observed in deep layers of cerebral cortex of affected mice
(k). Scale bars and mouse ID numbers for each image: a-300 mm, #352;
b-300 mm, #262; c-250 mm, #264; d-20 mm, #349; e- 900 mm, #348;
f – 275 mm, #348; g-200 mm, #349; h-520 mm, #352; i-520 mm, #348;
j-250 mm, #349; k-420 mm, #262
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The variation in vacuolation in the hippocampus may be
related to multiple divisions identified by genetic and
metabolic characteristics (Fanselow and Dong 2010;
Thompson et al. 2008). The piriform area and taenia tecta
are part of the olfactory system. The retrosplenial area is
part of a network of brain regions that participates in a
range of cognitive functions, including episodic memory
and navigation. The entorhinal cortex mainly projects to the
hippocampus, including both CA3 and CA1. The anterior
cingulate area plays a role in emotional and attentive
responses to internal and external stimulation. The pyramidal
neurons in layer V of cerebral cortex integrate input and
project to many other parts of the CNS. It is possible that
the pattern of vacuolation seen in mouse b-mannosidosis
would contribute to the intellectual disability and emotional
changes reported in human cases. However, it is not clear
why only these specific neuronal populations show
vacuolation. In other lysosomal storage disorders, different,
but disease-specific, patterns of neuropathology are
characteristic. For example, a-mannosidosis (OMIM
248500), caused by mutations in the a-mannosidase
(MAN2B1, EC 3.2.1.24, 609458) gene, has been described
in cats, cattle, guinea pigs, humans, and knockout mice
(Auclair and Hopwood 2007; Blanz et al. 2008; Crawley
and Walkley 2007; Damme et al. 2011; Stinchi et al. 1999;
Vite et al. 2001) and has somewhat different neurological
manifestations and neuropathological characteristics
depending on the species. Aspartylglucosaminuria (AGU,
OMIM 208400) (Dunder et al. 2010; Jalanko et al. 1998;
Kaartinen et al. 1996) is caused by mutations in the gene
for glycosylasparaginase (AGA, EC 3.5.1.26, 613228),
the enzyme necessary for hydrolysis of the protein-
oligosaccharide linkage in N-linked glycoproteins.
Glycosylasparaginase deficiency results in accumulation
of glycoasparagines, such as aspartylglucosamine
(GlcNAc-Asn), a small molecule that may be analogous
to Man(b1-4)GlcNAc. In the AGU mouse model (Jalanko
et al. 1998; Kaartinen et al. 1996), CNS vacuolation is
prominent in neurons and astrocytes of cortical and
subcortical gray matter. Further understanding of the
different patterns of pathology may lead to delineation of
specific metabolic characteristics of subsets of neurons that
are not currently understood. Cognitive or behavioral
deficits have been identified in a-mannosidosis and AGU
knockout mice, and correlate with CNS pathology. Both
animal models have been used successfully to explore
therapeutic strategies to improve brain function (Blanz et al.
2008; Damme et al. 2011; Dunder et al. 2010).

In order to investigate a potential correlation between
vacuolation and level of enzyme activity in b-mannosidosis,
the distribution of lesions was compared with the distribution
of mouse brain lysosomal b-mannosidase in situ
hybridization and expression analysis as shown in the Allen

Brain Atlas (Lein et al. 2007). There was no consistent
correlation, although CA3 showed higher expression than
other hippocampal regions. Some areas that were vacuolated
did not show increased expression, and some regions with
higher expression (e.g., Purkinje cells in cerebellum) did not
show vacuolation. In general, b-mannosidase has very low
expression throughout the CNS in mice (Lein et al. 2007)
and in goats (Boyer et al. 1990; Lovell et al. 1994) compared
to that of other glycoprotein catabolic enzymes. There is no
apparent consistent correlation among gene expression,
enzyme activity, and severity of vacuolation. There could
be differences in levels of substrate, leading to vacuolation in
cells with higher levels of substrate or other metabolic
variations among brain regions. Production of antibodies
to the enzyme and/or substrate would allow investigations
of metabolic differences between neuronal and glial
populations.

In b-mannosidosis mice, silver reaction product indicating
neuronal degeneration was prominent only in the mutant
mice that had severe vacuolation, suggesting that it is a
consistent part of the neuropathology expression in this
disease. The pattern of degeneration staining was very
consistent among animals, and occurred mainly in cerebellar
molecular layer and in cortical regions dorsal to the
hippocampal formation (Fig. 2). Degeneration staining did
not occur in areas of vacuolation or adjacent regions,
suggesting that vacuolation does not lead to substantial cell
body or axon loss. Further studies will be necessary to
elucidate the mechanisms that lead to the degeneration
staining in specific regions; results will provide new
information about specific types of cellular pathophysiology.
Preliminary staining of selected sections with GFAP for
astrocytes and Iba1 for microglia showed some degree of
reactivity in regions with vacuolation, but did not provide
any additional information related to pathophysiology
(data not shown).

In summary, a b-mannosidase knockout mouse model
was utilized to characterize CNS pathology in mice with
different strain backgrounds. The consistency of distribu-
tion of lesions in a congenic strain 129X1/SvJ reinforces
the potential of this model for investigating treatment
strategies important for brain function. The variation in
pathology depending on genetic background indicates the
complex nature of interactions that may determine the
extent of cellular abnormalities and phenotypic expression.
Animal models are important in the clarification of the
pathophysiology/pathogenetic mechanism of disease
(Suzuki et al. 2003) as well as giving insight into normal
physiology and metabolism. Further investigation of the
specific patterns of vacuolation and other pathology in this
and related lysosomal storage diseases will lead to better
understanding of specific metabolic characteristics among
populations of neurons.
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Abstract Background: PKU patients on a strict low
protein diet get most of their folic acid intake from protein
substitute. Several protein substitutes contain high amounts
of this vitamin. Concern has been raised about the safety of
high levels of folic acid, especially in relation to cancer risk.

Methods: This cross-sectional study included 34 children
and 22 adults with PKU. A dietary interview was performed
and intake of folic acid and vitamin B12 from protein
substitute was calculated for patients compliant with their
protein substitute. Intakes of folic acid and vitamin B12 were
compared with plasma levels of folate, vitamin B12, and
homocysteine.

Results: Children aged 2–9 years had the highest intake
of folic acid according to RDI (449 %), and children aged
7–10 years had the highest intake of folic acid according to
UL (155 %). Median plasma folate level in PKU children
was two times the upper reference level and in PKU adults
well above. Children between 10 and 13 years had the
highest level of plasma folate. Young children had both a
high intake and high plasma levels of vitamin B12.
Homocysteine levels were low or in the lower part of the
normal reference range in most patients.

Conclusion: Children with PKU are at a particular risk
of receiving folic acid high above RDI and many children
with PKU receive doses above the UL. Many PKU patients
have a very high level of plasma folate related to a very
high content of folic acid in many of their protein
substitutes.

Introduction

Phenylketonuria (PKU) is a rare inborn error of metabolism
resulting from deficient activity in the enzyme phenylalanine
hydroxylase (PAH) that catalyzes the conversion of
phenylalanine to tyrosine. Mainstay treatment of PKU is
dietary restriction of phenylalanine and natural protein, to
maintain blood phenylalanine in a nontoxic range. The diet is
based on low phenylalanine foods, and natural protein is
replaced by a phenylalanine-free protein substitute supple-
mented with tyrosine, vitamins, and other micronutrients.
Supplementation of micronutrients thus seems necessary to
prevent deficiencies. However, little is known about the
optimal levels of micronutrients in the protein substitutes and
their bioavailability.

We have observed that PKU patients, both children and
adults, often have plasma folate levels above the reference
range and also above cutoff levels for measurements. There
are several commercial protein substitutes available
containing different amounts of folic acid. For patients
adhering with the low protein diet, the intake of folate from
natural sources is minor compared to the amount obtained
from protein substitutes (Wiig et al. 2013). The same is true
for vitamin B12, as the diet allows very limited amounts of
animal products (Wiig et al. 2013).

Folate is a cofactor for the synthesis of nucleic acids and
required for cell division and growth. It is required for
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DNA repair processes and increases DNA stability through
methylation. Low folate status in pregnant women during
the first trimester is associated with increased risk of neural
tube defects (Smithells et al. 1976; Pitkin 2007). Concern
about the need for folic acid supplementation in pregnancy
is probably the reason why some protein substitutes are
supplemented with higher amounts of folic acid. While a
higher dietary intake of natural folate is linked with reduced
cancer risk (Duthie 2011; Figueiredo et al. 2009), there are
also reports that supplementation with synthetic folic acid
actually increases cancer risk (Cole et al. 2007; Wien et al.
2012; Ebbing et al. 2009; Figueiredo et al. 2009), cancer
mortality, and all-cause mortality (Ebbing et al. 2009).

Both high and low blood concentrations of folate and
vitamin B12 have been reported in PKU patients compared
to controls (Colome et al. 2003; Huemer et al. 2008;
Schulpis et al. 2002). Colomé et al. found lower levels of
homocysteine (hcy) concurrent with higher concentrations
of folate and vitamin B12 (Colome et al. 2003), while
Schulpis et al. found higher hcy levels and lower folate and
vitamin B12 concentrations compared to controls (Huemer
et al. 2008; Schulpis et al. 2002).

We wanted to compare intake of folic acid and vitamin
B12 with plasma levels in children, adolescents, and adults
with PKU using different types of protein substitutes to
identify whether certain groups of PKU patients are at
special risk of receiving either too much or too little folic
acid. In particular, we wanted to address whether certain
age groups are at special risk as vitamin requirements and
intake levels of protein substitute are highly age dependent.

Subjects and Methods

The study protocol was approved by the institutional review
board at Oslo University Hospital.

Subjects

Children below 18 years (n ¼ 34) and adults (n ¼ 22) with
PKU coming for annual follow-up at Oslo University
Hospital between June 2010 and June 2011 were included
in this cross-sectional study.

This population includes 23 % of all patients diagnosed
with PKU in Norway whereof seven were late-diagnosed
patients. Patients on a phenylalanine-restricted diet compliant
with their protein substitutes were included. Patients not on
diet, on large neutral amino acid treatment, BH4-treatment,
or taking supplements containing folic acid or vitamin B12
were excluded. Patients were classified as having classical
PKU (Phe < 1,200 mmol/L), mild PKU (Phe 600–1,200
mmol/L), or mild hyperphenylalaninemia (MHPA)
(Phe < 600 mmol/L) primarily based on pretreatment

serum/blood phenylalanine concentrations. In Norway,
MHPA patients with phenylalanine > 400 mmol/L are
treated.

Calculation of Intake

Patients were interviewed about their habitual diet by a
metabolic dietitian. Intake of folic acid, vitamin B12, and
protein equivalents from protein substitute was calculated
for all patients.

Patients used protein substitutes from SHS (XP
Maxamaid, XP Maxamum, Lophlex/Lophlex LQ, PKMax,
Anamix Junior), Vitaflo (PKU gel, PKU Express, PKU
Cooler), and PreKUlab (Avonil). Protein substitutes were
categorized into two groups: high folic acid (HighFA)
protein substitutes with folic acid of 9.57–12.44 mg/g
protein (XP Maxamaid, XP Maxamum, Lophlex/Lophlex
LQ, PKMax) and lower folic acid (LowerFA) protein
substitutes with folic acid of 3.1–6.7 mg/g protein (PKU
gel, PKU Express, PKU Cooler, Anamix Junior, and
Avonil).

Three to four days weighed dietary registrations were
reviewed for a subgroup of children and adults. Folate
intake from foods and intake of natural protein were
calculated with “Mat på Data 5.1,” a Norwegian food
analysis program that uses data from the Norwegian Food
Composition Database 2006 (The Norwegian Food Safety
Authority and The Norwegian Directorate of Health & The
University of Oslo 2006).

Blood Measurements

Blood samples were drawn fasting in the morning or at
least 4 h fasting to measure plasma folate, vitamin B12, and
total hcy at the time of the annual visit. Median serum
phenylalanine levels from the last year were calculated.

Plasma folate was measured using the Roche Elecsys
Folate III immunometric assay with a fully automated Roche
Modular Analytics E170 immunoassay analyzer. Measuring
range: 1.45–45.4 nmol/L. CV � 10 % at 5 nmol/L, � 7 %
at 15.5 and 24 nmol/L. Samples with values above 45.4
nmol/L were diluted as described in the Roche manual 1:2
with Elecsys Diluent Universal. Plasma vitamin B12 was
measured using the Roche Elecsys Vitamin B12 immuno-
metric assay (Roche Modular Analytics E170). Measuring
range: 22–1,476 pmol/L. CV � 8 % at 146 pmo/L, �7 % at
428 pmol/L. Plasma total hcy was measured by an enzymatic
assay using the Liquid Stable (LS) 2-Part Homocysteine
Reagent with a fully automated Roche Modular P analyzer.
Measuring range: 1–50 mmol/L. CV � 5 % at 13.0 mmol/L,
�4.5 % at 45.5mmol/L.

Serum phenylalanine was determined at the National
Neonatal Screening Unit using tandem mass spectrometry.
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Statistical Analysis

Data are given as median (range). Mann–Whitney U test
was used for comparison between groups and the Spearman
test for correlations. Kruskal-Wallis test with Dunn’s
Multiple Comparison test was used for comparison between
more than two groups. A two-tailed p < 0.05 was
considered statistically significant. Statistical analyses were
performed with the software PASW Statistics 18 and with
GraphPad Instat version 03.10 for Windows (GraphPad
Software Inc, San Diego, California).

Results

Patient Characteristics

A total of 34 children (18 males, 16 females) with a median
(range) age of 9.9 (4.1–17.7) years and 22 adults (9 males,
13 females) with a median (range) age of 32 (18–57) years
were included. Forty-six percent of the children had classical
PKU, 37 % had mild PKU, and 17 % had MHPA. Among
the adults, 59 % had classical PKU, 36 % had mild PKU,
and 5 % had MHPA. All patients were treated with a
phenylalanine-restricted diet and were compliant with a
tyrosine-, vitamin-, and other micronutrient-enriched protein
substitutes. Median (range) serum phenylalanine during the

last year was 423 mmol/L (217–1,085) in children and 567
mmol/L (262–1,441) in adults. Table 1 shows protein intake
from protein substitute according to recommendations.

Plasma Levels of Folate, Vitamin B12, and Homocysteine

Median plasma folate level in PKU children was more than
two times the upper reference level and in PKU adults well
above the upper reference level (Table 2). Ninety-one
percent of children and 73 % of adults had plasma folate
above the upper reference level. None had low plasma
levels. Median plasma B12 level was slightly above the
upper reference level in children and within range in adults.
Fifty-three percent of children and 23 % of adults had
plasma B12 levels above the upper reference level. Median
plasma hcy was below the reference range in children and
at the lower reference range in adults. Sixty-eight percent of
children and 18 % of adults had plasma hcy below the
reference range. None of the adults had plasma hcy above
the reference range.

Intake of Folic Acid from Protein Substitute, Plasma Folate,
and Homocysteine

Intake of folic acid from protein substitute was calculated for
patients compliant with their protein substitute. Ninety-four
percent of the children and 73 % of the adult patients had

Table 1 Artificial and natural protein intake according to recommendations in different age groups

2–6 years 7–13 years 14–17 years Adults

N ¼ 10 15 13 22

Recommended total protein intake (g/kg/day) 2.0 1.5 1.0 1.0

Protein intake from substitute (g/day) 38.9 (33.6–52.5) 54 (31.5–80.6) 69.8 (59.8–90) 60 (41–81.4)

Protein intake from substitute (g/kg/day) 1.9 (1.4–2.4) 1.5 (0.8–2.6) 1.1 (0.7–1.4) 0.88 (0.47–1.6) *

Total protein intake (g/kg/day)** 2.2 (1.8–2.7) 1.8 (1.0–2.9) 1.2 (0.9–1.6) NA

*N ¼ 21. Protein intake is per actual weight, not corrected for overweight

**Total protein intake is calculated from protein substitute and habitual daily phenylalanine exchanges. Total protein recommendations in PKU
centers in Europe (g protein/kg/day) are 1–3 years: 2.5–3 g; 4–10 years: 1.5–2 g; 11–16 years: 1–1.5 g; > 16 years: 1 g

Table 2 Plasma levels of folate, vitamin B12, and homocysteine according to reference levels

Children Adults Reference level

N ¼ 34 22

Plasma folate (nmol/L) 63.5 (17–123) 45 (19–73.8) 11–30

Plasma B12 (pmol/L) 677 (376–2,280) 490 (246–838) 160–600

Plasma hcy (mmol/L) 4 (2–8)* 6 (4–10) 5–13 (♀), 6–16 (♂)

Hcy homocysteine

*N ¼ 32
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intake of folic acid above the recommended daily intake
(RDI) (Nordic Council of Ministers 2004a) (Table 3). One
child (3 %) and three adults (14 %) had intakes of folic acid
below the RDI. The three adults were using protein
substitute tablets containing 4 mg folic acid/g protein.
However, none of them had low plasma folate. Children
aged 2–13 years had a median intake of folic acid 3.5–4.5
times higher than the RDI (Table 3). Fifty-nine percent of the
children, but none of the adult patients, had intakes above the
Tolerable Upper Intake Level (UL) (SCF 2000) (Table 4).
Half of the children between 4 and 10 years and 80 % of
children between 11 and 14 years had intakes of folic acid
above the UL (Table 4).

All patients aged 2–13 years had plasma hcy below or at
the lower reference range (Table 3). Adolescents between
14 and 17 years had plasma hcy below or in the lower
reference range. Adults had plasma hcy slightly below or in
the lower/middle reference range.

Folate Intake from Foods and Natural Protein Intake

Weighed dietary registrations in a subgroup of 7 children
and 9 adults with a median (range) age of 14 (7–15) years

and 31 (19–47) years showed a median (range) folate
intake of 113 (94–202) mg folate/day among children and
177 (98–349) mg folate/day for adults. Natural protein
intake was median (range) 12.8 (7.6–31.2) g/day for
children and 34.8 (9.9–40.1) g/day for adults.

Plasma Levels of Folate According to Intake

High correlations between intake of folic acid from protein
substitutes and plasma folate were found in both children
(rs ¼ 0.643, p < 0.001, n ¼ 34) and adults (rs ¼ 0.77,
p < 0.001, n ¼ 26).

Intake of Vitamin B12 from Protein Substitutes and Plasma
Vitamin B12

Children 2–9 years of age had a median vitamin B12 intake
of 358 % of the RDI (Table 5). Median intakes of vitamin
B12 in children 10–17 years of age and adults were 283
and 270 % of the RDI (Nordic Council of Ministers 2004b).
In the youngest age group, median plasma vitamin B12 was
25 % above the upper reference level, and 72 % had plasma
vitamin B12 above the upper reference level. In older

Table 3 Intake of folic acid from protein substitute in relation to RDI, plasma folate, and homocysteine levels in different age groups

2–5 years 6–9 years 10–13 years 14–17 years Adults/men Adults/women

N ¼ 6 12 7 9 9 13

RDI* 80 130 200 300 300 400

Folic acid (mg/d) 359 (104–500) 571 (117–747) 700 (120–1,004) 747 (400–1,063) 750 (350–999) 525 (192–795)

Folic acid (% of RDI) 449 (130–625) 439 (100–575) 350 (60–502) 249 (133–354) 250 (117–333) 131 (48–199)

Plasma folate (nmol/L) 67 (28–73) 58 (38–67) 73 (17–123) 66 (30–78) 55 (29–66) 44 (19–74)

<ref level 0 0 0 0 0 0

>ref level 6 12 6 8 7 9

Plasma hcy (mmol/L) 4 (2–5) 4 (3–5)* 5 (3–6)** 5 (4–8) 7 (4–10) 6 (4–10)

RDI Recommended daily intake of folate in Nordic Nutrition Recommendations 2004, Hcy homocysteine

*N ¼ 11

**N ¼ 6

Table 4 Intake of folic acid from protein substitute in relation to Tolerable Upper Intake Level (UL) in different age groups

4–6 years 7–10 years 11–14 years 15–17 years Adults

N ¼ 10 10 10 4 22

UL 300 400 600 800 1,000

Folic acid (mg/day) 300 (104–533) 618 (120–747) 774 (203–1,004) 484 (400–1,063) 660 (192–999)

Folic acid (% of UL) 100 (35–178) 155 (30–187) 129 (34–167) 60 (50–133) 66 (19–99.9)

% > UL 50 60 80 10 0

UL Tolerable Upper Intake Level of folic acid according to the European Commission’s Scientific Committee on Food 2000, % > UL percent of
patients with intake of folic acid from protein substitute above UL
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children and in adults, median plasma vitamin B12 was in
the upper reference range. Thirty-one percent of older
children and 23 % of adults had plasma vitamin B12 above
the upper reference level. None had low plasma levels of
vitamin B12. Plasma vitamin B12 levels were significantly
higher among 2–9-year-old children than among adults
( p < 0.001).

Plasma Levels of Vitamin B12 According to Intake

No correlations were found between intake of vitamin
B12 from protein substitute and plasma B12 in children
(rs ¼ �0.063, p ¼ 0.723, n ¼34) or adults (rs ¼ 0.104,
p ¼ 0.647, n ¼ 22).

Differences According to Type of Protein Substitute Used

Both children and adults using HighFA protein substitutes
had a significantly higher intake of folic acid (both in
absolute levels and in percentage of recommendation)
and plasma folate levels than children and adults using
LowerFA protein substitutes (Table 6). Children using
HighFA protein substitutes had a significantly higher intake
of vitamin B12 than children using LowerFA protein
substitutes ( p < 0.01), but plasma levels of vitamin B12
did not differ between the groups. Plasma B12 was
significantly higher in adults using HighFA protein
substitutes ( p < 0.05). There was a tendency to slightly
higher plasma hcy in children using LowerFA substitutes

Table 5 Intake of vitamin B12 from protein substitute in relation to RDI and plasma vitamin B12 in different age groups

2–9 years 10–17 years 18 + years

N ¼ 18 16 22

RDI 0.8–1.3 2 2

Vitamin B12 (mg/day) 4.5 (1.6–6.5) 5.7 (1.3–8.0) 5.4 (3.6–7.2)

Vitamin B12 (% of RDI) 358 (154–813) 283 (65–400) 270 (180–360)

Plasma vitamin B12 (pmol/L)* 823 (457–2,280) 596 (376–1,212) 490 (246–838)

< ref level 0 0 0

RDI Recommended daily intake of vitamin B12 in Nordic Nutrition Recommendations 2004

*Kruskal-Wallis test with Dunn’s Multiple Comparison test showed significantly different plasma levels between children aged 2–9 years and
adults ( p < 0.001)

Table 6 Differences in intake of folic acid and vitamin B12 and plasma levels according to type of protein substitute used

Children Adults

HighFA protein
substitute

LowerFA protein
substitute

p-value* HighFA protein
substitute

LowerFA protein
substitute

p-value*

N ¼ 21 13 14 8

Folic acid (mg/day) 700 (358–1,063) 203 (104–560) <0.001 750 (500–999) 375 (192–450) <0.001

Folic acid (% of RDI) 448 (249–625) 133 (60–303) <0.001 194 (131–333) 100 (48–150) <0.001

Plasma folate (nmol/L) 69 (44–123) 41 (17–73) <0.001 57 (41–74) 29 (19–53) <0.001

Vitamin B12 (mg/day) 5.4 (3.6–8.0) 2.6 (1.6–6.6) <0.01 5.4 (3.6–7.2) 5.1 (4.2–6.8) 1.000

Plasma vitamin B12
(pmol/L)

750 (415–2,280) 611 (376–1,469) 0.193 552 (299–838) 419 (246–533) <0.05

Plasma hcy (mmol/L) 4 (3–6) 5 (2–8)** 0.088 6 (4–10) 6.5 (4–10) 0.482

Serum phe last year
(mmol/L)

423 (324–1,068) 433 (217–879) 0.753 572 (262–1,127) 532 (385–1,441) 0.868

Age (years) 9.8 (4.1–15.7) 10 (4.1–17.7) 0.944 31.5 (18–46) 34 (19–57) 0.525

RDI Recommended daily intake, Hcy homocysteine, Phe phenylalanine

*Mann–Whitney U test,

**N ¼ 11
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( p ¼ 0.088), but there was no difference among adults.
Besides, there was no difference in median serum phenyl-
alanine between the groups during the last year.

Discussion

The main finding of this study was that many patients with
PKU have very high levels of plasma folate related to a
very high content of folic acid in their protein substitutes.
Children with PKU are at a particular risk of receiving too
much folic acid and many patients receive doses above the
UL. Young children had both high intake and high plasma
levels of vitamin B12. Hcy levels were low or in the lower
part of the reference range in most patients.

Our findings are in accordance with other studies
reporting about twice as high folate levels in PKU children
and young adults than in controls (Colome et al. 2003;
Huemer et al. 2008). A recent report of 19 Norwegian late-
treated adults found high intakes of folic acid and
corresponding high blood folate concentrations (Wiig
et al. 2013). Only one PKU center in Greece reported of
lower folate levels in PKU children with good compliance
compared to PKU children with less adherence to diet and
to controls (Schulpis et al. 2002). Intake of folate among
the patients with good compliance did not meet reference
nutrient intakes for folate (Schulpis et al. 2002). Even
though we tend to give some more total protein than our
actual recommendations as shown in Table 1, the protein
intake of our PKU children is within the range of other
European PKU centers (Ahring et al. 2009; van Spronsen
et al. 2009).

The folic acid content of different protein substitutes
varies greatly. The protein substitutes used by our patients
ranged from 3.1 to 9.6 mg folic acid/g protein for PKU
children aged 6 months or 1 year up until 8–10 years.
Protein substitutes suitable from 3 to 4 years or from
8 years of age ranged from 6.7 to 12.4 mg folic acid/g
protein. Children often change to an adult protein substitute
from age 8 to 10 years, some even from 3 to 4 years.
Protein needs are still higher than in adults at this age, but
with a HighFA substitute, it gives rise to very high intakes
of folic acid.

A limitation of the study is that intake of folate from
natural sources, folic acid from supplemented low protein
flour and natural protein intake was available for only a
subgroup of the patients. Natural protein intake was 270 %
higher for adults than children, while folate was only 57 %
higher. We also found high correlations between intake of
folic acid from protein substitutes and plasma folate,
indicating that protein substitute is the main source of folic
acid. Another study of 19 Norwegian late-treated adults
found that about 85 % of dietary folate equivalents (DFEs)

originated from folic acid in the protein substitute. The
remaining 15 % were from specially manufactured low
protein foods, vegetables, fruits, and small amounts of dairy
products (Wiig et al. 2013).

According to European recommendations, there is no
evidence for risk associated with high intakes of folates
from natural sources, but a high intake of folic acid from
supplements may mask hematological symptoms caused by
deficiency of vitamin B12 (SCF 2000). The risk of this is
low in our patients compliant with protein substitute since
they have good or high vitamin B12 status. However, little
is known about the fate and effects of unmetabolized folic
acid from high doses of folic acid supplements (Smith et al.
2008). A trial in which adults were supplemented with 800
mg folic acid daily showed that medium serum folate
increased from 8.8 to 62.3 nmol/L. Hazard ratios for cancer
incidence, cancer mortality, and all-cause mortality were
significantly higher among subjects with serum folate
> 62.7 nmol/L than among subjects with serum folate
between 8.6 and 23.9 nmol/L (Ebbing et al. 2009). A recent
systematic review and meta-analysis found a borderline
significant increase in overall cancer frequency and
increased risk of prostate cancer with folic acid supplemen-
tation (Wien et al. 2012). Folic acid suppresses tumor
development and progression if supplementation is given
before the establishment of neoplastic lesions. However,
folic acid administration stimulates tumor progression and
growth of already established preneoplastic lesions (Smith
et al. 2008; Ulrich and Potter 2007). Whether high intakes
of folic acid in PKU patients are beneficial or have adverse
long-term effects is yet unknown, but the levels are well
above the recommendations. Late-diagnosed PKU patients
commencing dietary treatment at older age could have
precancerous lesions with tumor progression affected by
high intakes of folic acid.

Intakes of vitamin B12 were also high in our study.
Children 2–9 years of age had the highest intake of vitamin
B12, about 3.5 times higher than recommended. About
70% of patients in this group had plasma vitamin B12
levels above the upper reference range, while this was the
case for only around 25% of older children and adults.
There was no correlation between intake of vitamin B12
and plasma levels. A strict low protein diet contains little or
no animal products and few sources of vitamin B12. PKU
patients, following a more liberal diet, have more natural
sources of vitamin B12 in the diet. Two studies both found
significantly higher serum/plasma levels of vitamin B12 in
PKU children and young adults than in controls (Colome
et al. 2003; Huemer et al. 2008). On the other hand,
Schulpis et al. found lower intakes and lower vitamin B12
levels in PKU children with good dietary compliance than
in PKU patients with less compliance and controls
(Schulpis et al. 2002), probably because of lower vitamin
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B12 concentrations in the protein substitute. Functional
vitamin B12 deficiency can exist despite levels within the
reference range, and it is recommended to evaluate vitamin
B12 levels against methylmalonic acid or hcy levels
(Vugteveen et al. 2011). There is no reported danger related
to high intake of vitamin B12, but the composition of the
protein substitute should probably be adjusted to more
age-appropriate levels.

Conclusion

A high content of folic acid in several protein substitutes for
PKU patients results in high plasma folate levels and low
plasma hcy levels. Children and adolescents with PKU are at
a particular risk of receiving folic acid high above the RDI
and many children with PKU receive doses above the UL.
None of the patients had low plasma folate levels. The same
protein substitutes are recommended for adults and children
from 8 to 10 years, sometimes from 3 to 4 years. Folic acid
content should be reduced in several protein substitutes
available, and the supplemented levels of folic acid and
vitamin B12 should have a more age-adjusted profile.
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Abstract X-linked creatine transport (CRTR) deficiency,
caused by mutations in the SLC6A8 gene, leads to
intellectual disability, speech delay, epilepsy, and autistic
behavior in hemizygous males. Additional diagnostic
features are depleted brain creatine levels and increased

creatine/creatinine ratio (cr/crn) in urine. In heterozygous
females the phenotype is highly variable and diagnostic
hallmarks might be inconclusive. This survey aims to
explore the intrafamilial variability of clinical and brain
proton Magnetic Resonance Spectroscopy (MRS)
findings in males and females with CRTR deficiency.
X-chromosome exome sequencing identified a novel
missense mutation in the SLC6A8 gene (p.G351R) in a
large family with X-linked intellectual disability. Detailed
clinical investigations including neuropsychological
assessment, measurement of in vivo brain creatine con-
centrations using quantitative MRS, and analyses of
creatine metabolites in urine were performed in five
clinically affected family members including three
heterozygous females and one hemizygous male
confirming the diagnosis of CRTR deficiency. The severe
phenotype of the hemizygous male was accompanied by
most distinct aberrations of brain creatine concentrations
(�83% in gray and �79% in white matter of age-matched
normal controls) and urinary creatine/creatinine ratio. In
contrast, the heterozygous females showed varying albeit
generally milder phenotypes with less severe brain
creatine (�50% to �33% in gray and �45% to none in
white matter) and biochemical urine abnormalities. An
intrafamilial correlation between female phenotype, brain
creatine depletion, and urinary creatine abnormalities was
observed. The combination of powerful new technologies
like exome-next-generation sequencing with thorough
systematic evaluation of patients will further expand the
clinical spectrum of neurometabolic diseases.

Communicated by: Nicole Wolf, MD PhD

Competing interests: None declared

S. Dreha-Kulaczewski :K. Brockmann :A. Weddige :R. Kr€atzner :
J. G€artner : B. Zirn
Department of Pediatrics and Pediatric Neurology, University
Medicine G€ottingen, G€ottingen, Germany

V. Kalscheuer :A. Tzschach :H. Hu :H.-H. Ropers
Department of Human Molecular Genetics, Max-Planck Institute for
Molecular Genetics, Berlin, Germany

A. Tzschach
Institute of Human Genetics, University of T€ubingen, T€ubingen,
Germany

S. Dreha-Kulaczewski :G. Helms : P. Dechent
Department of Cognitive Neurology, MR-Research in Neurology and
Psychiatry, University Medicine G€ottingen, G€ottingen, Germany

G. Schl€uter
MVZ Prenatal Medicine and Human Genetics, N€urnberg, Germany

B. Zirn
genetikum, Human Genetics, Stuttgart, Germany

S. Dreha-Kulaczewski (*)
Department of Pediatrics and Pediatric Neurology and Department of
Cognitive Neurology, MR-Research in Neurology and Psychiatry,
University Medicine G€ottingen, Robert-Koch-Strasse 40,
D-37075 G€ottingen, Germany
e-mail: sdreha@gwdg.de

JIMD Reports
DOI 10.1007/8904_2013_261



Introduction

Creatine deficiency syndromes constitute a group of neuro-
metabolic disorders which include two autosomal recessive
conditions with impaired creatine synthesis (arginine gly-
cine amidinotransferase (AGAT) deficiency, OMIM
#612718, and guanidinoacetate methyltransferase (GAMT)
deficiency, OMIM #612736) as well as one X-linked defect
of creatine transport (creatine transport (CRTR) deficiency,
OMIM #300036). The latter is caused by mutations in the
SLC6A8 gene, located on chromosome Xq28 (Longo et al.
2011). Prevalent clinical symptoms of CRTR deficiency are
intellectual disability (ID), expressive speech and language
delay, epilepsy, and autistic behavior (van de Kamp et al.
2013).

CRTR deficiency is a quite common cause of X-linked ID
(XLID) in males with an estimated frequency of 0.3–3.5%
(Arias et al. 2007; Clark et al. 2006). The majority of
affected males with CRTR deficiency present with non-
syndromic ID. However, in some cases mild dysmorphic
features such as mid-facial hypoplasia and short stature
have been described (van de Kamp et al. 2013). Diagnostic
hallmarks in males with CRTR deficiency are a markedly
reduced or absent brain creatine (tCr) signal measured by
proton magnetic resonance spectroscopy (MRS) and an
increased creatine/creatinine (cr/crn) ratio in urine. In
contrast to GAMT deficiency, guanidinoacetate (GAA)
levels in plasma and urine remain within normal range.

To date, numerous mutations in the SLC6A8 gene have
been described (compare Leiden Open Variation Database,
www.lovdnl/slc6a8). According to the X-chromosomal
inheritance, females with heterozygous mutations in the
SLC6A8 gene can be mildly affected or may even be
asymptomatic. The variable phenotype has been ascribed to
the different X-inactivation patterns (van de Kamp et al.
2011). The female phenotypes that have been reported so
far comprise developmental delay as well as mild to
moderate ID. In addition, some affected females show
subtle cerebellar symptoms, behavioral or gastrointestinal
problems, and in one case severe epilepsy (Hahn et al.
2002; Kleefstra et al. 2005; Mancardi et al. 2007;
Mercimek-Mahmutoglu et al. 2010). In females, MRS has
failed to demonstrate an unambiguously reduced tCr signal
(Bizzi et al. 2002; Salomons et al. 2001). Moreover,
elevated cr/crn ratio in urine and impaired creatine uptake
in fibroblasts, the biochemical markers in affected males,
seem unreliable parameters in heterozygous females
(van de Kamp et al. 2011).

Here, we report a large German family with non-
syndromic ID caused by a novel SLC6A8 gene mutation,
which has been detected via thorough sequencing of all
X-chromosome-specific exons. The survey of clinical and
MRS data demonstrates the intrafamilial spectrum of

clinical phenotypes in affected males and females and
correlates the degree of ID with laboratory and MRS
findings.

Subjects and Methods

Subjects

A large German family (D150) with intellectually disabled
members in three generations was analyzed (compare family
tree, Fig. 1). One affected male (II.4) with severe ID also had
epilepsy. Two affected males with severe ID lived in
sheltered homes (II.4 and III.4). Craniofacial dysmorphism
was not present in this family. Five family members (four
females: II.2, III.2, IV.1, IV.3 and one male: IV.4) were
studied in detail. The healthy girl (IV.2) with normal
intelligence was excluded from further investigations.

Neuropsychological Assessment

To evaluate intellectual abilities in this family, the Wechsler
Adult Intelligence Test-Third Edition was used for subjects
II.2, III.2, and IV.1. To study subjects IV.3 and IV.4, the
Wechsler Intelligence Scale for Children-Forth Edition was
applied. Mild ID was defined as an IQ score of 50–69 and
moderate ID as an IQ score of 35–49.

Fig. 1 Family tree. Family members of three generations were
affected. Gray symbols represent affected heterozygous females, black
symbols indicate affected males. mut genetic analysis revealed the
mutation p.G351R in the SLC6A8 gene, no mut the familial SLC6A8
mutation was excluded by genetic analysis, n.a. not analyzed, genetic
analysis has not been performed. Subjects II.4 and III.4 are not
included in Table 1. Subject II.4 (age 60 years) is known to suffer
from epilepsy, severe intellectual disability, and to live in a residential
home for disabled people. Subject III.4 (age 37years) is known to
have a severe intellectual disability and lives in a residential home
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Sequencing of X-Chromosome-Specific Exons

Genomic DNA (3 mg) from the index patient (IV.4 in Fig. 1)
was used for constructing a single-end Illumina sequencing
library using the Illumina Genomic DNA Single End Sample
Prep kit, according to the instructions of the manufacturer.
For X-chromosome exome enrichment, we used the Agilent
SureSelect Human X Chromosome Kit, which contains
47,657 RNA baits for 7,591 exons of the human X
chromosome. Single-end deep sequencing was performed
on the Illumina Genome Analyzer GAIIx. Read length was
76 nt. Sequences were analyzed with in-house-developed
tools. Confirmation of the SLC6A8 mutation and segregation
analysis in the family was done by PCR and conventional
Sanger sequencing using the gene-specific primer pair
2769_10SLC6A8f TCCCGGCCTCCTACTACTTCC,
2769_10SLC6A8r CATACAGGCAATGTCGTCCA.

Proton MR-Spectroscopy

Combined MRS/MR-imaging (MRI) examinations were
performed on a 3T clinical whole-body MR system (Magne-
tom Tim Trio, Siemens Healthcare, Erlangen, Germany) with
an 8-channel receive array (Invivo, Gainesville, FL, USA).
The study was approved by the institutional ethics committee.

For single voxel, MRS volumes of interest (VOI) were
selected from T1- and T2-weighted images and positioned in
posterior paramedian cortical gray matter (GM) (12.5 ml), in
frontal (F) as well as parieto-occipital (PO) white matter
(WM) (4.1 ml) (see Fig. 2). Fully relaxed spectra were
obtained in each VOI by applying the short-echo time
stimulated echo acquisition mode (STEAM) sequence
(repetition time/echo time/mixing time: 6000/20/10 ms, 64
accumulations) (Frahm et al. 1989; Natt et al. 2005). Meta-
bolites considered in this study include creatine and phos-
phocreatine (tCr) as ubiquitous compounds linked to energy
metabolism, the neuroaxonal marker N-acetylaspartate and
N-acetylaspartylglutamate (tNAA), choline-containing com-
pounds (Cho) involved in membrane turnover, and the glial
marker myo-inositol (Ins) (Dreha-Kulaczewski et al. 2009;
Pouwels and Frahm 1998). Additionally, GAA, involved in
creatine metabolism, was assessed. The absolute concen-
trations of these metabolites were calculated using LCMo-
del and expressed in mmol/l (Provencher 1993).

Metabolite concentrations were compared to healthy
age- and region-matched control groups from our local
database. Deviations of >2 standard deviations (SD) from
control values were considered significant.

Biochemical Analysis

GAA and cr were measured in urine by gas chromatography–
mass spectrometry with deuterated internal standards as

previously described (Almeida et al. 2004; Arias et al. 2004).
Values were compared to healthy age-matched controls
obtained from a local database.

Results

Clinical and developmental details of six family members
are summarized in Table 1. Two female subjects (IV.1, IV.3
in Fig. 1) had a history of motor and speech delay. No
developmental data were available for the two females II.2
and III.2. Female IV.1 had epilepsy from her 6th to 16th
year of life which was well controlled by valproic acid.
Three females (III.2, IV.1, and IV.3) required special
education due to ID. In addition, aggressive and hyperac-
tive behavior was evident in female subject IV.3. All four
females (II.2, III.2, IV.1, and IV.3) had IQ scores in the mild
ID range (IQ 50–69). The lowest score was reached by
subject III.2.

The affected male (IV.4) presented a delay in motor and
speech development as well as aggressive behavioral
problems. The boy requires special education. Notably,
his IQ score was the lowest of all family members and fell
within the moderate ID range (IQ 35–49).

Genetic Studies

In an effort to identify the pathogenic mutations in families
with XLID collected by the EUROMRX consortium and

Fig. 2 Axial T2-weighted MRI of heterozygous female subject
III.2. MRI demonstrates the placement of VOI in posterior para-
median cortical gray matter and in frontal as well as parieto-occipital
white matter. No signal abnormalities could be detected. Mild
cerebellar atrophy is not shown
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associated groups, we sequenced all X-chromosome
specific exons in the index patient (IV.4 in Fig. 1) of this
large family (D150). After filtering of all identified variants
against publicly available data, including the 1000
Genomes project database, dbSNP135 and the Exome
Variant Server, the only mutation that was predicted to be
deleterious was a missense mutation in SLC6A8 (g.G>A,
chrX:152959802–152959802, UCSC, hg19, p.Gly351Arg,
NP_001136278; p.Gly456Arg, NP_001136277,
p.Gly466Arg, NP_005620). Moreover, this change was
absent in >450 X-chromosome exomes from males with
XLID (data not shown). Subsequently, the presence of
this SLC6A8 mutation was confirmed by PCR using a
gene-specific primer set and Sanger sequencing, and it was
also present in additional affected family members
(Table 1).

Proton MR-Spectroscopy

Spectra from GM and WM of four subjects are shown in
Fig. 3. No distinct tCr peaks could be detected in GM and
WM of the hemizygous male IV.4 (Fig. 3, row A). In the
heterozygous girl IV.3 (Fig. 3, row B) tCr resonances were
evident but decreased when compared to controls (Fig. 3,
row E). The tCr peak heights of the adult heterozygote III.2
(Fig. 3, row C) approximated those of normal controls. By
contrast, the spectra obtained from the female without
SLC6A8 mutation IV.1 (Fig. 3, row D) were unremarkable.

Quantitative analysis of tCr concentrations confirmed the
most distinct reduction (GM �83%, WM �79% of normal
control values in Table 2) in the affected boy (IV.4) (see
Table 1). The tCr levels in the affected heterozygous sister
(IV.3) were also significantly reduced compared to controls,
albeit to a smaller degree (GM �50%, WM �45%). The
heterozygous mother (III.2) showed a significant tCr
decrease (�33%) only in GM. The tCr concentrations of
the female (IV.1) without SLC6A8 mutation were within
normal range. The other major metabolites showed no
significant differences in GM compared to controls. In
WM, high levels of tNAA in subjects IV.1 and IV.4 as well
as of Ins in subject IV.1 were found.

No signal clearly arising from GAA (at a chemical shift
of 3.8 ppm) could be detected in any of the subjects’
spectra. With GAA included into the LCModel analysis,
low concentrations of GAA may be fitted in GM only, but
these were comparable to normal controls and thus
regarded an artifact.

The MRI of the hemizygous boy showed an unspecific
small, hyperintense lesion on T2-weighted images within
the left basal ganglia. Mild cerebellar vermis atrophy was
detectable on the MRI of the heterozygous female subject
III.2 and slightly more pronounced on the MR images of
her daughter (IV.1) without SLC6A8 mutation.

Biochemical Analysis

Notably, the most pronounced increase of cr/crn urinary
level was measured in the hemizygous boy (IV.4). The
comparatively much lower ratio of his heterozygous sister
(IV.3) (Table 1) was still elevated with respect to her age-
matched control group (Table 2). Their heterozygous
mother (III.2) as well as the half-sister without SLC6A8
mutation (IV.1) had normal cr/crn ratios. Urinary excretion
of GAA was within normal ranges in all subjects.

Discussion

In a large family with non-syndromic XLID,
X-chromosome exome screening revealed a novel mutation
in the SLC6A8 gene (p.G351R, NP_001136278) leading to
CRTR deficiency syndrome. The diagnosis of CRTR
deficiency was subsequently confirmed by MRS of the
brain as well as urinary creatine/creatinine measurement in
three affected females and one affected male. The pheno-
typic variability within this family is in line with numerous
reports about the broad range of clinical presentations in
this neurometabolic disease (deGrauw et al. 2003; van de
Kamp et al. 2013). Profound ID was evident in all male
members. The hemizygous male index patient presented
with the characteristic severe phenotype comprising ID as
well as severe speech delay and behavioral disturbances.
All heterozygous females showed milder symptoms. Their
IQs ranged from 50–62 (Table 1). However, the familial
SLC6A8 mutation was excluded in one half-sister (IV.1) of
the index patient, who presented with mild ID and epilepsy.
This half-sister has a different and also intellectually
disabled father than subjects IV.2-IV.4 and therefore may
be affected with ID of another origin. Cerebellar signs or
gastrointestinal problems like chronic constipation, ileus, or
megacolon, which had previously been reported in affected
males and females (Kleefstra et al. 2005; van de Kamp
et al. 2011), were not present in our family. Moreover,
no affected family member had obvious craniofacial
dysmorphism.

In the clinical setting, CRTR deficiency is usually
diagnosed via a screening test in urine, which shows a
strong elevation of the cr/crn ratio in affected males. In our
index patient, cr/crn ratio screening in urine was problematic
since he rejected urine sampling several times and wore
diapers. The missense mutation in the SLC6A8 gene was
detected via X-chromosome exome sequencing. Subse-
quently, the cr/crn ratios were evaluated in all affected
heterozygous females. Interestingly, only one of the three
heterozygous females had a mild increase of the urinary
cr/crn ratio. Remarkably, this female patient also presented
with the lowest brain tCr levels and had a more severe
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Fig. 3 Single voxel proton MR spectra from gray and white
matter of affected family members with CRTR deficiency. (Row
A) male subject IV.4 hemizygous for SLC6A8 mutation. (row B)
female subject IV.3 heterozygous for SLC6A8 mutation. (Row C)
female subject III.2 heterozygous for SLC6A8 mutation. (Row D)
female subject IV.1 without mutation. (Row E) healthy control subject
(female, age 13 years). Note the variability of tCr (sum of creatine and
phosphocreatine) peaks at 3.2 and 3.9 ppm between subjects. In row A

no defined tCr peaks can be detected, whereas in row B they are
clearly visible but reduced compared to controls (row E). In row C
and D the tCr peaks are of normal heights compared to controls.
Assignments of main peaks of the proton MR spectrum are added to
the control spectra (row E). Note that scale of spectra varies to
facilitate qualitative assessment of differences of tCr peak heights.
tNAA sum of N-acetylaspartate and N-acetylaspartylglutamate, Cho
choline-containing compounds, Ins myo-inositol
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phenotype comprising behavioral disturbances. This obser-
vation is in line with a correlation between clinical
phenotype, cerebral tCr depletion and elevation of urinary
cr/crn ratio postulated by van de Kamp et al (van de Kamp
et al. 2011). However, a strict correlation between brain
MRS or biochemical data and IQ scores, as suggested, has
not been found in the heterozygous females with CRTR
deficiency described here. Yet, an inverse correlation
between cerebral tCr concentrations and urinary cr/crn ratios
could be seen. The small sample size precluded further
statistical analysis.

CRTR deficiency syndromes are increasingly detected
among patients with non-syndromic unexplained ID (Clark
et al. 2006; Lion-Francois et al. 2006; Rosenberg et al.
2004). In contrast, defects in creatine synthesis seem to be
much less frequent. In affected females, it is difficult to
diagnose CRTR deficiency via urine analysis. In our study,
a significant elevation of cr/crn ratio in urine analysis was
only found in one affected female.

We performed a quantitative brain MRS study in this
family on both affected genders of two generations, which
revealed significant reduction of brain tCr concentration in
the GM of all family members with the SLC6A8 gene
mutation. In WM of the adult heterozygous female the
concentration of tCr remained within normal ranges (see
Table 1). The hemizygous male index patient IV.4 (Fig. 2,
row A) showed almost complete absence of the tCr peaks
in both GM and WM, which corresponds to previous
reports (van de Kamp et al. 2013). The disparity of the tCr
reduction among the heterozygous females within the same
family, however, is a remarkable finding. The youngest girl
with SLC6A8 mutation showed a distinct tCr decrease,
which was already qualitatively appreciable in the spec-
tra (Fig. 2, row B) and subsequently confirmed by
quantification. In contrast, the slighter tCr reduction in
GM of the heterozygous mother has not been evident in the
spectral pattern but was disclosed only as a result of the
quantification (Fig. 2, row C). The tCr concentrations in
one half-sister of the index patient, in whom the familial
SLC6A8 mutation was excluded, were within normal limits
(Fig. 2, row D) as expected.

To date, quantitative brain MRS data of heterozygous
females with CRTR deficiency have only been included in
a minority of reports. Most publications are restricted to
the qualitative description of a reduced peak of total
creatine (tCr) in the spectrum (Cecil et al. 2003; deGrauw
et al. 2003; Salomons et al. 2001). Dezertova et al. (2008)
verified a decreased tCr concentration in an affected female
only after quantification, thus emphasizing the importance
of quantitative MRS. On the other hand, another
quantitative MRS study of a cohort of eight female
heterozygotes revealed a significant tCr reduction only on
the group level (van de Kamp et al. 2011). Individual brainT
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creatine concentrations were within normal ranges regard-
less of the region, a finding that is consistent with our
results. The observation of a GAA signal as described by
Sijens et al. (2005) could not be confirmed in our study.

The small unspecific hyperintense lesion in the basal
ganglia seen on T2-weighted MR images of the boy is
consistent with a hamartoma. The atrophy of cerebellar
vermis has been detected in female family members with as
well as without SLC6A8 mutation and thus is considered as
unspecific.

Several therapeutic trials using creatine monohydrate,
L-arginine, and glycine have so far failed to reliably
improve cerebral tCr levels and/or clinical symptoms in
patients with CRTR deficiency (van de Kamp et al. 2012).
However, brain-specific Slc6a8 knockout mice, an animal
model of human CRTR deficiency, were treated with the
creatine analog cyclocreatine and did indeed show
improved cognition as recently reported by Kurosawa
et al. (2012). The authors were also able to demonstrate
that the cyclocreatine entered the mouse brain and was
successfully funneled into its metabolism. Thus, further
studies using this promising therapy approach are warranted
to assess its implications for humans.

Conclusion

In a large family with X-linked intellectual disability of
unknown cause, the novel SLC6A8 mutation p.G351R
was detected via X-chromosome exome sequencing. The
diagnosis of CRTR deficiency was confirmed by MRS of
the brain as well as urinary creatine/creatinine measure-
ment, thus underlining the pathogenicity of this novel
SLC6A8 mutation. Female phenotypes heterozygous for the
mutation varied significantly even within one family.
However, a correlation between severity of clinical
symptoms, brain creatine depletion and urinary creatine
abnormalities could be observed.

The combination of powerful new technologies like
exome-next-generation sequencing with thorough
systematic evaluation of patients as in this study will work
synergistically to further expand our knowledge of the
clinical spectrum of neurometabolic diseases.
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Synopsis

The combination of the powerful technology exome-next-
generation sequencing with thorough systematic clinical
evaluation of patients, as in this study of a family
with X-linked creatine transport deficiency, will work
synergistically to further expand the clinical spectrum of
neurometabolic diseases.
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Abstract Objective: Identifying phenylalanine hydroxy-
lase (PAH) mutations associated with sapropterin response
in phenylketonuria (PKU) would be an advantageous
means to determine clinical benefit to sapropterin therapy.

Methods: Sapropterin response, defined as a �30 %
reduction in phenylalanine (Phe) levels after a dose of
10 mg/kg/day sapropterin for week one and 20 mg/kg/day
for week two in 112 PKU patients aged 4–45 years, was
assessed in an outpatient setting. PAH was sequenced in all
patients. Mutations were correlated with sapropterin
response. Dietary Phe intake was increased over a 6-week
period in responsive patients.

Results: Forty-six of 112 patients were sapropterin
responsive. Genotypes p.[L48S];[L48S] and p.[Y414C];
[Y414C] were always associated with response at a low
dose. The mutation Y414C (present on 16 alleles) was most
frequently associated with response. Patients with presence
of the mutation L48S on at least one allele (12 alleles in 7

patients) always showed response to sapropterin. Respon-
sive patients had a mean Phe tolerance increase of 189 %
(range 11–742 %). In the 66 nonresponders, mutations
R408W (38 alleles) and IVS12+1G>A (18 alleles) were
detected most frequently. Genotypes [IVS12+1G>A];
[IVS12+1G>A], p.[L348V];[R408W], p.[P281L];[P281L],
p.[R158Q];[R408W], and p.[R261Q];[R408W] were
always associated with nonresponse.

Conclusion: Data from the study contributes to growing
evidence of the relationship between PAH genotype and
PKU phenotype. In most cases, response to sapropterin
therapy cannot be predicted based on the presence of a
single mutation on one allele alone, although the complete
PAH genotype may help to predict sapropterin responsive-
ness in PKU patients.

Background

Phenylketonuria (PKU) is an autosomal recessive metabolic
disorder resulting from mutations in the gene encoding
phenylalanine hydroxylase (PAH) (Scriver and Kaufman
2001). More than 800 mutations have been identified
(BIOPKU database, http://www.biopku.org/home/pah.asp,
accessed Sep 2013), which lead to PAH deficiency and a
wide range of clinical phenotypes. The deficient PAH
activity results in a decreased ability to convert phenylala-
nine (Phe) to tyrosine (Tyr) and leads to toxic accumulation
of Phe in the brain (Scriver et al. 2008). In developed
countries, patients are identified at birth through newborn
screening programs and classified by clinical phenotype.
Minimum pretreatment Phe levels, requiring initiation of a
Phe-restricted diet, vary between different countries. In
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Germany, patients with Phe levels >600 mmol/L (Weglage
et al. 1996; Burgard et al. 1999) are treated with such a diet.

Although the Phe-restricted diet prevents the severe
intellectual dysfunction associated with untreated PKU
(National Institutes of Health Consensus Development Panel
2001), subtle neurocognitive deficits are still reported in
individuals with PKU treated early and continuously with
the Phe-restricted diet (Enns et al. 2010). As well, severely
restricted diets, such as the Phe-restricted diet, are asso-
ciated with a risk of nutritional deficiencies and present a
substantial psychosocial burden and challenges with adher-
ence, especially for adolescents who often fail to comply
with the strict recommendations (Walter et al. 2002).

In 1999, Kure et al. published results of a study that
identified a subgroup of PKU patients, who responded to
exogenous BH4 with reduced blood Phe levels independent
of the Phe-restricted diet (Kure et al. 1999). Initially thought
to be primarily due to higher levels of available BH4, it was
later determined to be caused in part by stabilization of PAH
protein conformation and by preventing inactivation of the
enzyme (Th€ony et al. 2004; Gersting et al. 2010). Sapropterin
dihydrochloride (sapropterin, Kuvan®) received marketing
approval in Germany in April 2009 for individuals with PKU
who are sapropterin responsive to reduce Phe levels and
allows responders to modify their strict dietary regimen
(Levy et al. 2007; Lee et al. 2008; Trefz et al. 2009a).

Most patients in the European Union (EU) must undergo a
sapropterin response test as described in the EU summary of
products characteristics (SmPC). Many protocols exist to
determine sapropterin responsiveness in patients with PKU,
varying significantly between continents and even between
countries and clinics within a country (Blau et al. 2009). EU
recommendations may include a 48-h sapropterin response
test (Blau et al. 2009) under hospital supervision. An oral
Phe loading of 100 mg/kg of body weight prior to the first
dose of sapropterin (Muntau et al. 2002), which allows a
more significant response to sapropterin for patients whose
Phe levels are within recommended range by the Phe-
restricted diet, was suggested as well (Staudigl et al. 2011).
However, not all sapropterin response test protocols require
a Phe loading test (Blau et al. 2009). For example, the
United States (US) Food and Drug Administration (FDA)
does not recommend the Phe loading component for
sapropterin response testing, and does not require the patient
to be hospitalized at any point of the response testing period
(Kuvan® US Prescribing Information).

Both protocols first determine the patient’s baseline blood
Phe level. In the United States, the FDA-approved initial
sapropterin dose is 10 mg/kg for 1 week and if a reduction in
Phe level is not achieved, the dose is increased to 20 mg/kg
and monitored for a maximum of 1 month (Kuvan® US
Prescribing Information). In the EU, if the Phe level is well
controlled, sapropterin treatment is initiated at 20 mg/kg/

day. The Phe level is assessed at the 24-h mark. If it has not
been reduced by �30 %, a second dose of sapropterin
20 mg/kg/day is given. The blood Phe level is reassessed at
24 h. In case of a decrease in Phe level <30 % after the
48 h of testing, the patient is classified as nonresponsive
and sapropterin treatment is discontinued (Blau et al. 2009).

Existing protocols for sapropterin response testing pose
challenges and have limitations. The strict dietary control
and increased frequency of blood Phe monitoring required
during the response test period may impact patients’
compliance.

The use of PAH mutational analysis rather than saprop-
terin response testing protocols could potentially eliminate
these challenges and reduce false-negative responses due to
noncompliance and false-positive results due to natural
fluctuations in Phe levels. The ability to predict long-term
response to sapropterin therapy in individual patients
through alternative means could positively impact patient
outcomes. The PAH genotype could be an important factor
for predicting response to sapropterin with mutations
associated with BH4 response dispersed throughout the
gene. However, although the nature and position of the
mutations determines their effect on the activity of the PAH
enzyme and the clinical phenotype of the patient, to date,
no conclusive data exists to allow prediction of sapropterin
responsiveness solely based on genotype.

Our primary objective in this Phase IV open-label study
was to evaluate alternative methods for identifying individ-
uals with PKU as responsive to sapropterin therapy
including impact of genotype, individual mutation, and
location of mutation in the PAH gene. We aimed to identify
the influence of individual PAH mutations on response
based on Phe levels and dietary Phe intake.

Methods

Patient Enrollment

This study was approved by the local ethical committee
Ethikkommission der Ärztekammer Westfalen-Lippe. All
PKU patients >4 years of age with plasma Phe levels
�600 mmol/L at diagnosis currently being followed at our
metabolic center at M€unster University Children’s Hospital
were contacted by mail to request participation in the trial.
Exclusion criteria were age of <4 years, proven BH4
deficiency, and pregnancy. All patients gave informed
consent to participate.

Sapropterin Response Testing

Before receiving treatment, patients had to have a minimum
blood Phe level of 360 mmol/L and maintain stable blood
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Phe levels with <20 % fluctuation from baseline at three
consecutive blood Phe draws (Fig. 1). To achieve this,
plasma Phe levels were evaluated weekly by capillary
blood draws. Patients’ dietary regimens were assessed
regularly by dieticians. If Phe levels were <360 mmol/L,
patients were asked to increase dietary Phe intake slightly,
but unlike in the protocol from Blau et al. (2009), a
100 mg/kg Phe challenge was not systematically per-
formed. After having achieved three stable Phe levels, the
patients were seen in the outpatient clinic for blood
sampling for PAH mutation analysis and to obtain an
additional blood Phe level prior to the first dose of
sapropterin.

Sapropterin was dissolved in water or apple juice and
was applied orally together with some food (Kuvan® US

Prescribing Information). Sapropterin was initially admin-
istered at a dose of 10 mg/kg/day at the time of the
outpatient visit. This dose was repeated at home every 24 h
for another 6 days. At day 8 and regardless of the patient’s
response to sapropterin, the sapropterin dose was increased
to 20 mg/kg per day for another 7 days to test the individual
response to the higher dose to determine, if the higher dose
has an additional effect on lowering Phe levels. The dietary
regimen of the patients remained unchanged throughout the
2 weeks of the response test. Plasma Phe levels were
measured at 24 h and 7 days after the first dose of
sapropterin and 24 h and 7 days after the increased dose.
All blood samples were taken in fasted state prior to the
daily sapropterin intake.

Fig. 1 Study design
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Extension Period After Sapropterin Response Resting

Sapropterin was discontinued for patients who did not show
a �30 % decrease in Phe levels after 14 days. Those with
�30 % decrease in Phe levels continued to be administered
with sapropterin at a dose of 20 mg/kg/day regardless of
whether response occurred at 10 mg/kg/day or 20 mg/kg/
day. To determine the patients’ individual increase in Phe
tolerance due to sapropterin treatment in responsive
patients, dietary Phe content was gradually increased over
the subsequent 6 weeks through the addition of natural
protein in the diet, potentially in form of natural bread or
pasta products. The amount of Phe-free amino acid
supplements required was reduced as appropriate. Phe
levels were monitored weekly and were maintained within
the age-appropriate target levels. It should be noted that
these levels are currently under debate. We applied the
target levels recommended for Germany: 0–9 years:
40–240 mmol/L; >9–15 years: 40–900 mmol/L; >15 years:
40–1200 mmol/L) (Schweitzer-Krantz and Burgard 2000).
After the 8 weeks of the study period, the patients were
seen on a regular basis in our outpatient metabolic clinic for
dietary assessment and physical examination. Phe levels
were monitored every 2 weeks.

Determination of Phenylalanine Plasma Levels

Phe levels were determined in plasma samples from capillary
EDTA blood draws (100 ml EDTA blood) performed by the
patients or their caregivers at home. Plasma samples were
analyzed by ion exchange chromatography in an Eppendorf-
Biotronik LC 3000 Amino Acid Analyzer® (Eppendorf
GmbH, Wesseling-Berzdorf, Germany).

Mutation Analysis

Genomic DNA from each individual patient was isolated
from EDTA blood samples according to a standard protocol
using the EZ1DNA Blood Kit® (Qiagen GmbH, Hilden,
Germany). PCR products were directly sequenced bidirec-
tionally using the BigDye Terminator v3.1 Cycle Sequenc-
ing Kit on an ABI 3730 Genetic Analyzer according to the
manufacturer’s protocol (Applied Biosystems, Foster City,
California, USA). All 13 exons of the PAH gene plus their
exon–intron boundaries were analyzed. Primer sequences
are available on request.

Reference accession number for normal alleles was
ENSG00000171759.2 for PAH. Mutation designation was
according to the official mutation nomenclature (http://
www.hgvs.org/mutnomen/). To validate nomenclature of
mutations, we used the program Mutalyzer 2.0 b-2 (http://
www.mutalyzer.nl/2.0/). Mutations were confirmed by
carrier analysis of parents.

Results

Patient Enrollment and Response Testing

The first patient was enrolled in the study in January 2010
and the last patient in October 2011. Three hundred and
fifty-three patients were contacted by mail. Of these, we did
not receive a response from 153 patients (43.3 %). Seventy
patients (19.8 %) refused to take part in the study for a
variety of reasons, including time constraints, effort
required to comply with the strict regimen, safety concerns,
satisfaction with current dietary regimen, aversion to
tablets, and doubt about being sapropterin responsive.

Table 1 Demographic and baseline data for patients who completed the trial by December 2011

Demographic

Completed trial N (% of those contacted) 112 (31.7 %)

Nationality N (%)

German 84 (75 %)

Turkish 14 (13 %)

Russian 9 (8 %)

Other 5 (4 %)

Gender – male N (%) 59 (53 %)

Age mean (median; min, max) years 18 (15.7; 4, 45)

Baseline Phe levels mean (median; min, max) mmol/L 795.3 (754.5; 340.8, 1884)

Baseline Phe tolerance mean (median; min, max) mg/kg 14.88 (12.4; 2.84, 51.19)

Sapropterin responsive patients N (%) 46 (41.1 %)

Responsive at 10 mg/kg/day 22 (19.6 %)

Responsive only at 20 mg/kg/day 24 (21.4 %)
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One hundred and thirty (36.8 %) patients contacted by
mail consented and underwent sapropterin response testing.
However, 16 patients were excluded, because they were not
able to maintain stable Phe levels with less than 20 %
fluctuation from baseline. One patient refused to have
mutation analysis performed, and one was excluded due to
noncompliance to the response test protocol. The remaining
112 (31.7 %) patients completed the response test by
December 2011 (Table 1): 46 (41.1 %) patients were
identified as responders (Table 2), while 66 (58.9 %) of
patients who completed the response test did not show a
reduction of �30 % in their serum Phe levels and were
classified as nonresponsive to sapropterin therapy (Table 3).
The median Phe levels in responders versus nonresponders
during the test period are shown in Fig. 2.

Modification of Dietary Phe Intake Within the Six-Week
Extension Period

Sapropterin treatment was stopped in 5 of the 46 patients
identified as sapropterin responsive after the response test
period due to noncompliance to the protocol and in 4
patients due to patient withdrawal of consent. Two patients
showed an unexplained increase in Phe levels despite
constant Phe intake and treatment was subsequently
stopped in these patients as well. In the remaining 35
responders, dietary Phe was gradually increased with
natural proteins in the daily diet. Sapropterin treatment
was stopped in 5 further patients, who were initially
classified as responders, because these patients showed

elevated Phe levels while increasing the dietary Phe intake
in the 6-week period.

In the 30 sapropterin-responsive patients, dietary Phe
intake could be increased by a mean value of 189 %
(median 128 %, range 11–742 %) compared to baseline
while maintaining blood Phe levels in the age-appropriate
range according to the German national guidelines
(Schweitzer-Krantz and Burgard 2000) with a dose of
20 mg/kg/day. In these patients, average Phe tolerance
increased from 13.8 mg/kg/day before sapropterin treatment
to 35.2 mg/kg/day after 6 weeks of sapropterin therapy.

Conversely, the amount of amino acid supplements
could be reduced on average of 41.5 % from 0.76 g/kg/
day before sapropterin therapy to 0.46 g/kg/day for these
patients after 6 weeks of sapropterin therapy (Table 2).

PAH Mutations in PKU Patients Associated with Response
and with Nonresponse to Sapropterin Treatment

Mutation analysis of PAH was performed in all the 112
patients, who completed the observational trial for saprop-
terin response. The bi-allelic underlying PAH mutations
were detected in 108 (96.4 %) patients. In 4 (3.6 %)
patients, only one pathogenic mutation on one allele could
be detected. The failure to detect the mutation on the other
allele was likely based on our sequencing approach, which
did not cover intronic mutations or large deletions within the
PAH gene.

Several genotypes were consistently associated with
nonresponse and low dose response to sapropterin treat-
ment (Supplementary Table 1). Genotypes always associ-

Table 2 Baseline Phe levels and baseline Phe tolerance in all responders and corresponding changes in Phe levels and dietary Phe intake in all
patients with continued treatment

Dosage for response

10 mg/kg/day N 22

Patients with continuing treatment and increase in Phe tolerance N (%) 15 (68.2 %)a

Baseline Phe levels mmol/L mean (median; min, max) 607.3 (562.5; 403.8, 942)

Percentage decrease in Phe levels (median; min, max) 49.8 (44.9; 30, 84)

Baseline Phe tolerance mean (median; min, max) mg/kg 15.6 (15.3; 6.4, 36.9)

Mean percentage increase in Phe tolerance (median; min, max) 220.7 (150; 25, 742)

20 mg/kg/day excluding patients who responded at 10 mg/kg/day N 24

Patients with continuing treatment and increase in Phe tolerance N (%) 15 (62.5 %)b

Baseline Phe levels mmol/L mean (median; min, max) 673.1 (516.8;. 360, 1366.8)

Percentage decrease in Phe levels (median; min, max) 47.5 (42; 30, 77)

Baseline Phe tolerance mean (median; min, max) mg/kg 13.42 (11.9; 4.3, 42.4)

Mean percentage increase in Phe tolerance (median; min, max) 157.7 (122.2; 11, 450)

a 5 patients withdrew from follow-up due to noncompliance, 1 patient withdrew consent and 1 showed an unexplained increase of Phe levels after
testing period despite constant Phe intake
b 5 patients did not show increased Phe tolerance despite response, 1 responsive patient showed an unexplained increase in Phe levels after testing
period despite constant Phe intake, 3 patients withdrew consent
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ated with nonresponse to sapropterin at any dose were
[IVS12+1G>A];[IVS12+1G>A], p.[L348V];[R408W], p.
[P281L];[P281L], p.[R158Q];[R408W], and p.[R261Q];
[R408W]. Genotypes always associated with low dose
response were p.[L48S];[L48S] and p.[Y414C];[Y414C].
Thus, there were more genotypes that consistently predicted
nonresponse than response to sapropterin therapy, and no
genotype consistently predicted high dose response (Sup-
plementary Table 1).

Mutations associated with response were dispersed
throughout the PAH gene. In our study, we observed a high
frequency of discriminative N-terminal mutations (regu-
latory domain, amino acid position 1-142) in the group of
responders. Several mutations in the regulatory domain of
PAH, for example I65T or R68S, were only present in
responders and not detected in any of the 66 nonresponders.
Mutations in the catalytic domain of the PAH protein
(amino acid position 143-410) did not consistently predict
response or nonresponse to sapropterin therapy.

Frequency of mutations found in our cohort varied, with
the most common being the R408W mutation, present on
48 alleles of 42 patients. Several mutations were predictive

of response or nonresponse. Y414C, L48S, I65T, F331S
and R68S were always associated with response, while
R158Q was consistently associated with nonresponse.

Discussion

In our cohort of 112 patients who participated in the study,
46 patients (41.1 %) showed a significant response on
sapropterin therapy, consistent with the estimated response
rate among PKU patients reported by Fiege and Blau
(2007). Patients who responded at 10 mg/kg had higher
baseline Phe tolerance and seemed to also have higher
increase in Phe tolerance, suggesting mild/moderate PKU
(Table 2). Of those “low dose responders,” two probands
were homozygous carriers of Y414C and five probands
homozygous for L48S (Supplementary Table 1). Most of all
responders show a clear increase in Phe tolerance (Table 2),
with 7 of the 30 responders, treated continuously with
sapropterin, being able to stop their Phe-restricted
diet altogether while continuing a vegetarian diet.

Fig. 2 Progress of median Phe levels during test period. Median Phe levels of 46 responders and 66 nonresponders are shown

Table 3 Baseline Phe levels and baseline Phe tolerance in all non-responders

Non-responders

N 66

Baseline Phe levels mmol/L mean (median; min, max) 916.8 (900.6; 340.8, 1884)

Baseline Phe tolerance mean (median; min, max) mg/kg 15.16 (11.64; 2.84, 51.19)
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Based on our cohort, PAH genotypes are helpful for
predicting low dose response and nonresponse to saprop-
terin (Supplementary Table 1). However, no genotypes in
our study were found to consistently predict high dose
response. The genotype p.[P281L];[R408W] was found in
six patients in our cohort (Supplementary Table 1). Of
these, 5 were nonresponsive to sapropterin, yet one patient
had a 31 % decrease in Phe levels at 20 mg/kg/day of
sapropterin and was deemed responsive. While one might
suspect change in dietary intake resulted in the decrease in
Phe concentrations, this individual also had an 11 %
increase in Phe tolerance, proving clinical benefit of
treatment and thereby suggesting that this particular
genotype cannot reliably discriminate between nonrespond-
ers and high dose response to treatment, consistent with the
results of other studies (Trefz et al. 2009b). There are
several other genotypes (Supplementary Table 1), which
were found both, in nonresponders and in responders,
underlying the difficulties in predicting sapropterin
response only based on patients’ genotype.

Interestingly, one individual of six found with homozy-
gous R408W, the mutation most frequently found in our
cohort and most commonly found throughout Europe
associated with classical PKU (Eisensmith et al. 1995;
Zschocke 2003; Zurfl€uh et al. 2008; Karacic et al. 2009;
Dobrowolski et al. 2009) and generally nonresponse to
sapropterin treatment (Dobrowolski et al. 2009), responded
to sapropterin already at a low dose while the remaining
five individuals were classified as nonresponsive. However,
the responsive individual had increasing Phe levels with
treatment despite consistent Phe intake, resulting in
cessation of sapropterin treatment and the individual being
classified as a false-positive responder. As a result, all
individuals with homozygous R408W may be considered
nonresponsive to sapropterin, consistent with findings in
other studies (Dobrowolski et al. 2009). Also consistent
with other findings, IVS12+1G>A was always associated
with nonresponse when on both alleles (Polak et al. 2013;
Utz et al. 2012) or when associated with the mutation
R408W (Utz et al. 2012).

Genotypes with homozygous mutations are more likely
to predict sapropterin response than compound heterozy-
gous mutations (Supplementary Table 1). Homozygous
Y414C, located in the tetramerization domain, is associated
with response even at the low dose of sapropterin. In other
studies, Y414C has been associated with response even
when combined with other mutations strongly associated
with nonresponse, such as R408W (Trefz et al. 2009b; Utz
et al. 2012). Interestingly, in our study when Y414C was
present on only one allele, it was found in patients with
both an increased Phe tolerance of <100 % and in those
with an increase >300 % after sapropterin therapy,
suggesting that the mutation on the allele in trans of this

particular mutation is important for predicting the full
clinical benefit.

Homozygous L48S, also frequently found in Southern
Europe (Zurfl€uh et al. 2008), was always associated with
sapropterin response even at the 10 mg/kg/day dose and
with a high increase of Phe tolerance on BH4 therapy in our
cohort (Supplementary Table 1), consistent with other
studies (Zurfl€uh et al. 2008). One patient carrying this
mutation was able to tolerate >300 % more natural protein
than before sapropterin therapy. L48S, previously detected
on 24 alleles of sapropterin responders (BIOPKU database,
http://www.biopku.org/BioPKU_DatabasesBIOPKU.asp),
was associated with response even when present on only
one allele.

In our study, a high frequency of mutations in the
regulatory domain was found in the group of responders.
However, in the literature mutations in the regulatory
domain have been inconsistent in predicting response
between studies, with some revealing sapropterin respon-
siveness even in classic PKU patients (Wang et al. 2007)
and other studies have shown inconsistent responses with
identical mutations having significantly differing response
rates (Trefz et al. 2009b). Mutations in the predicted
catalytic domain were associated with both response and
nonresponse to sapropterin treatment. The F331S mutation
was always associated with sapropterin response when
present on both alleles in two patients of our cohort, while
R158Q on at least one allele was always associated with
nonresponse to sapropterin. While p.[R261Q];[R408W],
found in five individuals, was always associated with
nonresponse, individually the mutations R261Q (Staudigl
et al. 2011) and R408W (Utz et al. 2012) failed to
discriminate between responders and nonresponders in our
study, consistent with what is reported in the literature.

Although it may be expected that patients receive
increased support in our clinical trial in comparison to that
available in a regular outpatient setting, almost 20 % of
patients still refused to take part, some citing time
constraints and effort required to comply with the strict
regimen. Of those who participated, 18 withdrew before
completion due to noncompliance or difficulties in reaching
the required stability of pretest blood Phe values. These
results reinforce the need for alternative, less rigorous
means to determine clinical benefit to sapropterin treatment.

The most significant risk identified in our study and
relevant to all response test protocols was illustrated by
seven patients who were initially classified as sapropterin
responsive whose blood Phe levels rose significantly either
despite unchanged Phe intake or when challenged with an
increase in dietary Phe intake. In these patients, we stopped
sapropterin during the 6-week diet modification period.
We hypothesize that the response test was not correctly
performed in these patients and that the observed decrease
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of Phe levels within the 2-week response test period merely
reflected random fluctuations of their serum Phe levels or
potential changes in diet during the response test protocol.
As well, this limited control of the patient’s diet may be the
main argument against outpatient sapropterin response
testing. However, combining the response test with a
second phase of gradual increase of dietary Phe intake as
done with our protocol allows efficient detection of false-
positive responders, as seen with our patients. As well, the
extended test time and the risk of false-positive results are
outweighed by the increased comfort for patients being
tested at home and a more cost-effective process than
hospitalization.

Conclusions

Individual genotype influences response to sapropterin
therapy in PKU patients. Based on our study, we can
conclude that PAH genotypes can help predicting low dose
and nonresponse to sapropterin. However, it still needs to
be shown to what extent genotype information can be used
to predict in vivo BH4 responsiveness, and as stated by
Staudigl et al. the evaluation of sapropterin treatment
should involve “personalized procedures to safely identify
and treat patients with BH4-responsive PAH deficiency”
(Staudigl et al. 2011).

Based on the limited number of patients included in our
study and inconsistent results in the literature, it does not
seem appropriate to preclude a particular mutation as not
associated with sapropterin responsiveness due to the
absence of this particular mutation in our group of
responders or conclude that a group of patients will be
responsive based on being classified as responder in this
group. Still, the results of our study contribute to the
growing body of literature on PAH genotypes associated
with sapropterin response, and support performing saprop-
terin response testing in an outpatient setting as a feasible
and reliable option to assess sapropterin responsiveness.
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Abstract Gaucher’s disease (GD) is a hereditary lysosomal
storage disease characterized by abnormal deposition of
glucocerebroside due to the enzyme glucocerebrosidase
deficiency, resulting in multi-organ pathology. GD type III
has a progressive neurological involvement. We studied the
vestibular and saccadic abnormalities in GD type III to
determine if these parameters may be useful for assessing
neurological involvement. We evaluated the vestibular and
saccadic responses of two siblings with genetically identi-
fied GD type III on enzyme replacement therapy. Vestibular
functions were assessed with the head impulse test (HIT),
vestibular evoked myogenic potentials (VEMPs), and
electrical vestibular stimulation (EVS). Saccadic functions
were investigated with volitional horizontal and vertical
saccades to �20�. Three-dimensional head and eye move-
ments were recorded with dual-search coils and VEMP
with surface electrodes. HIT showed impaired individual
semicircular canal function with halved angular vestibulo-
ocular reflex (VOR) gains and absent horizontal refixation
saccade. Ocular and cervical VEMPs to air-conducted
clicks were absent in the older sibling, and only cervical
VEMP was present in the younger sibling indicating
otolithic dysfunction. EVS showed prolonged onset latency
and attenuated tonic and phasic responses suggesting
impaired neural conduction and vestibular function.
Horizontal saccadic velocity was miniscule (<30�/s) and

multiple back-to-back saccades with saccade-vergence inter-
action were utilized to minimize eye position error in the
older sibling. Vertical saccades were slightly abnormal, but
vergence and smooth pursuit were normal in both siblings.
Our findings suggest that GD affected the vestibular nuclei in
addition to the paramedian pontine reticular formation. These
vestibular and saccadic abnormalities may be useful bio-
markers to monitor neurological deterioration.

Introduction

Gaucher’s disease has three major subtypes: Type I is a
non-neuropathic form; type II is an acute infantile neuro-
pathic form; and type III is a subacute, juvenile neuropathic
form (Winkelman et al. 1983). Slow horizontal saccade also
termed as “ocular motor apraxia” a hallmark of types II and
III has been reported as clinical observations (Harris et al.
1999), but never studied as three-dimensional eye move-
ments. Previously, vestibular testing of the lateral semicir-
cular canal function showed reduced caloric response
(Winkelman et al. 1983) and absent vestibular response to
yaw-axis rotation (Harris et al. 1999). Measurements of
vestibular and saccadic functions in GD may provide
quantitative parameters that may be used to evaluate
enzyme replacement therapy’s efficacy in preventing
further neurological degeneration.

Our study aimed to determine the vestibular and saccadic
abnormalities in GD type III. We characterized the vestibu-
lar function and its conduction pathways with mechanically
and electrically evoked vestibular stimuli. We used the HIT
to assess individual semicircular canal function (Aw et al.
2001); air-conducted click evoked ocular and cervical
VEMPs to assess the otolith functions (Taylor et al. 2011)
and EVS to examine the vestibular conduction pathway
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latency, and low and high frequency response of the
vestibular system (Aw et al. 2008). Ocular motor abnor-
malities were investigated with volitional horizontal and
vertical saccades, vergence, and smooth pursuit (Fahey
et al. 2008).

Methods

Subjects. Two siblings (male, age: 19, 17 years) with GD
type III, treated with enzyme replacement therapy (Imiglu-
cerase, Genzyme Therapeutics, USA) were studied. The
older patient (P1) and his brother (P2) were diagnosed at
age 4 and 2 by genetic identification. Hearing and
brainstem auditory evoked responses were normal in both
patients. The protocols were approved by our Ethics
committee Sydney Local Health District Approval No:
X10-0085, University of Sydney, Database No. 13076, in
accordance with Helsinki II Declaration and written
informed patient consents to perform this study were
obtained.

Head and Eye Movement Recordings and Analysis

Three-dimensional head and binocular eye positions in
response to vestibular and ocular motor tests were recorded
with pre-calibrated dual-search coils (Universal, USA) in
three-axes, horizontal, vertical, and torsional, while viewing
a 2 mm fixation target. The search coil, target, and current
stimulus signals were sampled at 1 kHz for the HIT and at
5 kHz for EVS using Labview (National Instruments,
USA). Recording system resolution: horizontal/vertical
¼ 0.1 arcminute; torsional ¼ 0.3 arcminute. Maximum
errors were <2%. The search coil signals were computed
in three dimensions in rotation vectors and Euler angles
as position and velocity in space/head fixed coordinates
(Aw et al. 2001, 2008; Fahey et al. 2008; Weber et al.
2008).

Vestibular and Ocular Motor Tests

Head Impulse Test. HIT used high-acceleration passive
head rotations at ~3,000�/s2 along the six individual
semicircular canal planes to test their angular VOR. VOR
gains, onset latencies, and the saccadic refixation strategies
were analyzed (Aw et al. 2001; Fahey et al. 2008; Weber
et al. 2008).

Ocular and Cervical Vestibular Evoked Myogenic
Potentials. VEMPs were tested using Nicolet EDX (Care-
Fusion, UK) with air-conducted clicks (0.1 ms, 135 dB
peak SPL) delivered via TDH49 headphone (Taylor et al.
2011). Ocular and cervical EMGs were sampled at 10 kHz
and averaged. The first negative (n1) and positive (p1)

peaks after stimulus onset, baseline to n1, and peak-to-peak
amplitudes were measured. To judge an absent cervical
VEMP, an average minimum level of baseline-rectified
EMG of 100 mV must be present.

Electrical Vestibular Stimulation. EVS was a bilateral,
bipolar 100 ms current-step at [0.9, 2.5, 5.0, 7.5] mA
generated by a DS5 stimulator (Digitimer, UK) and delivered
at 1/s via electrodes (Neutralect, USA) (Aw et al. 2008).
Electrically evoked vestibulo-ocular reflex (eVOR) and
onset latency were measured while tonic and phasic eVORs
were determined with automated software (Aw et al. 2008).

Ocular Motor Test. Eye positions were recorded with
dual-search coils for: (a) Saccades: subjects tracked target-
steps at center and �20� eccentric horizontally or vertically;
(b) Vergence: subjects alternately viewed the target pre-
sented 15 cm or 60 cm away; (c) Smooth pursuit: subjects
tracked a sinusoidal target that moved �10� at (0.33 and
0.50) Hz (Fahey et al. 2008).

Results

The results of both patients’ vestibular and ocular motor
tests are summarized in Table 1.

Impaired Individual Semicircular Canal Function

The VOR gains from the HIT in all individual semicircular
canals in both GD patients were reduced to a mean of 0.49
(Fig. 1a, b and Table 1), half of close to unity gain in
normal subjects (Aw et al. 2001; Fahey et al. 2008; Weber
et al. 2008). Head impulse latencies from all the semicircu-
lar canals were prolonged to a mean of 18 ms. Horizontal
refixation saccades were absent in both patients to
horizontal canal impulses, but overt and covert refixation
saccades were present to anterior and posterior canal
impulses (Weber et al. 2008).

Absent or Reduced Ocular and Cervical VEMP

Ocular and cervical VEMPs, which tested the otolith
functions, were impaired in GD (Fig. 1c, Table 1). Ocular
VEMPs were absent in both patients. Cervical VEMPs were
absent in P1 in the presence average baseline-rectified EMG
>100 mV. In P2, the cervical VEMP p13-n23 latencies were
normal, and peak-to-peak amplitudes were at the lower limits
of normal on both sides (Taylor et al. 2011).

Impaired Tonic and Phasic Responses to EVS

The eVOR latency measured with the torsional component
was prolonged to 12 ms compared to normal of 9 ms (Aw
et al. 2008). However, horizontal eVOR latency, which is
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normally the same as torsional latency, was prolonged to
16 ms. Tonic eVOR was symmetrically reduced in both GD
patients (typified by P1 in Fig. 1d, Table 1) while phasic
eVOR initiation and cessation were attenuated to about half
normal response in both patients.

Slowed Horizontal Saccades and Impaired Vertical
Saccades

Visually guided volitional horizontal saccades to �20�

were severely slowed when compared to vertical saccades
in both patients (Fig. 2). The horizontal saccades in P1
consisted of multiple (�5) tiny back-to-back saccadic steps
of (1–2�) and peak horizontal eye velocities of between 5
and 30�/s (Fig. 2a). P1 achieved 75% of his desired eye
position with multiple saccades assisted by vergence eye
movements with resulting horizontal saccadic hypometria.
Small vertical and torsional saccadic eye movements
present during horizontal saccades were normal. Similar
multiple (�5) saccades in P2 with higher peak horizontal

eye velocities of between 5 and 60�/s. P2 was able to
achieve the target without saccadic hypometria and without
requiring vergence because of higher peak horizontal eye
velocity (Fig. 2b). Vertical saccades were also abnormal
and impaired in P1 with the mean initial saccade amplitude
of 12.6� with mean velocity of 211�/s, achieving 60% of
target position typified by P1 in Fig. 2c. Downward
saccade was more affected than upward saccade in P1.
The mean latency in the P1 for horizontal saccade was
341 ms and vertical saccade was 211 ms which were
similar to normal saccadic latencies. Horizontal smooth
pursuit and vergence were normal in both patients (typified
by P1 in Fig. 2d, e). The age-matched normal subject
during either horizontal or vertical saccades to �20�

showed a large initial saccade amplitude of about 19� with
peak velocity of 300–400�/s to achieve about 95% of the
desired eye position followed by a smaller saccade to
acquire the target (Fig. 2f, g). The mean latency in the
normal subject for horizontal saccade was 380 ms and
vertical saccade was 302 ms.

Table 1 Results from both Gaucher’s Disease (GD) type III patients (P1, P2) to the head impulse test (HIT), ocular and cervical vestibular evoked
myogenic potentials (VEMP), and electrical vestibular stimulation (EVS). The symbol (�) indicates absent response

Patient Side

Head impulse test

Latency H/A/P (ms)

VOR gain

Horizontal Anterior Posterior

P1 L 21/18/19 0.38 � 0.01 0.36 � 0.01 0.58 � 0.01

R 20/16/19 0.53 � 0.01 0.38 � 0.01 0.57 � 0.03

P2 L 16/18/20 0.71 � 0.01 0.39 � 0.01 0.35 � 0.03

R 14/19/20 0.81 � 0.01 0.57 � 0.02 0.27 � 0.01

Ocular VEMP

p13 (ms) n23 (ms) p-p (mV)

P1 L – – –

R – – –

P2 L – – –

R – – –

Cervical VEMP

p13 (ms) n23 (ms) p-p (mV)

P1 L – – –

R – – –

P2 L 10.8 19.0 71.7

R 10.7 18.9 63.3

Electrical vestibular stimulation

Onset latency at 7.5 mA Tonic eVOR (�/s) Phasic eVOR initiation (�/s2) Phasic eVOR cessation (�/s2)
(ms) 0.9/2.5/5.0/7.5 mA 0.9/2.5/5.0/7.5 mA 0.9/2.5/5.0/7.5 mA

P1 L 11.4 0.49/1.53/3.74/5.38 0/187/398/702 0/232/414/448

R 11.4 0.58/1.39/2.92/4.17 0/193/381/439 0/196/341/537

P2 L 12.2 0.28/0.63/1.74/2.73 0/119/294/424 0/158/227/329

R 12.2 0.51/0.70/1.76/2.59 0/0/187/322 0/0/230/349
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Fig. 1 (a) Time series of head impulse test of horizontal, anterior, and
posterior semicircular canals in Gaucher’s disease (GD) type III
typified by patient P1 (older sibling). The angular vestibulo-ocular

reflex (VOR) gains were reduced about half of normal close to unity
gain. Latency of the angular VOR was prolonged to a mean of about
18 ms, twice normal latency. Despite the decline in horizontal angular
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Discussion

The newer vestibular tests in this study provide quantitative
measurements of the vestibular function. Vestibular abnor-
malities in the two GD type III patients from mechanically
and electrically evoked vestibular stimuli suggest that GD
also universally affects the brainstem vestibular nuclei
which have been shown to suffer neuronal loss in infantile
GD type II (Lacey and Terplan 1984).

Horizontal, anterior, and posterior semicircular canal
functions measured with the HIT were impaired as the
angular VOR gains were about half of the close to unity
gain in normal subjects (Aw et al. 2001; Fahey et al. 2008;
Weber et al. 2008). Onset latencies of HIT were prolonged
from (7–10) ms (Aw et al. 1996) to ~18 ms. Horizontal
saccadic initiation failure (Harris et al. 1999) caused the
absence of horizontal refixation saccades in response to the
reduced horizontal VOR gain. This precludes clinical
observation of the horizontal refixation saccade in presence
of deficient horizontal VOR gain (Halmagyi and Curthoys
1988). However, monitoring the head impulse test can now
be done clinically using video-oculography (MacDougall
et al. 2009).

Ocular VEMPs were absent in both patients and cervical
VEMPs were absent in P1 and at the lower limit of normal
in P2 suggesting that otolithic functions were also compro-
mised (Taylor et al. 2011). Ocular VEMPs, which mostly
screens utricular function, were more susceptible to damage
than cervical VEMPs which assess saccular function
(Rosengren and Kingma 2013).

EVS provides both low and high frequency stimuli to
both semicircular canal and otolith pathways (Aw et al.
2008). Both tonic eVOR and phasic eVOR initiation and
cessation were reduced and attenuated. The prolonged
eVOR latency of 12 ms for the torsional component and
16 ms for the horizontal component compared to normal
latency of 9 ms suggests a neural conduction delay.
Neuronal loss in vestibular nuclei may account for both
impaired vestibular response as well as the conduction
delay (Lacey and Terplan 1984).

Gaucher’s disease is well known to cause slow horizon-
tal saccades due to neuronal destruction of the paramedian
pontine reticular formation (Winkelman et al. 1983; Harris
et al. 1999). However, the slow horizontal saccade observed
clinically has never been quantitatively measured. Our

study again quantitatively measured and confirmed this
horizontal saccadic slowing in GD type III (Harris et al.
1999; Benko et al. 2011). Detailed three-dimensional
examination of the slowed horizontal saccades increases
our understanding of deficits in the neural substrates that
control saccades in GD type III (Ramat et al. 2007). When a
saccade is initiated, omnipause neurons in raphe interposi-
tus nucleus stop tonic inhibition of premotor burst neurons
of horizontal saccades in paramedian pontine reticular
formation and vertical saccades in the rostral interstitial
nuclei of the medial longitudinal fasciculus. Synchronous
bursts of horizontal, vertical, and torsional saccadic
velocities in our data support the integrity of the omnipause
neurons. However miniscule horizontal saccadic velocity
suggests the loss of premotor burst neurons in paramedian
pontine reticular formation, responsible for horizontal
saccadic velocity initiation and amplitude. The neural
integrator in the nucleus prepositus hypoglossi and medial
vestibular nucleus may also be impaired because of the
saccadic hypometria observed in P1. Multiple back-to-back
saccades with saccade-vergence interaction were utilized
and minimized to eye position error, which can be observed
clinically as slow horizontal saccades. Disconjugate eye
movements in the older sibling confirmed that the premotor
commands that encoded monocular eye movement signals
to lateral rectus and medial rectus separately in paramedian
pontine reticular formation (Zhou and King 1998) can be
affected to different extents in GD type III. Presently
saccadic test used to follow-up patients on the disease
progression can also be clinically measured using infrared
oculography (Fahey et al. 2008). The patients also showed
early vertical saccadic abnormalities evidenced by the
smaller initial saccadic amplitude with lower peak velocity
and only achieving about 60% of desired target position
similar to responses previously reported (Benko et al.
2011). However, their horizontal and vertical saccadic
latencies were normal and not prolonged.

These novel vestibular tests together with saccadic
measurements might be useful as qualitative and quantita-
tive biomarkers to monitor further central nervous system
deterioration in GD patients on therapeutic enzyme replace-
ment. The vestibular parameters such as HIT VOR gain,
EVS onset latency, and VEMP peak-to peak amplitude may
be useful clinical outcome measures for clinical trials that,
for example, can be correlated with their modified Rankin

<

VOR gain, there was absence of horizontal refixation saccades. (b)
Phase-plane plots of eye velocity versus head velocity to head impulse
tests of both GD patients (P1, P2) compared to normal response
showing the reduction in angular VOR gain. (c) Ocular and cervical
vestibular evoked myogenic potentials (VEMPs) evoked by air-
conducted clicks (0.1 ms, 135 dB peak SPL) used to assess otolith
functions. P1 showed absence of both ocular and cervical VEMPs

bilaterally. P2 (younger sibling) had preserved cervical VEMP at the
lower limits of normal, but complete absence of ocular VEMP. (d)
Tonic and phasic eVORs in response to electrical vestibular stimula-
tion (EVS) were symmetrically reduced to about half of age-matched
normal subject. Latency of eVOR was prolonged to ~12 ms for torsion
(normal latency was ~9 ms), but to 16 ms for horizontal
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Scale scores used for measuring the degree of disability and
dependence (Patel et al. 2012). This information may then
be used to manage the patient’s activities of daily living
such as driving a motor vehicle and occupational pursuits
that require visual-vestibular interaction.
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Take-Home Message
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Abstract Background: Nowadays, the most conventional
method to quantify physiological amino acids consists
in ion exchange chromatography (IEC) followed by
post-column ninhydrin derivatization and UV detection
at two wavelengths. Unfortunately, the technique presents
some drawbacks such as long run time, large sample
volume, and specific costs associated to the maintenance
of a dedicated instrument. Therefore, we aimed to switch
towards a mass spectrometry approach.

Methods: We have tested the aTRAQ kit for
Amino Acid Analysis of Physiological Fluids (AB Sciex),
affording the selective quantification of about 40 amino
acids, and present here the results of our assessments.

Results: Outlined accuracy profiles for each amino acid
demonstrated very reliable data. A good linearity was
observed from 1 to 1,000 mmol/L. Results comparison with
IEC showed a right concordance. Reference intervals
established were very similar to those obtained by IEC
and patients suffering from inborn error of metabolism have
been readily identified.

Conclusions: The present approach offers a valid
alternative to the IEC method, with several advantages:
lower sample volume, run time reduction, and improved
specificity. However, the aTRAQ method requires minute
data reviewing, expending the overall time of procedure.
Finally, financial and practical considerations of both
techniques have to be counterbalanced before engaging
any transition.

Abbreviations
1MHis 1-Methylhistidine
3MHis 3-Methylhistidine
Aad Alpha-Aminoadipate
Abu Alpha-Aminobutyrate
Ala Alanine
Ans Anserine
Arg Arginine
Asa Argininosuccinate
Asn Asparagine
Asp Aspartate
bAib Beta-Aminoisobutyrate
bAla Beta-Alanine
BSA Bovine Serum Albumin
Car Carnosine
Cit Citrulline
Cth Cystathionine
Cys Cystine
ERNDIM European Research Network for evaluation

and improvement of screening Diagnosis and
treatment of Inherited disorders of Metabolism

EtN Ethanolamine
GABA Gamma Aminobutyrate
Gln Glutamine
Glu Glutamate
Gly Glycine

JIMD Reports
DOI 10.1007/8904_2013_265

Communicated by: Bridget Wilcken

Competing interests: None declared

Electronic supplementary material: The online version of this
chapter (doi:10.1007/8904_2013_265) contains supplementary
material, which is available to authorized users.

R. Filee : R. Schoos : F. Boemer
Biochemical Genetics Laboratory, Human Genetics, CHU Liege,
University of Liege, Liege, Belgium

F. Boemer (*)
Biochemical Genetics Laboratory, CHU Sart-Tilman, University
of Liege, 4000 Liege, Belgium
e-mail: F.Boemer@chu.ulg.ac.be

http://dx.doi.org/10.1007/8904_2013_265


Hcit Homocitrulline
Hcy Homocystine
His Histidine
HPLC High Pressure Liquid Chromatography
Hyl Hydroxylysine
Hyp Hydroxyproline
IEC Ion Exchange Chromatography
IEM Inborn Error of Metabolism
Ile Isoleucine
IS Internal Standard
Leu Leucine
Lys Lysine
Met Methionine
MRM Multiple Reaction Monitoring
MS Mass Spectrometry
Nle Norleucine
Nva Norvaline
Orn Ornithine
PEtN Phosphoethanolamine
Phe Phenylalanine
Pro Proline
PSer Phosphoserine
Sar Sarcosine
Ser Serine
Tau Taurine
Thr Threonine
Trp Tryptophane
Tyr Tyrosine
Val Valine

Introduction

Amino acid disorders represent an important field in the
wide classification of inborn errors of metabolism (WHO
2010). Such conditions result from a defect in the metabolic
pathways of amino acids, leading to the accumulation of the
corresponding metabolite in plasma, urine, cerebrospinal,
amniotic fluid, or other biological matrix.

Besides the conventional 20 proteinogenic amino acids,
several nonstandard amino acids hold critical physiological
functions. Some of them are the result of posttranslational
protein modification (i.e., hydroxyproline), which is an
essential process for the function or regulation of proteins,
while others are intermediates of metabolic pathways (i.e.,
urea cycle intermediates) and they also act as neuro-
transmitters (i.e., GABA). Acknowledging the central role
of amino acids in protein synthesis and metabolism
homeostasis, profiling of these markers has became a
noticeable tool in the identification and follow-up of
primary disorders. The biochemical findings that may be
present in amino acid disorders include metabolic acidosis,
hyperammonemia, hypoglycemia with appropriate or

increased ketosis, multi-system disorder, developmental
delay, encephalopathy, coma, or death.

Amino acids are not only associated with inborn errors
of metabolism, they are also sensitive markers of the
nutritional state and of the function of various organs such
as the liver, the kidneys, the intestine, or the muscles. These
dysfunctions generate subtle alterations in amino acid
concentrations; therefore, accuracy of the amino acid
analysis is a crucial matter in order to interpret these
changes.

In those contexts’ workup, the most conventional
method for amino acid quantification consists in ion
exchange chromatography (IEC) followed by post-column
ninhydrin derivatization and UV detection at two wave-
lengths. Actually, amino acid analyzers have been used
since more than 50 years in biochemical laboratories
and still are considered as a reference method (Dietzen
et al. 2008; Duran 2008). Notwithstanding, the technology
suffers some drawbacks; chromatographic separation lasts
about 150 min and requires high sample volumes
(>100 mL). In addition, running analysis on dedicated
instruments, requiring expensive maintenance costs, depicts
another leading concern.

Considering the disadvantages of IEC technique and
owning a triple quadrupole mass spectrometer for the
newborn screening of inborn errors of metabolism, we
wanted to evaluate a mass spectrometry approach.
Nowadays, identification and quantification of amino
acids by mass spectrometry are rather uncommon in
clinical laboratories. Only a few methods have already
been developed and validated and are based either on
native (Piraud et al. 2003, 2005; Waterval et al. 2009)
or on derivatized (Dettmer et al. 2012; Dietzen et al.
2008; Harder et al. 2011; Held et al. 2011) metabolites
identification.

Based on this perception, we have tested the aTRAQ
kit for Amino Acid Analysis of Physiological Fluids
(AB Sciex), affording the selective quantification of about
40 amino acids. We report here the results of our
assessment, based on plasma, urine, and cerebrospinal fluid
(CSF) samples.

Material and Methods

Chemicals

aTRAQ kit for Amino Acid Analysis of Physiological
Fluids was provided by AB Sciex. Mixes of amino
acid standards (reference numbers A6407 and A6282),
glutamine and sodium chloride (NaCl) were obtained from
Sigma. Bovine serum albumin (BSA) was purchased at
Roche.
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Samples

Five-point calibration curves were prepared by diluting
amino acid standard mixes and glutamine in 75 g/L BSA,
isotonized with 0.9 g/L NaCl. Final calibration concen-
trations were the following: 1,000, 250, 100, 50, and
10 mmol/L for all amino acids, except for cystine whose
concentrations were 500, 125, 50, 25, and 5 mmol/L.

Validation samples were prepared in the same way with
final concentrations at 1,000, 200, 75, 20, 5, and 1 mmol/L
for all amino acids, except for cystine whose concentrations
were 500, 100, 37.5, 10, 2.5, and 0.5 mmol/L. Samples
from the ERNDIM Amino Acids Scheme have also
been used for method validation; target concentrations used
corresponded to the consensus mean concentrations of all
participating laboratories.

Plasma, urine, and CSF samples were gathered from
normal individuals.

Sample Derivatization

Conceptually, amino groups are labeled with tags of
varying isotope patterns. The label consists of a reporter
group (with the masses m/z 113 or 121), a neutral linker,
and an amino-reactive group (N–hydroxysuccinimide
ester). The 121-labeling reagent is used to derivatize the
amino acids in the sample, whereas the 113-labeling
reagent is employed to provide a 113-labeled standard
mix containing 42 analytes for absolute quantification.

Briefly, sample (40 mL) proteins were precipitated
with 10 % sulfosalicylic acid (10 mL) containing
400 mmol/L norleucine. After vortexing and centrifugation,
the supernatant (10 mL) was mixed with 40 mL labeling
buffer containing norvaline. At this moment, part of the
mixture (20 mL) can be set aside if allo-isoleucine
quantification is necessary. To 10 mL of this reaction mix,
5 mL of isopropanol diluted aTRAQ D8-reagent was added.
After 30-min incubation at room temperature, 5 mL of
hydroxylamine was added and homogenized mixture was
incubated 15 min at room temperature. Then, 32 mL of
reconstituted aTRAQ Internal Standard solution was added
to the reaction mixture. If allo-isoleucine testing is
mandated, 5 mL of underivatized mix, saved from the se-
cond step, is added. The specimen is then partly concen-
trated under nitrogen for 15 min. Finally, half-evaporated
samples were diluted 10 times with milli-Q water before
injection.

Allo-isoleucine coelutes with isoleucine when labeled
with the aTRAQ D8-reagent. Therefore, for confirmation
and follow-up of maple urine syrup disease (MSUD)
patients, allo-isoleucine is quantified in its underivatized
form, which is then chromatographically well separated
from isoleucine.

Separation and Detection

Derivatized samples (1 mL) were introduced into a TQ5500
tandem mass spectrometer (AB Sciex) using a Prominence
AR HPLC system (Shimadzu).

Tagged amino acids were chromatographically separated
on the AB Sciex C18 column at 50 �C. The column
dimension was 15 cm long, with a 4.6 mm inner diameter.
A binary gradient of water (mobile phase A) and methanol
(mobile phase B), both containing 0.1 % formic and 0.01 %
heptafluorobutyric acids, was flowing through the system at
0.8 mL/min. The percentage of mobile phase B was
gradually increased from 2 % to 90 % in 13 min, followed
by a 5-min re-equilibration step.

Acquisition in the mass spectrometer was achieved
by multiple reaction monitoring (MRM) using the sched-
uled MRM algorithm (See Supplemental Data Table 1).
This latter functionality eliminates the requirement of
multi-period experiments by monitoring each transition
only across its expected elution time. MRM transitions are
then organized automatically, optimizing dwell time, cycle
time, and detection window.

Data recording and treatment were performed with the
v.1.6 Analyst software (AB Sciex).

Quantification

As recommended by manufacturer, quantification was
achieved dividing the analyte area by the IS area and
then multiplying by the IS concentration. To evaluate
the performance of such calibration protocol, we compared
concentrations estimated by this internal quantification
method with results calculated by a five-point external
calibration curve.

Analytical Validation

The method was validated using accuracy profiles based
on b-expectation tolerance intervals for the total error
measurement and assessing the measurements’ uncertainty
(Gustavo Gonzales and Angeles Herrador 2006; Hubert
et al. 2004; Hubert et al. 2007a, b; Rozet et al. 2006). For
this purpose, five measurements of each validation samples
have been analyzed in five independent series, and before
each run, a calibration curve was tested twice. Computing
of validation data was ensured using the v3.0 Enoval
validation software (http://www.arlenda.com).

Method Comparison

Comparison was done between the MS method and the ion
exchange chromatography (IEC) amino acid analyzer. Five
independent measurements of 4 ERNDIM Amino Acids
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Scheme samples, covering the main part of the physio-
logical range, have been carried out. The ERNDIM
“IEC with Ninhydrin and one Internal Standard” method
has been considered for this purpose, and the IEC target
result used for method comparison is therefore the
consensus mean of more than 100 laboratories.

Slope and intercept were estimated by Passing and
Bablok regression with Medcalc v12.1 software.

Reference Ranges

Normal population values have been set up for plasma,
urine, and CSF on several age categories: 0–2 years, 2–12
years, and >12 years. Intervals, proceeding from about
20 to 30 samples in each age class, have been generated
using nonparametric analysis and represent the central
90 % (5–95 %) of the populations evaluated.

Clinical Evaluation

Samples (urine and plasma) from patients with
confirmed inborn error of metabolism have been tested.
The assessment included urines from homozygote
cystinuria, Non ketotic hyperglycinemia, tyrosinemia I,
and cystathioninuria. Plasmas from treated phenylketonuria,
maple syrup urine disease, and ornithinemia patients have
also been tested.

Results

Internal Versus External Calibration

To compare the internal quantification versus the
external five-point calibration curve, each back-calculated
concentration was normalized, in percentage, against its
expected value. These recovery results were then assayed
with a one-sample t-test to evaluate whether the average
of observations differs significantly from 100 %.

External calibration gave slightly better recovery results
for most amino acids. This difference turns out to be
very significant for the upper concentration (1,000 mmol/L).
Therefore, all further results have been back calculated
against this external calibration curve, which was reana-
lyzed twice before each run. Additionally, opting for this
quantification way helps to decrease the batch-to-batch
variability (Held et al. 2011).

Method Capacities

An approach using accuracy profiles based on tolerance
intervals for the total error measurement, including both
bias and standard deviation for intermediate precision, was

applied to demonstrate the method capability. Method
is considered as valid within the range for which the
accuracy profile is fully included inside the accuracy
acceptance limits, set at �30 % for upper concentrations
(>75 mmol/L) and at �50 % for lower concentrations
(�75 mmol/L). The b-expectation tolerance interval, which
describes a region where, on average, a proportion b
of future measurements will fall, was fixed at 5 %.
This proceeding gives the guarantee that each further
measurement of unknown samples will be included within
the tolerance limits at the fixed level and thus within the
acceptance limits.

Accuracy profiles have been generated for all amino
acids, and a profile example is provided in Fig. 1. Based
on these profiles, the lower limit of quantitation (LLOQ)
is defined as the smallest quantity of each amino acid
that fits within acceptance range (Fig. 2 and Supplemental
Data Table 2).

Accuracy profile can be used as a visual decision tool
to assess the validity of an analytical method. However, as
for every graphical representation, this visual interpretation
is partly subjective. Therefore, different “desirability”
indexes have been considered: dosing range index, preci-
sion index, and trueness index (Rozet et al. 2007). The
dosing range index is defined as the ratio between the
length of interval in which the method is considered as
valid and the length of the interval between the highest
and lowest concentration levels investigated during the
validation. The precision index corresponds to the ratio
between the area defined within the acceptance limits and
the limits of b-expectation tolerance interval, and the
area bounded by the upper and lower acceptance limits,
for which the method is considered as valid. The trueness
index is defined as 1 minus the ratio between the sum
of the square of the observed bias at each concentration
level and the sum of the square of the maximum tolerated
bias at each concentration level, for which the method
is considered as valid. All these three indexes vary from
0 to 1; the better is the method for a criteria, the closer
to one is the corresponding index (See Supplemental Data
Statistic) (Rozet et al. 2007).

A synthetic radar chart of each index has been built
for each amino acid (Fig. 3). Dosing range of bAla,
Pser, and Sar are narrower than for other amino acids.
For Sar, this can be explained by the saturation of
the instrument detector at higher concentrations
(1,000 mmol/L). Nevertheless, clinical impact of such
phenomenon is reduced; physiological concentrations
of the analyte are far below. Additionally, intra- and
inter-run coefficients of variation are presented under
a usual way in Table 1. Finally, bAla, EtN, and PSer
show the worst precision index with highest coefficient
of variation.
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MS Versus IEC

Results of method comparison are presented in Table 2. For
all amino acids tested, slopes and intercepts are very close
to 1 and 0, respectively.

Normal Population Values

Reference intervals have been established on plasma, urine,
and CSF samples collected from normal controls (Table 3).
For each, ranges were defined to cover the central 90 % of
the measured values, and for plasma and urine matrices,
three age classes have been considered.

In urine, the concentration of each amino acid was
normalized against creatinine and then expressed in mmol/
mol of creatinine. As previously described (Illsinger et al.
2010), large variations in amino acid concentrations are
observed in urine of newborns, reflecting the variability of
renal tubular function in the first months of life (Rossi et al.
1994).

Medical Valuation

Samples, collected from confirmed IEM patients, revealed
positive results, according to their respective pathology
(Table 4).

Discussion

We present here an exhaustive assessment of the aTRAQ
kit for Amino Acid Analysis of Physiological Fluids, using
a total error approach. To our knowledge, this is the first
validation report of amino acid profiling through the use of
accuracy profile.

Based on the most recent manufacturer’s recommenda-
tions, a few modifications have been appended to the
original protocol for sample preparation. These improve-
ments are the consequence of some troubles reported by
customers in methionine quantification with the native
procedure.

Fig. 1 Accuracy profile of phenylalanine. Plain red line is the relative
bias, dashed blue lines are the b-expectation tolerance limit (b ¼ 5 %),
and dotted black curves represent the acceptance limit (�50 % for the
concentration smaller than 75 mmol/L and �30 % for concentration

equal or greater than this value). The dots represent the relative back-
calculated concentrations of the validation standards and are plotted
according to their targeted concentration
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Fig. 2 Radar chart of calculated LLOQ, based on the accuracy profile approach

Fig. 3 Radar chart of each amino acid indexes. Indexes vary from
0 to 1; the better is the method for a criteria, the closer to one is the
corresponding index. Compared to the other analytes, dosing range for

Asp, Glu, Pser, and Sar are reduced, the instrument detector saturating
at higher concentrations
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1. The first amelioration referred to the addition of
the aTRAQ Internal Standard solution before the
evaporation step, and not after as required in the initial
method. During this dryness stage, an oxidation
phenomenon occurs, which mainly affects methionine
and cystathionine. As internal standards were
initially added after this step, they were not subjected
to this degradation, and Met and Cth were then
underestimated. Therefore, adding the Internal Standard
solution before desiccation equally affects the metabo-
lites to be quantified and their corresponding internal
standards.

2. After hydroxylamine pipetting, an additional 15-min
incubation step at room temperature was initiated.
The phenolic group of tyrosine is also slowly and

Table 2 Method comparison: IEC versus MS method. Slope and
intercept were calculated by means of a nonparametric Passing and
Bablok regression

Slope Slope 95 % CIa Intercept Intercept 95 % CIa

3MHis 1.01 0.938 to 1.362 3.19 �3.863 to 5.464

Abu 1.17 1.105 to 1.252 �2.94 �5.209 to 0.857

Ala 1.05 1.016 to 1.085 �7.32 �20.1 to 2.336

Arg 1.06 1.045 to 1.083 �0.92 �5.514 to 1.503

Asn 1.19 1.151 to 1.279 5.70 �5.066 to 9.417

Asp 0.99 0.927 to 1.071 1.06 �2.051 to 2.432

Cit 0.96 0.938 to 1.008 1.88 0.449 to 3.583

Cth 1.12 1.005 to 1.156 0.55 �0.428 to 1.388

Cys 1.08 1.011 to 1.167 �3.07 �6.464 to 0.94

Gln 0.92 0.803 to 1.083 3.72 �33.91 to 9.132

Glu 1.08 1.041 to 1.132 3.38 �2.056 to 6.867

Gly 0.98 0.928 to 1.058 1.28 �15.09 to 1.45

His 1.01 0.98 to 1.071 �0.12 �5.099 to 2.776

Hpro 1.14 1.097 to 1.223 �0.39 �4.912 to 2.063

Ile 1.09 0.995 to 1.188 1.19 �2.022 to 5.713

Leu 1.11 1.001 to 1.094 1.16 �5.852 to 6.11

Lys 1.02 1.001 to 1.094 �4.87 �11.99 to 0.824

Met 1.08 1.072 to 1.173 0.20 �5.297 to 0.879

Orn 1.03 0.986 to 1.097 �5.23 �12.84 to 0.285

Phe 1.18 1.051 to 1.294 �4.46 �10.86 to 3.971

Pro 1.18 1.141 to 1.226 6.21 0.419 to 9.499

Ser 1.15 1.087 to 1.246 1.06 �5.565 to 4.681

Tau 1.08 1.022 to 1.154 �10.95 �21.82 to 2.961

Thr 1.01 0.965 to 1.105 4.28 �4.631 to 9.206

Trp 1.02 0.928 to 1.124 3.40 �5.842 to 2.067

Tyr 1.00 0.927 to 1.05 0.64 �3.441 to 7.371

Val 1.07 1.035 to 1.117 �3.31 �22.83 to 4.374

a 95 % CI ¼ Confidence interval at 95 % for slope and intercept,
respectively

Table 1 Intra- and inter-run variation for two levels of concentration

Concentration level –
20 mmol/L

Concentration level –
200 mmol/L

Cystine – 10 mmol/L Cystine – 100 mmol/L

Intra-run
coefficient
of variation
(%)

Inter-run
coefficient
of variation
(%)

Intra-run
coefficient
of variation
(%)

Inter-run
coefficient
of variation
(%)

1MHis 10.55 11.43 7.88 7.99

3MHis 9.11 9.36 8.54 8.54

Aad 10.93 11.17 8.16 8.16

Abu 8.85 11.48 8.41 9.30

Ala 10.66 11.84 9.42 9.42

Ans 10.78 11.47 7.70 8.31

Arg 11.45 13.11 9.05 9.40

Asn 10.01 10.01 7.27 7.43

Asp 18.72 18.72 6.96 6.96

bAib 11.46 12.19 7.84 7.99

bAla 26.84 41.24 8.38 9.02

Car 12.31 12.31 8.70 8.70

Cit 9.78 10.26 9.14 9.64

Cth 14.54 15.55 8.91 9.44

Cys 11.81 12.94 6.71 9.00

EtN 7.99 15.81 16.21 16.21

GABA 9.82 11.32 7.19 7.19

Gln 10.83 10.85 7.42 7.42

Glu 12.49 13.06 7.15 7.68

Gly 9.85 18.13 10.31 10.31

Hcy 5.02 38.29 17.16 17.16

His 9.61 9.61 10.92 10.92

Hyl 14.30 14.30 10.07 10.36

Hyp 12.14 13.05 3.93 4.39

Ile 12.55 12.55 8.67 8.72

Leu 15.02 15.02 7.79 7.85

Lys 10.73 11.99 9.00 9.00

Met 9.49 10.67 8.09 8.09

Orn 14.47 16.49 7.61 7.72

PEtN 11.51 13.92 7.09 7.25

Phe 9.28 9.71 8.57 8.57

Pro 8.84 9.24 5.82 5.82

PSer 28.71 28.71 10.50 10.50

Sar 10.53 11.25 8.25 8.25

Ser 16.16 18.77 9.06 9.06

Tau 7.23 14.42 3.53 8.36

Thr 9.52 10.24 7.15 8.47

Trp 7.87 9.59 7.54 7.78

Tyr 12.04 14.47 10.76 10.76

Val 10.51 10.91 9.27 9.41
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Table 3 Amino acid reference ranges on plasma, urine, and CSF matrices

Plasma Urine CSF

0–2 years 2–12 years >¼ 12 years 0–2 years 2–12 years >¼ 12 years /
mmol/L mmol/L mmol/L mM/M Creat. mM/M Creat. mM/M Creat. mmol/L

1MHis 0.1–3.7 0.2–15.7 0.5–14 2.7–18.9 2.7–208 3.6–137 0–0.9

3MHis 1.4–5.7 1.3–7.1 2.4–8 7.4–37.5 12.5–35.4 10.2–25.7 0.1–0.4

Aad 0.6–1.8 0.3–1.6 0.4–2 0.9–46.3 1.4–13.3 0.7–7.4 0–0.3

Abu 3.1–16.7 7.6–28 4.4–36.3 0.4–7.4 0.6–4.9 0.4–2.4 1.3–4

Ala 122–426 111–518 153–592 32.1–235 16.8–129 7.4–53.8 19–32.5

Ans 0–0.9 0–1.1 0–0.7 0–8.3 0–41.8 0–19.2 0–12

Arg 14.4–164 18.4–102 11.2–128 0.7–43.3 6.1–61.7 1.1–11.6 10.8–27

Asaa 0.3–7.8 0–13.7 0–12.5 0–18.2 1.1–4.2 0.5–3 0.4–6.7

Asn 27.1–123 28.4–102 22.7–115 3.3–136 8.4–48 3.5–36.6 6.6–12.1

Asp 6.1–69.4 4.6–60.3 4.4–65 0.8–20.3 0.3–9.4 0.3–4.6 1–11.6

bAib 0.8–31.8 0.5–3.3 0.3–2.9 3–98.1 2.6–107.2 1.5–27.6 0–0.2

bAla 17.2–67.3 15.8–49.9 18.5–60.7 1.5–116 0.3–15.9 0.2–13.7 17–41.4

Car 0–2.2 0–0.4 0–0.5 1.3–62 2–43.1 0.2–12.1 0–0.1

Cit 7.9–33.6 8.4–40.7 13.5–63.3 0.3–18.5 0.3–2.1 0.1–1.7 1.9–20

Cth 0.3–29.9 0.1–1.2 0.1–1.5 0.7–13 0.3–5 0.3–4.4 0.1–0.5

Cys 6.4–124 0.9–39.1 7.3–58.5 2.5–91.7 2.1–9.8 1.7–10 0–1

EtN 3.8–46.6 4.1–21.9 3.8–24.6 12.3–149 21.7–69.3 15.1–34.8 4.7–41.3

GABA 0.2–57.7 0.2–4.7 0.2–6.5 0.2–5.3 0.2–1.3 0.1–0.7 0.2–2.1

Gln 336–691 300–688 296–884 3–357 32–134 15–90 374–836

Glu 38–353 35–288 41.9–236 2.5–42.6 1.3–37.5 0.9–10.7 0.9–12

Gly 113–458 164.7–402 94.9–463 79.2–1,057 66–417 43–360 9.3–34

Hcita 0.1–0.7 0–0.8 0.1–0.7 0.3–29.4 1–8.1 0.8–3.9 0.1–0.4

Hcy 0–26.3 0–0.4 0–0.3 0–1.8 0–0.2 0–0.2 0–0.5

His 35–117 34.2–114 35.4–136.2 46–379 34.8–290 18–125 9.2–25.3

Hyl 0.1–110 0.1–86.4 0–103.2 1.1–40.3 0.5–11 0.1–1.7 0.1–2

Hyp 10.8–76.2 8.7–31.9 4.8–34.6 1.4–233 0.4–4.2 0.1–2.3 0.3–1.8

Ile 30.3–129 24.7–94.7 28.3–167.8 1–12 1–4.2 0.2–2.6 3.2–12.9

Leu 44.9–198 44.5–158 61.2–203.8 0.6–21.1 2.1–9.9 0.3–6.6 5–10

Lys 64.5–375 75.5–228 105–253 2–274 4.7–105 1.9–23.5 6.3–28.6

Met 9.4–67.6 9.3–31 9.6–44.4 0.2–5.1 0.5–2.3 0–1.3 1.5–4.2

Orn 19.9–181 23.4–165 42.8–186 1.5–52.8 0.9–5.4 0.6–2.6 4.5–10

PEtN 0–6 0–3.8 0.2–2.3 1.8–28.5 2.5–22.1 0.6–4.9 0.8–5.6

Phe 25.5–131 27.7–95.8 23.5–104 1.4–38.2 4.2–19 1.9–10.1 6.3–13.5

Pro 74.9–276 89.2–286 85.8–327.8 1.9–97.2 0.6–9.5 0.3–5 1.4–5.3

PSer 0–0.4 0–0.4 0–0.4 0–1.2 0–0.3 0–0.2 0–0.3

Sar 0.4–3 0.8–4.7 0.5–2.7 0.2–12.4 0–1.2 0–1.3 0–0.2

Ser 62–253 61.8–230 53.7–216 5.3–302 26.4–90.6 11.1–52.6 25.3–67.1

Tau 34.8–309 34.9–266 30.3–223 6–546 14.6–349 4.5–140 4.5–10.1

Thr 41.7–252 51–167 58.3–206 4.8–171 7.5–40.5 4.5–35 15.3–36.1

Trp 17.1–87.3 15.1–58.4 24.6–85.7 2.2–33.7 4–21.1 2.4–11 1.3–3.2

Tyr 24–154 27.3–92.1 34–101 1.3–76.2 6.2–45.5 2.8–17.9 6.9–17.8

Val 72.6–277 94.8–261 99.2–329 1.2–24.7 3.1–12 1–7.9 8.3–21.5

a Asa and Hcit concentrations were calculated based upon the corresponding IS concentrations, as they were not included in the five-point external
calibration curve
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partially labeled by the aTRAQ D8-reagent. Hydroxyl-
amine solution is used to remove this extra label, but as
internal standard is added before the drying step, the
concentration of hydroxylamine is reduced compared to
the original protocol. This dilution slows down the
reaction removing the unwanted tag and, therefore, an
extra incubation time is required.

3. Finally, the evaporation step under nitrogen stream was
reduced to the half mixture volume, and not to dryness
as requested by the original proceeding. Indeed,
extended drying can result in excessive methionine
oxidation.

This latter protocol gives satisfaction for amino acids
profiling. Sulfur-containing amino acids generate adequate
results with reliable recoveries for Met and Cth. b-Alanine
is poorly reproducible on lower concentrations. Because of
detector saturation at higher concentrations, the limit of
quantification of sarcosine was fixed at 272 mmol/L.
Finally, phosphoserine gave precise but inaccurate results
at higher concentrations (>341 mmol). Reference medical
ranges are equivalent with published intervals (Duran
2008). Results comparison with IEC showed a right
concordance, and patients affected by IEM have been
readily identified.

Conclusion

The presented method is focused on the targeted identifica-
tion of about 40 amino acids. The application has been
evaluated and offers a valid alternative in a clinical context.
Furthermore, the present approach offers certain advantage
compared to the IEC method: lower sample volume, time
run reduction, and better specificity. Additionally, the use of
labeled internal standards for each amino acid confers
reliable quantitative results. Neglecting maintenance costs
of a devoted IEC-instrument, analytical running expenses
are similar between the two methods.

Nevertheless, not everything is idyllic. Although chro-
matography time drops down from 180 to 18 min, the
aTRAQ method requires much more of that time difference
for extraction, derivatization, and data processing, this
latter step being labor intensive. In addition, some specific
ninhydrin-reactive species (i.e., aspartylglucosamine or
pipecolic acid), which may be identified with any IEC
amino acid analyzer, will remain undetectable with the
MRM approach. Nonetheless, implementation of additional
analytes in the MS acquisition method should be a future
concern. Besides, this latter consideration depicts a certain
advantage of the MS technology, as these “extra-analytes”
should not involve exclusively ninhydrin-responsive com-
pounds.

Aware that the sensitivity of ultimate generation mass
spectrometer is far below major physiological amino acid
concentrations, we demonstrate here that these technological
advances, which are fundamental for traces detection (on the
order of picomol/L or lower), are not incompatible with the
reliable quantification of elevated amino acid concentrations
(i.e., >100 mmol/L). Therefore, running methods requiring
very high sensitivity can be easily combined with less
sensitive protocols on the same instruments.

Finally, the aTRAQ kit is a very good alternative to
the IEC method, but financial and practical considerations
of both technologies have to be counterbalanced before
engaging any transition.

Synopsis

Validation of the aTRAQ assay for Amino Acid Analysis
in Physiological Fluids.

Compliance with Ethics Guidelines
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Romain FILEE, Roland SCHOOS, and François BOEMER
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Table 4 Amino acid concentrations measured in different IEM

IEM Matrix Amino
acid

Concentration (age-related
normal range)

MSUD Plasma Leu 491 mmol/L (61,0–341,0)

allo-Ilea 115 mmol/L

PKU Plasma Phe 1,230 mmol/L (23,5–104,0)

Ornithinemia Plasma Orn 660 mmol/L (42.8–346.2)

Treated
tyrosinemia
type I

Urine Tyr 86,8 mM/M creatinine
(2,8–17,9)

NKHGb Urine Gly 3971 mM/M creatinine
(66,0–416,7)

Cystinuria Urine Arg 157,6 mM/M creatinine
(6,1–61,7)

Cys 93,1 mM/M creatinine
(2,1–9,8)

Lys 551,0 mM/M creatinine
(4,7–105,0)

Orn 148,8 mM/M creatinine
(0,9–5,4)

Cystathioninuria Urine Cth 208 mM/M creatinine
(0,3–4,4)

a allo-Isoleucine
b Non ketotic hyperglycinemia
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Abstract Objectives: (1) Develop a methodology for
obtaining reliable cognitive and developmental data in
children with neurodegenerative disease and cognitive
impairment and in turn monitor disease state and treatment
outcomes. (2) Demonstrate validity of age-equivalent scores.

Methods: We present guidelines for obtaining accurate
test scores in low-functioning and behaviorally disruptive
pediatric patients, followed by a method validation study:
(1) using disease-specific protocols to assess salient aspects
of the known phenotype, (2) selecting appropriate tests, (3)
managing behavior, and (4) using age-equivalent scores on
standardized tools. We used the Bayley Scales of Infant
Development-III or Kaufman Assessment Battery for
Children-II with a group of 25 children with mucopoly-
saccharidosis type IIIA (MPS IIIA or Sanfilippo syndrome
type A) with dementia. To demonstrate concurrent validity,
we used the Vineland Adaptive Behavior Scales-II, com-
paring parent-reported age-equivalent scores (AEs) with
those of the cognitive measures.

Results: We were successful in obtaining cognitive age-
equivalents for 25 patients with MPS IIIA including those
with severe behavioral disruption and a correlation of 0.95
was obtained comparing scores on the parent measure with
cognitive age-equivalents validating the age-equivalent
approach.

Conclusion: An approach to the assessment of severely
impaired children including those with behavioral disrup-
tion was implemented and is applicable to children with
other severe neurological diseases. This approach will
enhance the assessment of disease progression and
monitoring of treatment outcome in clinical trials.

Background

Obtaining reliable and accurate neurocognitive assessment
data is a challenge in children with neurodegenerative
disorders who have dementia or are very low functioning,
have disruptive, noncooperative behavior, or have physical/
sensory disabilities. These challenges and the limitations of
available measures have been documented previously in
patients with lysosomal diseases (Martin et al. 2008).
Solutions that will result in precise assessment are essential
to assess disease progression and the effects of treatment. We
present here an example of how such data can be obtained
using a pragmatic, disease-specific approach using age-
equivalent scores. Our ultimate goal is to obtain precise data
about measurement of disease progression and ultimately
treatment outcomes. This becomes a more urgent problem as
new treatments emerge for rare neurogenetic diseases.

Standard psychology practice currently does not support
the use of age-equivalent scores (AgeEqSs) as their
statistical properties are inadequate and can be misleading
(Naglieri and Goldstein 2009). AgeEqSs do not consider
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the range of normality in contrast to standard scores which
establish a range of normal performance (Maloney and
Larrivee 2007). Standard deviations vary from age to age
and from test to test. The scale units of AgeEqSs are ordinal
and the intervals between units are unequal (e.g., an
increase of 6 months at one age will differ from an increase
at another age) (Lawrence 1992). For these reasons,
psychologists have resisted the use of AgeEqSs and have
primarily used age-stratified normative data to obtain
standard scores. However, those caveats may hold for
higher functioning children; for younger more severely
impaired children having an ordinal measure that tracks
change over time is crucial. Developmental growth curves
can be constructed from AgeEqSs to track changes;
pediatricians commonly use such curves to monitor height,
weight, and head circumference. The difference and
challenge here is that, unlike measuring anthropometric
measurements (e.g., height, weight, and OFC), uneven skill
development within children with neurodegenerative dis-
ease challenges the ability to measure their overall
development level especially using standard scores.

There are several reasons that standard scores should not be
used in very low-functioning children. The standard scores on
most tests have a floor; most low-functioning children fall
below this floor which makes them insensitive to any change.
Furthermore, for a child with dementia, even if a standard
score can be obtained at an initial visit, it is very possible that at
the next evaluation the child will no longer fall within the
range of standard scores available for that measure.

In contrast, AgeEqSs are easily interpretable and allow
for precise longitudinal monitoring of illnesses in children
with cognitive decline and/or who are very low functioning.
Change in rate of growth or decline can be monitored with
respect to the disease process or the effects of treatment.
One can determine whether a child continues to gain
milestones, has reached a plateau, or is losing skills.
However, AgeEqSs do not necessarily imply that the child
has behavior and development typical of that age, e.g., a
child with Sanfilippo syndrome who has an AgeEqSs of 12
months does not necessarily present as a chronologically
older child who acts like a 12-month-old child.

In a new development in psychology, the most recent
edition of the Bayley Scales of Infant and Toddler Develop-
ment-III (BSID-III) has added such developmental growth
curves to the manual, thus allowing one to track AgeEqSs
over time (Bayley 2006). The use of AgeEqSs to assess the
development of children with dementia was initially
proposed by Shapiro and Klein in 1993 (Shapiro and Klein
1993) and has been endorsed in other discussions of
neurodegenerative diseases (Shapiro and Balthazor 1999;
Ziegler et al. 2010). As early as 1985, Volkmar et al.
recommended the use of age-equivalent scores as a precise
measure of function in low-functioning individuals allow-

ing comparisons across domains of function (Volkmar et al.
1987). AgeEqSs have been used in neurodegenerative
diseases, primarily the mucopolysaccharidoses, to examine
treatment effects using both cognitive (Staba et al. 2004;
Peters et al. 1996, 1998; Wraith et al. 2007) and Vineland
Adaptive Behavior Scales (Sparrow et al. 2005) age-
equivalents.. While the use of cognitive AgeEqSs for the
BSID II, the Mullen Scales of Early Learning (Mullen
1995), or the Griffiths Mental Development Scales (Hunt-
ley 1996) has been common in very low-functioning
children, the problems and challenges surrounding cogni-
tive assessment in childhood dementia have not been
carefully addressed nor have methods been delineated for
obtaining and verifying this information. The validity and
sensitivity of AgeEqSs needs to be demonstrated to use
them in treatment trials.

We developed a neurodevelopmental assessment approach
with applicability to any neurodegenerative disease based on
our experience with mucopolysaccharidosis type IIIA (MPS
IIIA) or Sanfilippo syndrome. MPS IIIA is associated with
dementia and severe behavioral disruption. It is a rare (about 1
in 100,000 births) (Meikle et al. 1999; Poorthuis et al. 1999;
Baehner et al. 2005) autosomal recessive lysosomal storage
disease caused by absence of enzyme heparan-N-sulfatase
(sulfamidase) necessary for degradation of the glycosamino-
glycan (GAG) heparan sulfate in lysosomes which then
accumulates in the lysosomes of neurons and glial cells.
MPS IIIA is a neurodegenerative disease with a variable
trajectory in neurocognitive decline with respect to age and
time of diagnosis; however, this decline and the variability in
decline are not well documented. Deficits in language
development, motor skills, and intellectual development
have been reported as early as 2 years of age (Cleary and
Wraith 1993). Yet precise measurement of the decline of
intellectual skills is absent, likely due to the difficulties in
testing these children given their tendency toward behavioral
noncompliance (Valstar et al. 2011). Abnormal behaviors
have been described as aggressive and hyperactive with
sleep disturbance (Cleary and Wraith 1993; Valstar et al.
2011; Meyer et al. 2007; Fraser et al. 2002). Autistic-like
symptoms and loss of normal fear have also been described
(Heron et al. 2011). In a recent study, (Heron et al. 2011)
found the average lifespan for MPS IIIA to be 15.4 years
(Heron et al. 2011).

In the classic form of MPS IIIA, symptoms appear to
arise between 2 to 6 years of age although diagnosis often
lags behind the earliest symptoms (Cleary and Wraith
1993). Some MPS IIIA patients, who have clinical onset
and diagnosis after age 6, have been described by Hopwood
(2007) and by (Heron et al. 2011) with slower decline and
an unknown disease progression. Instruments used for
assessment need to encompass a wide range of abilities
and ages as previously established by Valstar et al. (2011).
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Guidelines

Neurocognitive assessment has been a challenge for
investigators working with MPS IIIA due to the patients’
tendency toward behavioral disruption, their noncompli-
ance, and the lack of disease familiarity of the examiner.
Additional challenges include the unavailability of tests/
methods sensitive to change in very low-functioning
children (Valstar et al. 2011). We sought to develop an
approach that would deal with these obstacles using the
following four guidelines:

Guideline 1. Protocols and Testing Approaches Must Be
Disease Specific

Understanding the disease phenotype is crucial to sensitive
testing. We began with clinical behavioral observations of
children with MPS III to determine why testing was
difficult, and with a goal of finding tasks that they could
perform. Disease-specific neurological and medical impedi-
ments to testing were defined. Hearing problems were
almost universal which affects language-based test results.
The use of hearing aids was important in obtaining reliable
data. Furthermore, increasing auditory agnosia (inability to
comprehend word meaning) is evident as the disease
progresses. The child previously understood the word and
used the word, but no longer is able to understand its
meaning even while continuing to say the word. For these
reasons, language-based tests as a measure of cognition
were avoided and nonverbal assessment was necessary.

Motor apraxia increases as the neurologic disease
progresses. While children with MPS IIIA can spontane-
ously perform motor activities, they are unable to perform
these activities to either verbal instruction or imitation.
Consideration of this factor is important as many nonverbal
tests require motor output.

Behavioral noncompliance often occurs when the child
is unable to do a task or is frustrated. Testing needs to be
easy enough for success. Behavioral noncompliance is not
the cause of inability to perform, but rather the inability to
perform leads to behavioral disruptions and noncompliance
which may be typical of the way the MPS IIIA child
responds to frustration.

Guideline 2. Criteria for Test Selection Includes
Appropriate Difficulty Level, Disease-Relevant
Domains of Content, and Familiarity with the Test
by Psychologists

Our goal is to include tests of cognition, language, motor
ability, memory, attention, adaptive function, and behavior.
In choosing tests for a protocol, keep the number of
measures of any domain to a minimum to increase the
validity and comparability of results. In MPS IIIA, the
range of cognitive impairment may vary from severe to
near-normal in very young children with an age range from
infancy to young adulthood. No single measure meeting our
criteria covered that range so we needed to use two
different measures. Where feasible this should be avoided.
No test has standardized scores for very low levels; thus,
age-equivalent scores were needed that are psychometri-
cally sound to make the tests comparable.

Because sufficient sample size cannot be accrued in one
center if the disease is rare, a protocol should be feasible in
multiple centers and in multiple countries. Decreased
accuracy and reliability of data in multicenter studies must
be offset with precise and simple measurements.

We reviewed many cognitive tests and rejected them.
The Mullen Scales of Early Learning (MSEL) (Mullen
1995) is usually our preferred measure because it is
comprised of a variety of domains, and each scale begins
with birth and is validated up to 7 years of age. However,
while used widely in the USA, the MSEL is not familiar to
international researchers and is not translated into other
languages. The Griffiths Scale of Mental Abilities is
unknown in the USA even though it is widely used in the
UK and other English-speaking countries (also translated

MPS IIIA Testing Challenge: Psychologists with no
experience with MPS IIIA assume behavior noncompli-
ance is the cause of the child’s poor performance.
Parents report the child is able to perform the item at
home, but cannot perform it in the clinic; the child seems
to lack cooperation on items that appear easy.

Solution: The neurologic conditions of motor apraxia
and auditory agnosia in MPS IIIA cause lower scores
than the tester might expect when observing spontaneous

behavior. Children cannot perform using instruction or
imitation. Also, other medical conditions in MPS IIIA
can interfere with test performance. Hearing aids and
glasses must be brought to the clinic and used. A recent
audiology consult to assess hearing status should precede
testing. If the child is not well or has a cold, testing
should be delayed if possible. Use of pacifiers or
“chewies” should be allowed during testing if the child
uses them at home. Allow extra time. Children with
neurodegenerative disease often have a slower response
to requests and it is critical to allow for more time on a
task before determining their success. At the same time,
spending too much time on any one task or item could
lead to frustration during the evaluation.

Do not allow the visit to occur until at least 48 h after
sedation or anesthesia or after a recent seizure. Consider
whether current medications affect cognition.

JIMD Reports 131



into Canadian French and German) (Huntley 1996).
Another test we considered was the Leiter Scales (Roid
and Miller 1997). The age-equivalent scores were not well
standardized and it was somewhat outdated. The Stanford
Binet Intelligence Scale included too many verbal-based
subtests and did not go below an age-equivalent of 2 years
and is only available in English (Roid 2003) and the
Wechsler Preschool and Primary Scale of Intelligence was
too difficult with a high floor, although available in many
languages (Wechsler 2002). Most standard IQ tests have a
“floor” of a standard score of 40 or 50 (4 or 3.3 standard
deviations below the mean). The Differential Abilities
Scale-II (DAS-II) (Elliott 2007) is both difficult to
administer and to score, and does not have an international
presence (although a Spanish translation exists for the
preschool level). Also, the DAS II subtests change from
one age grouping to another making it difficult to create a
developmental growth trajectory for children who straddle
those age groups. The Kaufman Assessment Battery for
Children – Second Edition is widely used in cross-cultural
research because much of the test is nonverbal and it has
been translated into more than 15 languages. Although the
test is based on psychological theory which may not apply
to such severe impairment, it has a nonverbal scale that is
widely used with hearing and language impaired children
(Kaufman and Kaufman 2004).

Guideline 3. Testers Must Be Able to Deal
Effectively with Behavioral Difficulties and
To Understand the Child’s Behavior in the
Context of the Disease Process

Nothing is better than experience in testing children
with very impaired and behaviorally dysregulated behavior.
In children with dementia, often commonly utilized
behavioral paradigms such as reinforcement contingencies
do not work. Many factors contribute to behavioral
noncompliance and should be considered such as diurnal
variation in behaviors, lack of sleep and fatigue (often
from travel to the testing facility), previous medical
evaluations, lack of hearing aids and glasses, lack of ability
to perform the task for reasons related to the disease, and
frustration.

Here is a short list of testing pointers: avoiding much or
too complicated verbalization when administering tests,
being sensitive to the physical needs of the child (letting the
child have a pacifier or chewie), letting the child up out of
the chair, letting the child engage in repetitive behaviors
(while observing and recording them) but then distracting
the child away from these behaviors, and finding behaviors
to reward. Having the parent in the testing room may
contribute to behavioral disruption or may help prevent it; a
parent’s presence is a necessity in about a half of children
with MPS III.

MPS IIIA Challenge: Find tests measuring cognitive
ability, adaptive function, and other domains that have an
appropriate range of difficultly for MPS IIIA which are
widely used with age-equivalent scores that are psycho-
metrically sound.

Solution: Two cognitive tests were chosen for MPS
IIIA: Bayley Scales of Infant Development – Third
Edition (BSID-III) (Lawrence 1992) and Kaufman
Assessment Battery for Children – Second Edition
(KABC-II) (Elliott 2007) and one adaptive scale, The
Vineland Adaptive Behavior Scales – Second Edition
(VABS-II) (Wraith et al. 2007) for the following reasons:
(1) universality of use, (2) availability of age-equivalent
scores for severely impaired children, (3) nonverbal
content as on the cognitive scale on the BSID and the
nonverbal scale of the KABC-II for higher functioning
children, and (4) availability of supplementary language
and motor assessment (both domains on the BSID-III
and some language on the KABC-II). The VABS-II, a
parent-reported outcome, was selected as an adaptive
measure for the same reasons.

Here is the algorithm we developed to choose which
measure to administer for each MPS IIIA patient: The
VABS-II is always given first.

� If chronological age is under 42 months, the
BSID-III was selected.

� If chronological age > 42 months and age-equivalent
score on the VABS-II > 42 months, the KABC-II is
selected. Forty-two months was chosen so that it
would allow considerable decline to occur so that,
over the study interval of one year, the child would
not fall below the base of the test (lowest possible
score).

� If chronological age > 42 months and VABS-II
age-equivalent is between 36 and 42months, start
with the Triangles subtest on the KABC-II; if the
child cannot do a total of two items on the Triangles
subtest, we try one other nonverbal subtest. If
the child cannot successfully perform three items,
we fall back to the BSID-III. We always start with
item #1 on every KABC-II subtest for this group.

� If chronological age is > 42 months and mental
age-equivalent is < 36 months on the VABS-II,
the BSID-III is administered with the cognitive
age-equivalent score as the primary outcome.
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Guideline 4. Tests Must Be Scorable for all Participants
Using Age-Equivalents

The BSID-III, KABC-II, and VABS-II have a lower limit
for which the test was standardized. For the BSID-III and
KABC-II, the lowest standardized score is 40 and for the
VABS-II it is 20. Many of the children in this study are
considerably below that limit. Consequently we chose to
use age-equivalent scores (AgeEqSs) for the reasons

outlined in the introduction. Using AgeEqSs we can
examine growth rates for treated and untreated children
across tests. Of course, there are some caveats to cross-test
comparison; the nature of the normative samples and the
years since the norming took place may vary across tests.

We can also obtain a developmental quotient (DQ) using
AgeEqSs in the numerator and chronological age at testing
as the denominator multiplied by 100. This was the method
used when IQ tests were first developed, but these ratio IQs
were abandoned because the standard deviations vary by
age. In modern psychological tests, a standard score is
computed with a set standard deviation of 15 and a mean of
100. DQs are useful when an approximation to an IQ is
needed demonstrating the gap between the child with a
neurodegenerative condition and a typically developing
child of the same age. However, AgeEqSs provide more
detailed information about changes in rate of development
due to disease or treatment.

Methods

Patients

Twenty-five patients with documented Sanfilippo syndrome
type A were recruited to this single-center study supported
by Shire (A 12-month Longitudinal, Prospective, Natural
History Study of Patients with Sanfilippo syndrome type A
(MPS IIIA), Clinicaltrials.gov reference number,
NCT01047306.

Patients were recruited from our own clinics and through
patient advocacy groups and Clinicaltrials.gov. Inclusion
criteria were as follows: (1) documented deficiency in HS
enzyme activity of less than or equal to 10 % of the lower
limit of the normal range as measured in fibroblasts or
leukocytes and normal enzyme activity level of at least one
other sulfatase (to rule out multiple sulfatase deficiency) as
measured in fibroblasts or leukocytes; (2) a developmental
age greater than or equal to 1 year of age on the interview

MPS IIIA Challenge: Accomplishing neurodevelop-
mental testing in the face of behavioral dysregulation
and lack of compliant behavior.

Solution: Our tests apply the principles mentioned
before and where possible:

� Test the child at the optimum time, (i.e., mainly in
the morning)

� Give the child ample time to respond to items in a
child-friendly environment (defined as nonmedical,
appropriate furniture, windowless, small and a quiet,
relatively stimulus-free room).

� Consult with parents prior to testing about rewards,
etc., that may be useful. Contingencies are difficult
for these children to understand; you must “catch”
the right behavior to reward it.

� Parents are instructed on what to do in the testing
room if they observe during the session. Parents can
be a big help but, if they interfere, should be told
firmly not to do so.

� Make sure that easy items are given first and items
increase in difficulty gradually. Always assume that
noncooperation reflects frustration from items that
are too difficult. Start with something the child can
do. This provides an opportunity for the child to
become acclimated to testing and also puts the
parent at ease. Allow the child to first play with
simple and engaging test materials without risking
test integrity. If the child is fond of a particular toy
and becomes restless, use that toy (assuming it is not
to be used later in the testing) as a distracter between
tasks or measures.

� Assess and implement strategies based on the child’s
temperament and approach to testing. For example,
if the child is easily overstimluated, e.g., startles
easily, cries a lot, avoids eye contact, then use a
quiet tone, slower movements, and present one item
at a time. If the child is disengaged, then use
exaggerated movements, encouragement, and praise
to help elicit a response.

� If the child is particularly disturbed by or disinter-
ested in the object, take it away and attempt that
item later.

MPS IIIA Challenge: As no standard score data are
available for very low-functioning individuals, we have
used AgeEqSs. Any nonstandard approach to scoring
neuropsychological tests must be validated.

Solution: We sought to validate the age-equivalent
approach to demonstrate that our approach is reliable
and yields accurate data. The VABS-II, a parent report
measure, yields AgeEqSs making it possible to compare
it to scores on a directly administered measure (BSID-III
and KABC-II), thus obtaining a measure of concurrent
validity. Our results are indicated in the study outlined
below:
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form of the VABS-II (Sparrow et al. 2005); and (3) the
patient was determined to be medically stable to accommo-
date the protocol requirements. Relevant exclusion criteria
included non-MPS IIIA-related central nervous system
impairment or behavioral disturbance, blindness, deafness,
poorly controlled seizures, and other treatments (e.g.,
hematopoietic cell transplant, investigational drugs or
devices). This protocol was approved by the Institutional
Review Board and all parents of patients signed consents.

Materials and Procedure

Twenty-two patients were administered the Bayley Scales
of Infant Development-III (BSID-III) and three had the
Kaufman Assessment Battery for Children-II (KABC-II).
Decisions were made according to the rules specified
above. While the BSID-III has motor and language scales
and they were also administered, only scores for the
cognitive scale are reported here. The cognitive scale of
the BSID-III has a split-half reliability coefficient of 0.91
(Bayley 2006). The KABC II has many subtests and scales.
We administered only the Nonverbal Index which includes
five different subtests: Story Completion, Triangles, Block
Counting, Pattern Reasoning, and Hand Movements. The
internal consistency as a measure of reliability of the
Nonverbal Index is 0.92 (Elliott 2007).

Parents of all 25 patients were administered the Vineland
Adaptive Behavior Scale – Second Edition-Interview
format (VABS-II). These data were used to determine
eligibility as well as to assess adaptive function.

Procedure: Two independent examiners interviewed
parents to administer the VABS-II. The two examiners
carried out 16 and 9 VABS-II interviews respectively prior
to cognitive testing. Importantly, both examiners who
administered the cognitive tests were experienced with
MPS and other neurodegenerative diseases. The primary
examiner (KD) tested 22/25 patients. She supervised the
other examiner who assessed patients who had fewer
behavioral difficulties or were older. All scoring was vetted
by KD. All testing was carried out at the Center for
Neurobehavioral Development, University of Minnesota

and was done in the morning of the second day of the
patient’s visit (to ensure recovery from travel).

Scoring and statistical methods: Either the BSID-III
cognitive age-equivalent or the KABC-II nonverbal age-
equivalent was calculated for each patient. The mean age-
equivalent of the subtests of the Nonverbal Index was
calculated as the best measure of language-free cognition
on the KABC-II in the older and less impaired children
which was most equivalent to the BSID cognitive age-
equivalent.

For the VABS-II, we calculated the mean age-equivalent
over the subtests, excluding the VABS motor scale, to
generate a score as equivalent as possible to those of the
cognitive tests. The goal was to establish concurrent
validity between the VABS-II and the cognitive tests.
Concurrent validity is shown when scores on a test are
highly associated with scores on another measure which
tests a similar set of skills or abilities. Both tests
presumably reflect related constructs. We calculated a
correlation coefficient between the cognitive age-equivalent
(either BSID-III cognitive or KABC-II nonverbal) and the
VABS-II age-equivalent.

However, a high correlation does not necessarily imply
that both measures will show agreement in level of scores
between the two methods of assessment. A Bland-Altman
(Bland and Altman 1986) style plot was used to examine
the agreement between these two different tests with the
mean of the two assessments on the x-axis and the
difference as a percent of the mean on the y-axis.

Results

Both cognitive ability and the VABS-II age-equivalent
scores (AgeEqSs) yielded similar mean scores and standard
deviations (See Table 1). Cognitive ability as measured by
the DQ (ratio of cognitive age-equivalent to chronological
age) was discrepant from the Adaptive Behavior Composite
standard score but not the DQ (mean of the age-equivalents
for all subtests divided by chronological age) on the
VABS-II (Table 1).

Table 1 Descriptive data

Measure N ¼ 25 for all measures Mean (standard deviation)

Age: mean (S.D.) 75.0 months (53.4) range 13–220 months

Cognitive age-equivalent (BSID or KABC) 23.0 months (12.9) range 7–58 months

Developmental quotient (mean age-equivalent of BSID or KABC/chronological age) 44.6 (28.4) range 3–91

Vineland age-equivalent (mean of subscales except motor domain) 23.8 months (12.8) range 6–61 months

Vineland developmental quotient (mean of age-equivalents except motor domain/chronological age) 44.4 (25.3) range 3–95

Standard score using normative data on the Vineland 63.0 (16.8) range 25–95
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A correlation of 0.95 was found between AgeEqSs on
the cognitive tests and on the VABS-II. See Fig. 1.

From the Bland-Altman graph, we conclude that the
parent ratings of the lower functioning children, when
compared to the mean of both measures, have a tendency
toward more positive scores on the VABS-II. See Fig. 2.

Discussion

The two aims of this study were as follows: (1) to provide
guidelines for the clinical collection of neurodevelopmental
data in children with severe neurodegenerative diseases and
(2) to demonstrate that the accuracy of such data even with
the most severely impaired children can be precise, thus
making it useful for understanding disease progression as
well as for sensitive treatment monitoring. We found that
following such guidelines we could measure disease

progression with accuracy and precision even in children
who are severely impaired.

We have demonstrated the concurrent validity of
AgeEqSs. In our results, the positive correlation of the
AgeEqSs on the BSID-III/KABC-II with the VABS-II
likely is due to several factors. The first is the extensive
experience in our clinics with cognitively normal children,
and children with lysosomal and other dementing illnesses.
Our transplant program and our lysosomal disease program
have introduced us to hundreds of children with these
diseases. Our tester KD is extraordinarily skilled at getting
cooperation and obtaining accurate scores on these tests. It
is highly unlikely that a tester never having seen a child like
this will be able to achieve that breadth of understanding
and accuracy of assessment. The second is the very
controlled circumstance of our testing procedures: time of
day, testing environment, and organization of the testing
experience. Also, we note that in more than half the cases,
parent report on the VABS-II was obtained by someone
other than the tester with no knowledge of the test results,
making those scores in part independent of each other. We
conclude that accurate developmental data that is sensitive
to change can be obtained, but that adherence to the above
guidelines can increase accuracy.

In 1992, Raggio, Massingale, and Bass (Raggio et al.
1994) administered the VABS and the BSID (both first
editions of those tests) to a sample of high-risk infants who
were suspected of developmental delay to answer the
question of whether standard scores or age-equivalents
were a better measure. The standard scores obtained on
their sample were higher than the age-equivalents and the
MDI, and the authors concluded, as did we, that AgeEqSs
are more accurate. These authors propose that age-equiv-
alents are better measures for severely impaired children
because of the imprecision of very low standardized scores
on the VABS. Our results support that finding and extend it
to a larger age range and up-to-date tests.

We found a tendency toward more positive scores on
the VABS-II. This discrepancy is more pronounced in
the most impaired children with the lowest cognitive age-
equivalents. Thus, even while using age-equivalents instead
of standard scores, getting precise scores may be difficult
especially on the VABS-II. Although these results support
the use of direct measurement of cognitive function, the
easily administered VABS-II could be used to estimate
cognitive ability in settings where the BSID-III might be
difficult, for lack of availability or expertise.

A specific explanation for the difference in performance
between the parent report and direct measurement of the
child’s performance in low-functioning children could be the
motor apraxia and auditory agnosia that were observed in
MPS IIIA. These symptoms may prevent the child from
performing an item to instruction or imitation, while

Fig. 2 Percent difference in VABS and cognitive scores by cognitive
age-equivalent (Bland-Altman graph)

Fig. 1 Association of BSID or KABC age-equivalent score with
Vineland age-equivalent score
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spontaneously they may be able to produce this behavior in
the home environment; we have reported this elsewhere
(Delaney et al. 2013). Although we cannot determine which
score is more “correct,” a score in a standardized testing
situation such as the BSID-III or KABC-II reflects the
consequences of the disease and should change over time
with disease progression.

Each test assesses different aspects of cognitive devel-
opment. The lack of overlap of what test items measure is a
limitation of tracking from one test to another using
AgeEqSs. Tests of infant and toddler development assess
primarily visual and motor development; tests that start at
age 2 or 3 will have more problem-solving and reasoning
tasks (Sigelman et al. 2011). This may result in a
discontinuity in what the AgeEqSs are measuring. How-
ever, the association with a parent report suggests that even
though the items are quite different, a similar developmen-
tal trajectory can be identified.

Several papers have been published in the past regarding
cognitive methods of assessment in lysosomal storage
diseases (Martin et al. 2008; Shapiro et al. 1995). Valstar
et al. addressed the issue of methods to assure reliability
using familiar environments to decrease behavioral problems
as well as tests for different levels of development (Valstar
et al. 2011). Previously AgeEqSs have been used in some
studies of cognitive and adaptive development (Staba et al.
2004; Peters et al. 1996, 1998; Wraith et al. 2007; Valstar
et al. 2011; Bjoraker et al. 2006) despite their lack of
acceptability in the psychology literature. What is new here?
This study has (1) demonstrated the concurrent validity of
AgeEqSs in cognitive ability testing, and (2) provided
detailed specific clinical guidelines for testing behaviorally
and cognitively impaired children. This is important as
precise measurement of functional outcomes will be neces-
sary as treatments for these children are developed.

The approach to testing we have taken with MPS IIIA is
also applicable to multicenter studies of children with
dementia or severe cognitive impairment in other condi-
tions such as in late infantile Batten disease, Tay-Sachs
disease, Krabbe disease, and Niemann-Pick disease type C.
An in-depth understanding of how the disease alters the
child’s limitations should be the basis of test selection.
Specific challenges that may arise due to neurological or
medical concomitants of these disorders should be the
foundation of the testing approach.

New treatments for genetic illnesses of children are now
in trials or may soon be available. Enzyme replacement,
gene therapy, stem cell therapies, small molecule medica-
tions, anti-inflammatories, and chaperone therapies will all
require assessment of change over time. This is challenging
because many of these children plateau in their develop-
ment for long periods of time with sudden declines
followed by another plateau. It requires natural history

studies that trace the developmental growth curves of these
patients without treatment to determine whether a treatment
might alter the rate of growth or the slope of development.
We propose that using guidelines for acquisition of neuro-
developmental data in severely impaired children to obtain
AgeEqSs for test scores yields a useful, easily interpretable
approach to assessing developmental trajectories and
longitudinal change.
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Summary Statement

A validated method of neurodevelopmental assessment in
children with Sanfilippo and other neurodegenerative
diseases.
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Abstract The premature stop codon mutations, Q70X and
W402X, are the most common a-L-iduronidase gene
(IDUA) mutations in mucopolysaccharidosis type I (MPS
I) patients. Read-through drugs have been used to suppress
premature stop codons, and this can potentially be used to
treat patients who have this type of mutation. We examined
the effects of aminoglycoside treatment on the IDUA
mutations Q70X and W402X in cultured cells and show
that 4,5-disubstituted aminoglycosides induced more read-

through for the W402X mutation, while 4,6-disubstituted
aminoglycosides promoted more read-through for the
Q70X mutation: lividomycin (4,5-disubstituted) induced a
7.8-fold increase in a-L-iduronidase enzyme activity for the
W402X mutation; NB54 (4,5-disubstituted) induced a 3.7
fold increase in the amount of a-L-iduronidase enzyme
activity for the W402X mutation, but had less effect on the
Q70X mutation, whereas gentamicin (4,6-disubstituted) had
the reverse effect on read-through for both mutations. The
predicted mRNA secondary structural changes for both
mutations were markedly different, which may explain
these different effects on read-through for these two
premature stop codons.

Introduction

Mucopolysaccharidosis type I (MPS I) is an autosomal
recessive lysosomal storage disorder caused by a deficiency
in the lysosomal exo-hydrolase, a-L-iduronidase (Neufeld
and Muenzer 1995). MPS I patients exhibit clinical
symptoms that include mental retardation, physical disabil-
ity, short stature, skeletal deformity, somatic tissue pathol-
ogy, and coarse facial features. There are three recognized
MPS I clinical subgroups, which represent different points
in a continuous clinical spectrum: Hurler, Hurler–Scheie,
and Scheie syndromes. The majority of MPS I patients (up
to 70%) present with Hurler syndrome, and have early
onset and rapid disease progression (Bunge et al. 1994;
Gort et al. 1998; Brooks 2002).

Molecular genetic studies show that most MPS I
patients have a premature stop codon mutation in one
or both alleles (Scott et al. 1992b, 1993; Hein et al. 2004;
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Brooks et al. 2006). At least 17 different a-L-iduronidase
premature stop codon mutations have been detected, and
over 90% of Caucasian MPS I patients have at least one of
these mutations (Hein et al. 2004). The association of
premature stop codon mutations with early onset and
rapidly progressive Hurler syndrome is the result of an
inability to synthesize a full-length polypeptide and the
ensuing dire consequences on enzyme activity (Scott et al.
1992b, 1993; Brooks 2002). The two a-L-iduronidase gene
(IDUA) premature stop codon mutations, Q70X and
W402X, are the most common mutations in MPS I patients
(Scott et al. 1992a, b; Bunge et al. 1994) and this skews the
clinical spectrum towards Hurler syndrome.

In people with a genetic disease caused by premature
stop codon mutations, ribosomal read-through is a potential
treatment strategy (Wilschanski et al. 2003; Lai et al. 2004).
In a preclinical study using cultured cells, we demonstrated
that gentamicin enhanced the read-through of IDUA
premature stop codons and induced the synthesis of
significant amounts of active a-L-iduronidase (Keeling
et al. 2001; Hein et al. 2004). Aminoglycosides such as
gentamicin can induce ribosomal read-through, by binding
to the eukaryotic ribosome, causing a conformational
change that induces faulty stop codon recognition (Francois
et al. 2005). Aminoglycoside binding effectively lowers the
docking energy required for the near-cognate transfer
RNAs (tRNA), enabling amino acid substitution (Fourmy
et al. 1998a, b; Pape et al. 2000). Glutamine and tryptophan
have been reported to be the two most common amino acid
insertions for mammalian stop codon read-through (Harrell
et al. 2002) and these coincidently relate to the high
frequency of Q70X and W402X mutations in MPS I
(Brooks et al. 2006).

Extended administration of aminoglycosides to patients
can cause nephrotoxicity and ototoxicity, a complication
that is not ideal for a therapeutic agent (Darlington and
Smith 2003; Rougier et al. 2004; Bitner-Glindzicz and
Rahman 2007; Touw et al. 2009). Developing compounds
with increased read-through capacity and reduced toxicity
will therefore improve therapeutic potential. The paromo-
mycin derivatives NB30 (Rebibo-Sabbah et al. 2007) and
NB54 (Nudelman et al. 2009) have been reported to have
significant read-through capacity and minimal toxicity
(Nudelman et al. 2009; ClinicalTrials.gov 2010b). In
addition, NB30 and NB54 have recently been shown to
exhibit excellent biocompatibility and low toxicity in vivo
(Goldmann et al. 2010, 2012). Here we evaluated six amino-
glycosides (Fig. 1) for their capacity to induce premature stop
codon read-through for the IDUA mutations Q70X and
W402X established in CHO-K1 cells. We also examined the
transcript secondary structure of these mutations to gain an
appreciation of the differential efficacy for read-through.

Experimental Procedures

Aminoglycoside compounds for premature stop codon read-
through. Amikacin, gentamicin, lividomycin, and paromo-
mycin were purchased as sulfate salts (Sigma-Aldrich,
Sydney, Australia).

Cell culture and extract preparation. CHO-K1 cells
containing the human MPS I mutations Q70X and W402X
(CHO-Q70X and CHO-W402X; with UAG premature
stop codons) and the wild-type CHO-IDUA were cultured
and harvested as previously described (Hein et al. 2004).
The CHO-IDUA, CHO-Q70X, and CHO-W402X cell
lines were generated as stably transfected CHO cell
lines expressing either the human cDNA coding for
a-L-iduronidase or its respective mutant forms, as previ-
ously described (Hein et al. 2004). For read-through
analysis, the CHO-K1 cells were cultured to confluence
in T-75 flasks (Greiner Bio-One, Monroe, NC, USA),
harvested and seeded (5 � 105 cells in 2 mL of F12 culture
media) into six-well culture plates (Nunc, Rochester, NY,
USA). The cells were cultured for 24 h, then incubated with
read-through drugs for 96 h (in fresh F12 culture media),
before being harvested (Hein et al. 2004).

Human MPS I fibroblasts were established from skin
biopsies archived in the National Referral Laboratory for
Lysosomal, Peroxisomal and Related Genetic Disorders at
SA Pathology, Adelaide, Australia, with the approval of the
Children, Youth and Women’s Health Service Research
Ethics Committee. These fibroblasts were established and
maintained as previously described (Ashton et al. 1992).
Triplicates of each Q70X, W402X and unaffected fibro-
blast cell lines were cultured to confluence in T-75 flasks
before the addition of the read-through drugs (for 96 h in
BME culture media). The cells were then washed twice
with PBS, resuspended in 200 mL 20 mM Tris–HCl (pH 7)
containing 0.5 M NaCl, and then sonicated for 20 s to
yield cell extracts (Myerowitz and Neufeld 1981). To
remove cellular debris, fibroblast cell extracts were centri-
fuged at 17,000g for 10 min at room temperature; the
supernatant was then stored at �20�C for subsequent
analysis of protein and enzyme activity. The protein in
cell extracts was determined using a Pierce Micro BCA
Protein Assay Kit (Thermo Fisher Scientific, Sydney,
Australia); a-L-iduronidase activity was determined by a
fluorometric immunobinding assay as previously described
(Hein et al. 2003).

Secondary structure predictions of IDUA transcripts.
The predicted secondary structures of wild-type (full-length
sequence; GenBank Accession Number NM_000203) and
mutant IDUA transcripts (Q70X mutation: C to T base
change at position 296; W402X mutation: G to A base
change at position 1294) were generated using the RNA
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fold web server (http://rna.tbi.univie.ac.at; (Gruber et al.
2008)). The Minimum Free Energy algorithm (Zuker and
Stiegler 1981) was used to predict the secondary structure;
comparisons were made by overlapping the structures
electronically using graphics files to identify landmark
structural elements near the mutations. Putative ribozyme
structures were detected visually by inspection of the
altered secondary structures and by known ribozyme
sequence requirements (Reymond et al. 2009).

Results

Aminoglycoside-induced read-through in CHO-K1 cell
lines. CHO-K1 cells (no IDUA construct) had no detectable
a-L-iduronidase activity either before or after treatment with
aminoglycosides (data not shown); which involved detec-
tion of only human IDUA activity by specific immune
capture (Hein et al. 2003). The maximum read-through
response was defined for the aminoglycosides (0.5 mg/mL
for gentamicin, amikacin, and paromomycin; and 2.0 mg/
mL for lividomycin, NB30, and NB54), using CHO-Q70X

and CHO-W402X cells (data not shown). In CHO-Q70X
cells, a-L-iduronidase activity increased 3.1-fold with
gentamicin, 1.8-fold with amikacin, and 2.2-fold with
paromomycin, when compared to an untreated CHO-Q70X
control (Fig. 2a). In CHO-W402X cells, a-L-iduronidase
activity increased 1.7-fold with gentamicin, 1.8-fold with
amikacin, and 3.1-fold with paromomycin, when com-
pared to an untreated CHO-W402X control (Fig. 2b). a-L-
Iduronidase activity did not increase in CHO-IDUA cells
following treatment with any of the aminoglycosides (data
not shown).

There was a significant increase in a-L-iduronidase
activity in CHO-Q70X cells treated with 2 mg/mL of either
NB30 (1.2-fold) or NB54 (1.7-fold), when compared to
untreated CHO-Q70X cells (Fig. 3a). In CHO-Q70X cells,
treatment with 0.5 mg/mL gentamicin resulted in higher a-
L-iduronidase activity than either NB30 or NB54 (Fig. 3a).
Some experimental variability was observed for the amount
of IDUA activity in response to gentamicin read-through,
for different experiments (Figs. 2, 3). Treatment of CHO-
W402X cells with either 0.5 mg/mL or 2 mg/mL NB30 had
no significant effect on a-L-iduronidase activity (Fig. 3b)
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but treatment with NB54 resulted in a significant increase
(1.7-fold for 0.5 mg/mL and 3.7-fold for 2 mg/mL), when
compared to an untreated CHO-W402X control (Fig. 3b).
a-L-Iduronidase activity in CHO-W402X cells was higher
with NB54 treatment when compared to gentamicin (0.5
mg/mL; Fig. 3b).

In CHO-W402X cells, lividomycin had no effect at 0.5
mg/mL but a-L-iduronidase activity increased 2.9-fold at 1
mg/mL and 7.8-fold at 2 mg/mL (Fig. 4). The lack of
availability of lividomycin precluded further testing of this
compound.

Treatment of human fibroblasts with gentamicin and
NB54. There was little or no detectable a-L-iduronidase
activity in Q70X/Q70X or W402X/W402X skin fibroblasts
(UAG premature stop codons; data not shown). In Q70X/
Q70X fibroblasts, a-L-iduronidase activity increased to 0.27

pmol/min/mg with 2 mg/mL NB54, and to 0.48 pmol/min/mg
with 0.5 mg/mL gentamicin (Fig. 5a); in contrast, a-L-idur-
onidase activity in W402X/W402X fibroblasts increased to
1.04 pmol/min/mg with 2 mg/mL NB54 and to 0.26 pmol/
min/mg with 0.5 mg/mL gentamicin (Fig. 5a). NB54 and
gentamicin treatment did not significantly change a-L-
iduronidase activity in unaffected control fibroblasts (Fig. 5b).

Single base mutations are predicted to cause significant
changes in the secondary structure of IDUA transcripts.
The Q70X mutation (CAG to TAG) caused changes in the
predicted mRNA secondary structure 20 base pairs before
and 2 base pairs after the premature stop codon. This
resulted in a change from a Q70 stem (Fig. 6a) to a Q70X
loop structure (Fig. 6b). In addition, at base positions 413 to
475 there were changes from a relatively simple loop and
stem structure to a more complex double stem–loop
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cells. CHO-Q70X (Panel a) and CHO-W402X (Panel b) expression
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cells. CHO-Q70X (Panel a) and CHO-W402X (Panel b) expression
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structure (Fig. 6a and b). The W402X mutation (TGG to
TAG) resulted in mRNA changes 74 base pairs before and
10 base pairs after the premature stop codon (Fig. 6d),
causing a predicted shift in the secondary structure from a
W402 stem (Fig. 6c) to a W402X stem–loop structure
(Fig. 6d). In addition, a stem–loop (base positions 1457 to
1479) was extended (base positions 1470 to 1637) and
created a putative hammerhead self-cleaving ribozyme
structure (base positions 1607 to 1612 and 1614; Fig. 6b).
In addition, “landmark” secondary structures surrounding
the area were also significantly changed (Fig. 6a and b).
The predicted structural changes were greater for the W402
to W402X transition than the Q70 to Q70X transition.

Discussion

MPS I is a common mucopolysaccharidosis disorder with
most patients exhibiting mental retardation. Current thera-
pies for MPS I include enzyme replacement therapy and
bone marrow transplantation (Brooks 2002; Moore et al.
2008; D'Aco et al. 2012). While these therapies are
effective for somatic tissue pathology, there are limitations
with regard to the treatment of neuropathology. Drug-
induced premature stop codon read-through is a potential
alternative therapy; these drugs can potentially cross the
blood–brain barrier from circulation, override premature
stop codons, and provide full-length functional protein.

Gentamicin has been investigated as a read-through
agent for MPS I (Keeling et al. 2001; Hein et al. 2004), and
this aminoglycoside has the capacity to cross the blood–
brain barrier. Aminoglycosides are 2-deoxystreptamine
derivatives, which can be modified by links at the 4, 5,
or 6 positions. These molecules contain at least two ring

structures and, depending on modifications, may contain up
to 5 rings: rings I and II have been shown to interact with
RNA molecules, while rings III and above appear to
contribute less to this binding (Carter et al. 2000; Kotra
et al. 2000; Cashman et al. 2001; Vacas et al. 2010). The
mechanism for aminoglycoside-mediated stop codon read-
through is not fully understood: the binding of aminoglyco-
sides to eukaryotic ribosomal RNA is thought to cause
a conformation change in the ribosome (Francois et al.
2005), enabling tRNA binding and amino acid substitution
(Carter et al. 2000) but aminoglycosides can also stabilize
the mRNA of nonsense transcripts (Floquet et al. 2011).

Here, we examined six aminoglycosides for their
capacity to induce read-through of the mutations Q70X
and W402X. Lividomycin generated the highest W402X
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read-through but drug availability limited these studies.
Of the other drugs investigated, gentamicin had the most
effect on Q70X, while NB54 had a greater effect on the
W402X mutation. From the literature, the apparent
sequence context dependency of aminoglycosides on the
efficacy of read-through induction is not clear. We
concluded that 4,6-disubstituted 2-deoxystreptamine mole-
cules were more effective at inducing read-through for
Q70X, whereas 4,5-disubstituted 2-deoxystreptamine mole-
cules were more effective for W402X.

Direct aminoglycoside-to-RNA interaction depends upon
the RNA secondary structure and therefore on the sequence.
This was initially shown in short RNA molecules (aptamers)
(Wang and Rando 1995) and subsequently in messenger
RNA (Voeller et al. 1995; Tok et al. 1999; Walter et al.
1999). Aminoglycoside–RNA interaction has been impli-
cated in gene expression regulation (Suess et al. 2003). Here,
lividomycin induced the most efficient read-through for

W402X. Lividomycin RNA aptamers can be dissociated
using other 4,5-disubstituted aminoglycosides such as
paromomycin but not readily with 4,6-disubsituted amino-
glycosides such as kanamycin (Lato et al. 1995). This
suggested that class-specific aminoglycoside binding might
be responsible for the different amounts of read-through that
we observed. The predicted secondary structure of wild-type
and mutant IDUA transcripts was used to determine whether
RNA structure correlated with the capacity to induce read-
through. Large differences were apparent in the predicted
secondary structures of the mutant transcripts in the vicinity
of the altered bases, which may explain the differences in
aminoglycoside binding. The W402X G to A base change
altered the predicted secondary and tertiary structure, with a
Uridine Turn Motif (CTGANGA) being exposed in a loop.
To date five ribozymes have been characterized, which
catalyze the sequence-specific intramolecular cleavage of
RNA: the hammerhead (Prody et al. 1986; Forster and

Fig. 6 Predicted secondary structures of wild-type and mutant IDUA
transcripts. Predicted secondary structures of both wild-type and
mutant transcripts (both Q70X and W402X) were generated electroni-
cally using the Minimum Free Energy model and the local differences
in the vicinity of the premature stop codon mutations (PTCs) were
examined for their alterations. All PTCs and their precursors are
indicated by red circles (Q70, Q70X, W402, and W402X). The

orientation of the mRNA is indicated (5' and 3'). The first common
base between Q70/Q70X (a and b) and W402/W402X (c and d) are
indicated by pale blue and cyan circles, respectively. Both Q70X (b)
and W402X (d) mutations cause alterations in mRNA secondary
structures compared to their precursors Q70 (a) and W402 (c),
respectively. The putative hammerhead self-cleaving ribozyme struc-
ture of the W402X transcript (d) is indicated by green circles (RZ)
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Symons 1987), hairpin (Buzayan et al. 1986), hepatitis delta
virus (HDV) (Sharmeen et al. 1988), Varkud satellite (VS)
(Saville and Collins 1990), and glmS (Winkler et al. 2004)
ribozymes. The Uridine Turn Motif that we observed for the
W402X mutation was characteristic of a hammerhead
ribozyme.

RNA self-cleavage may help to remove some of the
W402X mutant transcript, which is also degraded by
nonsense-mediated decay, resulting in the very low mutant
mRNA observed in MPS I cells (Menon and Neufeld 1994;
Hein et al. 2004). Aminoglycosides can inhibit ribozymes
when bound to messenger RNA (Walter et al. 1999;
Schroeder et al. 2000) and could potentially act on the
W402X-associated ribozyme activity. Novel approaches
could be used to address this loss of transcript (e.g.,
antisense oligonucleotide technology: LNA (Obika et al.
1997; Koshkin et al. 1998); PNA (Egholm et al. 1993) and
morpholino (Summerton 1999); or mutant RNA editing
(Woolf et al. 1995; Morabito and Emeson 2009).

Extended administration of aminoglycosides is known to
cause vestibulotoxicity (Halmagyi et al. 1994; Darlington
and Smith 2003) and nephrotoxicity (Rougier et al. 2004)
in humans. This has led to the development of less toxic
aminoglycoside derivatives and other compounds such as
NB30 and NB54 which exhibited read-through for both
W402X and Q70X mutations and may be more suitable
read-through agents (Hirawat et al. 2007; Du et al. 2009;
Nudelman et al. 2009). Potential read-through compounds
have been evaluated in preclinical trials; for example, the
aminoglycoside G418 was used to prevent proximal renal
tubular acidosis and proximal spinal muscular atrophy
(Azimov et al. 2008; Heier and DiDonato 2009); NB30
and NB54 have been evaluated for biocompatibility and
read-through potential in an animal model of Usher
syndrome (Goldmann et al. 2010, 2012) and patients with
cystic fibrosis have been treated with PTC124 (Wilschanski
et al. 2003; Welch et al. 2007; Du et al. 2008; Kerem et al.
2008; Goodier and Mayer 2009; Peltz et al. 2009; Sermet-
Gaudelus et al. 2010); and this drug has been evaluated in a
Phase III clinical trial (ClinicalTrials.gov 2010b) in cystic
fibrosis patients. Duchenne muscular dystrophy patients

have been treated with gentamicin (Malik et al. 2010) and
PTC124 (Wilton 2007), although the PTC124 clinical trial
was suspended due to lack of efficacy in these patients
(ClinicalTrials.gov 2010a).

In this study, different responses to read-through drugs
were observed for Q70X and W402X mutation. This may
relate to the observed structural changes in these transcripts
resulting in either different amounts of residual mutant
mRNA and/or different transcript read-through potential.
The mechanism controlling the efficacy of aminoglycoside
action is not fully clear but may involve a combination
of mutant transcript stabilization, modulation of the fidelity
of ribosome tRNA selection/amino acid substitution, or
even reduced ribozyme activity for certain mutations.
In MPS I, premature stop codon read-through therapy may
therefore require drugs that are tailored to each patient’s
specific mutations in order to deliver an optimal therapeutic
outcome. The compounds tested here produced relatively
small increases in IDUA activity, and it is yet to be
determined if this is sufficient read-through for clinical
applications.

Synopsis

Examination of aminoglycoside-mediated read-through of
premature stop codons present in the Q70X and the W402X
mutations in the human a-iduronidase gene provided
insights into the difference in efficacies seen in read-
through drugs in use.
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Abstract Background: In untreated patients, phenylketon-
uria (PKU) results in severe encephalopathy with mental
retardation. A protein-restricted diet is recommended which
can be relaxed in adolescence/adulthood.

Methods: We contacted all 72 adult/adolescent PKU
patients who had been treated in our center during early
childhood. Some still regularly attended our outpatient
clinics, while others were lost for follow-up, giving 51
patients in our study. We asked all patients to complete a
dietary protocol as well as a questionnaire on quality of life.
Blood and urine were analyzed and body impedance
plethysmography and cerebral MRI were performed.

Results: 42 % of the patients followed protein restriction
supplemented with amino acid mixtures (AAM), others had
a vegan diet with (8 %) or without (14 %) AAM; 36 % said

they were eating normally and did not need any AAM.
However, based on dietary protocols and blood urea levels,
protein intake was restricted in this patient group. None of
the patients examined had serious nutritional deficits.
Phenylalanine levels were higher in patients not taking
AAM. MRI of the brain was not different from those
following protein restriction and taking AAM. The lesions
score and mood correlated best with the cumulative
phenylalanine values during the first 10 years of life.

Conclusion: In summary, 50 % of adult/adolescent
patients from our center did not take AAM at the start
of our survey although they unknowingly followed self-
imposed protein restriction. They had no overt nutritional
deficits; however, long-term brain function may be com-
promised. Our study emphasizes the need for specialized
metabolic care in PKU during adulthood.

Introduction

Phenylketonuria (PKU, MIM #261600) is an inherited
disorder of amino acid metabolism leading to the accumu-
lation of phenylalanine and reduction of tyrosine in body
fluids. If left untreated, patients develop severe encepha-
lopathy with mental retardation and epilepsy. In many
countries, PKU is diagnosed in the first days of life by
newborn mass screening. Treatment is exclusively dietary,
based on protein restriction supplemented with amino acid
mixtures (AAM) free of phenylalanine (and enriched with
tyrosine, vitamins, minerals, and trace elements) (Hendriksz
and Walter 2004; Blau et al. 2010). Administration of
tetrahydrobiopterin (BH4) has been suggested as an adjunct
therapy in milder forms of PKU (Oddason et al. 2011), but
its role in clinical medicine is still under discussion. “Diet
for life” is advocated in this genetically determined disease,
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although relaxation of the diet in adolescence and adult-
hood is thought possible (Burgard 2000; Abadie et al. 2005;
de Baulny et al. 2007).

The latter may lead to at least partial loss of compliance,
with consequent reduction in metabolic control. Some adult
patients eat healthily, while others have an unbalanced
diet not necessarily supplemented with an amino acid
mixture. Still others may assume that their protein-restricted
diet is normal as they are accustomed to protein restriction
since early childhood. As a consequence, deficiencies of
trace elements, vitamins, minerals, and amino acids may
result because diet is not supplemented with AAM
(Giovannini et al. 2007; Feillet and Agostoni 2010;
MacDonald et al. 2011).

Symptoms of poor metabolic control are concentration
deficits, abnormal behavior, and headaches, as well as
general weakness, frequently accompanied by poor school
or job performance (Hendriksz and Walter 2004; Blau et al.
2010). Skin and hair abnormalities may result from zinc or
selenium deficiency.

Although major disabilities can be prevented by early
protein restriction, more subtle deficits are common (Bick
et al. 1993; Huijbregts et al. 2002; Anderson et al. 2007;
Gentile et al. 2010), even in patients with good metabolic
control. These health problems may be more pronounced in
those patients who do not adhere to dietary recommenda-
tions and requirements.

In this study, we examined dietary habits and meta-
bolic control in early-treated adult and adolescent
patients, assessed their quality of life, and performed
cerebral MRI.

Patients and Methods

Patients

All patients were recruited from one single center. PKU
patients with other chronic diseases or chronic use of
medication other than amino acid supplementation,
pregnant women, and patients not diagnosed and treated
in the newborn period were excluded. At the start of our
study, 130 patients with PKU were registered in our center.
We only invited adult/adolescent patients with classical,
early-treated PKU to participate. This gave 72 adolescent
and adult patients (45 females, 27 males) who regularly
visited our metabolic outpatient clinic and/or were treated
in our center as children or infants. Fifty-one PKU patients
(age range 16–44 years, mean � SD 26.6 � 6.6 years; 32
females, 26.5 � 6.2 years; 19 males, 26.8 � 7.7 years)
accepted our invitation.

Methods

Participants were asked to compile a dietary protocol,
which was analyzed by our metabolic dietician. Addition-
ally, we analyzed body composition and biochemical
parameters in blood and urine which may indicate nutri-
tional deficiencies, and offered cerebral MRI scans.

Not all 51 patients completed a dietary protocol.
However, as many other parameters were measured, non-
completion was not an exclusion criterion in our study.

Dietary protocol: Dietary protocols (3–8 days) were
obtained from 36 patients (24 females, 12 males) at the start
of our survey.

According to their nutritional habits, assessed by the
patients and documented in the protocol, patients were
divided into four groups:

1. Normal food (“normal food”)
2. Vegan without amino acid mixture (“vegan”)
3. Vegan with amino acid mixture (“vegan + AAM”)
4. Protein reduced with amino acid mixture which is the

recommended form of nutrition (“PKU-diet”)

All patients not taking AAM at the beginning of the
study agreed to supplement their original diet with an AAM
subsequently.

Body impedance analysis (BIA): BIA was performed
using commercially available instrumentation (multifre-
quency impedance analyzer “Nutriguard-M”, Nutriplus
software, Data Input GmbH, Darmstadt, Germany). Contents
of fat and water were analyzed. Furthermore, body cell mass,
lean body mass, extracellular mass, and phase angle
assessing the quality of cell membranes were approximated.

Biochemical analyses: At the beginning of our survey,
parameters of organ function and nutritional status were
determined in blood and urine (see Table 1 for an
overview). Acylcarnitine profiles in dried blood were
analyzed (assessment of carnitine status, fatty acid oxida-
tion, organic acids) to exclude deficiency of vitamins and
cofactors. Results were compared to normal values in our
laboratory. Actual phenylalanine concentration in plasma
was determined.

As therapeutic target concentrations of phenylalanine are
age dependant, three age bands were chosen:

1. 0–10 years (target: < 4 mg/dl ¼ 240 mM)
2. 10–15 years (target: < 15 mg/dl ¼ 900 mM)
3. Older than 15 years (target: < 20 mg/dl ¼ 1,200 mM)

Both average phenylalanine levels and variation of
phenylalanine levels over lifetime are supposed to influence
the outcome of the disease (Burgard 2000; Anastasoaie
et al. 2008; Viau et al. 2011). Via retrospective statistical
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analysis mean phenylalanine concentration in plasma as
well as variation of plasma phenylalanine levels during
lifetime were calculated.

MR Imaging

Twenty-four out of 51 PKU patients included in the
study underwent MRI examination of brain. The other
patients did not give consent (claustrophobia, fear of
pathological results, etc.) or had to be excluded for
medical reasons (interfering material like dental brackets
or tattoos).

MRI examinations were conducted using a 1.5 T scanner
(Siemens Avanto, Erlangen, Germany). A routine MRI
protocol was applied, which included single voxel
spectroscopy (TR/TE ¼ 6,000/20) in the parietal white
matter.

MR morphological findings were independently inter-
preted by two experienced neuroradiologists. The images of
all subjects were assessed using a standardized structured
form (involvement of the lobar white matter (WM),
periventricular white matter, centrum semiovale) and rated
by using a modified version of the semiquantitative
Scheltens scale (Scheltens et al. 1993).

Quality of Life, Mood Status, and Education

Health-related quality of life (HrQoL) and current psycho-
logical well-being were assessed using established psycho-
metric questionnaires. The questionnaire “Alltagsleben
(AL)” (Bullinger et al. 1993) consists of 45 items summed
up to six subscales (general health perception, social
role functioning, physical functioning, emotional role
functioning, medical care, vitality). Psychological well-
being was assessed using the “Profile of Mood States
(POMS)” ((McNair et al. 1972), German (Biehl and
Landauer 1975)) containing 35 items and four subscales
of mood (vigor, irritability, fatigue, numbness). A separate
item asked for the highest level of graduation.

Statistical Analysis

For statistical analysis, the IBM SPSS Statistics package
19 was applied (IBM corporation Armank, NY, USA).
Data of the four subgroups were compared using the
nonparametric Chi-Square test by Kruskal-Wallis to
identify statistical significance. Differences were judged
significant when p < 0.05 (95 % confidence interval).

For the correlation of phenylalanine levels versus MRI
score and quality of life items, a Spearman-Rho test was
performed.

Table 1 Overview of parameters analyzed in blood and urine

Blood Parameters

Blood count Leucocytes

Thrombocytes

Haemoglobine

MCV

MCH

Coagulation Quick test

INR Ratio

PTT

Electrolytes Potassium

Sodium

Calcium

Chloride

Phosphate

Bone Alkaline phosphatase

Renal function Urea

Creatine

Liver function AST

ALT

GLDH

Alkaline phosphatase

Gamma GT

Cholinesterase

Bilirubine

Additional Glucose

Metabolic data Lactate

Creatine kinase

Acylcarnitine profile

Iron metabolism Iron

Iron binding capacity

Transferrin saturation

Ferritin

Other trace elements Zinc

Selenium

Water-soluble vitamins Folate

Cobalamine

Liposoluble vitamins Retinole

Tocopherole

Protein metabolism Protein

Amino acids

Lipid metabolism Cholesterol

Urine

Organic acids Methylmalonic acid and others

Additional data Creatinine

Albumine

Alpha-1-microglobuline

Amino acids
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Results

The distribution of patients in the four different dietary
groups at the start of our study is shown in Fig. 1.

Body mass indices (BMI) were normal in the two groups
taking AAM and increased in the vegan (mean � SD:
27.3 � 4 kg/m2) and normal food (25.9 � 3 kg/m2) groups,
although differences were not significant ( p > 0.1).

Dietary Protocols and Body Composition

Dietary protocol analysis at the beginning of the study is
summarized in Table 2. In all patients, protein and energy
intake were too low as judged by the DACH-recommenda-
tions (German-Austrian-Swiss dietary association) (DGE
2012). Protein supply was markedly reduced in patients
following a vegan diet without AAM and in those who ate
normally according to their personal judgment. Energy
supply was also lower than recommended in these two
groups. Results of follow-up dietary protocols showing
normalized protein and energy intake after dietary interven-
tion with AAM-supplementation can be found in Table 3.

Differences were found in the supply of phenylalanine.
Patients who lived according to dietary recommendations
had a lower intake than the other groups with more relaxed
diets. In particular, patients in the normal food group
consumed significantly more phenylalanine than vegan
patients taking no AAM.

BIA-measurements (fat content, phase angle) were
normal in all dietary groups, with no significant differences
between groups. Compared to a normal, healthy population,
no abnormalities were found for water, carbohydrate, and
protein content (results not shown). Fat content in patients
following a vegan diet was higher compared to patients
following a protein-reduced diet or no diet at all. Body
mass index and body cell mass were increased in vegan
patients taking amino acids and reduced in vegan patients
taking no AAM compared to patients following a diet
supplemented with amino acids. Differences for these
parameters were not significant. Membrane quality and cell

density were not significantly different in the four sub-
groups as judged by the phase angle.

Biochemical Parameters in Blood and Urine

Although mean phenylalanine levels were within the
therapeutic range in all groups, they were significantly
higher in patients with presumed normal eating habits,
p < 0.05 (Fig. 2). Historical data for phenylalanine levels
are given in Fig. 3. There was a correlation between
historical phenylalanine levels during childhood (0–15
years) and phenylalanine levels during adulthood (r ¼ 0.6,
p < 0.01, results not shown).

No systematic nutritional differences could be found
between the four dietary groups except for levels of the
amino acids phenylalanine and valine: patients who
followed a strict protein-restricted diet with supplements
had significantly lower concentrations of phenylalanine
compared to those either without diet restriction or with
vegan diets. Concentrations of valine were higher in
patients following the recommended diet than in subjects
consuming normal food.

Table 4 summarizes the results of the most important
biochemical parameters in blood and urine. No statistical
differences were found in blood cell count, coagulation,
acylcarnitine profile in dried blood spots, organic acids in
urine, concentrations of electrolytes, urea, creatine, lactate,
glucose, creatine kinase, ALT, AST, GLDH, cholesterol,
water- and fat-soluble vitamins, or trace elements such as
iron, zinc, or selenium. However, there were single patients
who returned to our outpatient clinic in response to the
invitation for the study after many years without monitoring
who had reduced levels of selenium and zinc. Interestingly,
all patients had reduced or low normal urea concentrations
in blood reflecting dietary protein restriction.

MRI Morphological Findings

None of the MRI scans showed signs of brain atrophy or
signal changes in gray matter. Different grades of signal
changes in white matter, typically found in PKU patients,
were detected: while some of the patients showed no or
only minor abnormalities, distinct signal changes in the
parieto-occipital lobar WM and other brain regions were
observed in other patients. The estimated semiquantitative
Scheltens score varied from 0 (no changes) to 22. As an
example, T2-weighted MRI scans of two patients are
shown in Fig. 4 demonstrating enormous differences in
white matter lesions. Linear regression showed a correlation
between the retrospective mean phenylalanine levels in
plasma and the lesion scores which was significant in the
age period 0–10 years (R ¼ 0.6, p ¼ 0.037, Fig. 5). No
differences between groups were observed.

42%

8%14%

36%

PKU-diet vegan+ASM vegan normal food

Fig. 1 Distribution of patients in dietary groups at start of the study,
AAM ¼ amino acid mixture
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Education, Quality of Life, and Mood

Educational performance was slightly better than average
with 32 % of PKU patients reaching German secondary
school diploma and only 2.6 % leaving school without
qualification, compared to 30 % and 6 % in the general
population, respectively. There were no significant
differences between the dietary groups.

In all 51 patients, the questionnaire on HrQoL revealed
no major deficits regarding general health perception, social

role functioning, physical functioning, emotional role func-
tioning, medical care, and vitality compared to the general
population. Mood was correlated to the retrospective mean
phenylalanine levels in the first 10 years of life (R ¼ 0.446,
p ¼ 0.037) with better phenylalanine control leading to better
mood. There were no significant differences in quality of life
or mood assessment between the four dietary groups.
Notably, the patients following the strict protein-restricted
diet with amino acid supplementation did not feel worse than
those with normal diet (according to their own assessment).

Table 2 Supply of energy and basic nutrients at start of study
compared to DACH-recommendations (2000) according to dietary
protocol (DACH ¼ German – Austrian – Swiss dietary association,

* red: above recommended value, * green: below recommended value,
AAM ¼ amino acid mixture)

Diet
Total energy 

[kcal/day]
Carbohydrate
[% of energy]

Fat 
[% of energy]

Protein 
[g/kg per day]

Protein-

reduced with 

AAM 1830 61 24 1.1

Vegan with 

AAM 2169 57 31 0.9
Vegan without 

AAM
1605 57 35 0.5

Normal food 1400 56 34 0.6

DACH (2000) > 2000 55-60 >30 1.0 

Table 3 Follow-up: Supply of energy and basic nutrients compared to DACH-recommendations (2000) according to dietary protocol (* red:
above recommended value, * green: below recommended value, AAM ¼ amino acid mixture)

Diet
Total energy 

[kcal/day]
Carbohydrate
[% of energy]

Fat 
[% of energy]

Protein 
[g/kg per day]

Protein-

reduced with 

AAM 1716 61 22 1.0

Vegan with 

AAM 1720 62 25 1.0

Vegan without 

AAM 1519 54 32 0.7
Normal food 1558 57 28 1.0

DACH (2000) > 2000 55-60 >30 1.0 
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Discussion

“Diet for life” is recommended in classical PKU. While in
the era of newborn screening dietary control is excellent
during childhood, in most patients it can deteriorate during
adolescence and adulthood (MacDonald et al. 2010).
Transition from the pediatric clinic to an adult unit is
known to be difficult (Feillet et al. 2010; Yoshino et al.
2010). A considerable number of adults (especially males)
are lost for follow-up. Most women of childbearing age are
aware of the risk of “maternal PKU” and regularly attend
outpatient clinics, but older women – like many men –
often think that dietary treatment is no longer necessary.
Indeed, some older patients were previously advised by
their doctors to discontinue the diet during adolescence and
these patients frequently presume that they have normal
eating habits. However, based on reduced or low normal
urea levels in serum and dietary protocols in our survey,
they continue a self-imposed reduction in protein intake.
This is also true for the patient group following a vegan diet
without AAM. Protein restriction in adulthood is related to

that in early childhood, as we found a positive correlation
between phenylalanine levels in both age bands.

Serious nutritional deficits may result when patients
do not take amino acid supplements (MacDonald et al.
2011). In this study, serious nutritional deficiency was
not found based on biochemical parameters in blood and
urine. This does not completely rule out deficiencies
in tissues. In previous studies on treated PKU patients,
vitamin deficiencies (Hoeks et al. 2009) and low normal
free carnitine values (Weigel et al. 2008) were found. An
increased risk of vitamin B12-deficiency was reported in
PKU patients on a relaxed diet in a previous study (Robinson
et al. 2000); as methylmalonic acid in urine was negative,
vitamin B12-deficiency could be ruled out in our cohort.
We only identified reduced selenium and zinc levels in
individual patients in the group with presumed normal eating
habits without AAM. These rapidly normalized when amino
acid mixtures were introduced.

Phenylalanine concentrations in blood were in the
therapeutic range in all four groups indicating satisfactory
metabolic control. However, phenylalanine levels were
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highest in those patients assuming to follow a normal diet.
This may in principle be related to low energy supply in
this group leading to catabolism. Elevation of branched
chain amino acids can be used as an indicator of catabolism
(Illsinger et al. 2005). However, as valine levels were lower
in these patients, a catabolic state seems unlikely.

In line with other studies ( Huemer et al. 2007),
membrane quality and body composition do not seem to
be compromised as judged by BIA-measurements; how-
ever, this is only an approximate overall estimation. Others
have found correlations between (fat-free) muscle mass and
protein intake (Huemer et al. 2007). As in other studies
(Albersen et al. 2010; MacDonald et al. 2011), we saw a
tendency to obesity in our cohort.

Despite early dietary treatment, MRI findings revealed
typical white matter lesions of PKU as previously reported
(Bick et al. 1993; Cleary and Walter 2001; Moller et al.
2003; Anderson et al. 2007; Leuzzi et al. 2007; Ding et al.
2008; Anderson and Leuzzi 2010) in many, but not all
patients. In an attempt to quantify the white matter lesions,
an adapted Scheltens score was used (Scheltens et al.
1993). As in other studies, the MRI lesions score could be
correlated with cumulated retrospective phenylalanine
levels during the first 10 years of life, while correlation
with phenylalanine levels at later age bands was
poor (Moller et al. 2003; Anastasoaie et al. 2008).

T2-hyperintense white matter lesions are thought to be
reversible as they are presumed to reflect intramyelinic
edema (Leuzzi et al. 2007; Vermathen et al. 2007;
Anderson and Leuzzi 2010). So far, follow-up MRI scans
have only been performed in a few patients; therefore,
reversibility of lesions in response to improved diet
supplemented with AAM cannot be assessed at present.

On the functional level, mood was positively correlated
with metabolic control during the first 10 years of life.
Variation of phenylalanine levels over lifetime was reported
to correlate with IQ (Waisbren et al. 2007; Anastasoaie
et al. 2008); however, we could not find a significant
correlation of variation of phenylalanine levels with white
matter lesions. This indicates that other factors such as the
blood-brain barrier or Phe-transporters (Moller et al. 2003)
may influence the formation of white matter lesions.
Further, secondary factors such as glucose metabolism
may also play a role (Wasserstein et al. 2006). In line with
these considerations, we did not detect differences in
Scheltens’ lesion score between the four dietary groups in
our survey.

With regard to cognitive function, considerable
executive and cognitive dysfunction even in early-treated
PKU patients under good metabolic control has been
described (Bick et al. 1993; Cleary and Walter 2001;
Azadi et al. 2009; Gentile et al. 2010). Results from the
questionnaires showed slightly better school performance
of the PKU patients compared to the average population,
which might be related to better self-management and
structured lifestyle of PKU patients.

Quality of life was good. Patients not following a
diet did not feel any better than patients on a strict
diet with amino acid supplementation. However, the
significance of this is limited due to the small sample size.

Previously it has been shown that compliance is not
related to the knowledge of disease management in PKU
patients (Durham-Shearer et al. 2008). In our view, the
process of transition and patient management in the adult
metabolic setting should be improved in order to maintain
more adult patients on a diet supplemented with AAM.

Table 4 Selected biochemical parameters in the four groups, all were within normal range

Diet
Protein
[g/l]

Urea
[mM]

Tyrosine
[mM]

Iron
[mM]

Folate
[mg/l]

Zinc
[mM]

Selenium
[mM]

Tocopherol
[mg/dl]

Protein-reduced with
AAM

73 3.3 58 19 14.1 10.2 0.74 10

Vegan with AAM 76 3.8 54 18 15.7 10.9 0.84 10

Vegan without AAM 76 3.6 56 17 11.2 9.9 0.70 9

Normal food 74 3.8 41 24 9.9 10.3 0.94 11

Reference range 65–80 3.3–6.7 28–153 14–27 5.3–14.2 9.0–26.0 0.6–1.5 5–20

Fig. 4 Typical T2-weighted MRI scans of two PKU patients, where
patient A shows diffuse white matter changes (Scheltens score ¼ 10),
patient B shows morphologically no white matter abnormalities
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Further, costs for AAM should be covered by health
insurance companies, even for adults.

We are aware that the results obtained in this survey
are of limited value as only a relatively small number of
patients could be studied. However, examining patients
from a single center had the advantage that patients were
well known to us, and counseling, dietary recommenda-
tions, and therapeutic monitoring were relatively uniform.
Results of our study may have implications for other
metabolic diseases treated by protein restriction.

In summary, a considerable number of adult patients
with PKU do not adhere to dietary recommendations
including supplementation with AAM. Nevertheless, they
unknowingly restrict their protein intake, probably as a
result of following such a diet during infancy and
childhood: protein-restricted eating habits are simply
normal for them. Patients following a vegan diet without
amino acid supplementation also have reduced protein
and energy intake. This does not lead to significant deficits
or overt functional deficiencies. However, it seems desir-
able over time to avoid even subtle nutritional deficits in
order to prevent chronic intracellular “toxicity” or

deficiency resulting in cellular dysfunction, especially of
the brain. MRI lesions score and mood during adolescence/
adulthood correlated with metabolic control during the first
10 years of life. There were no significant differences in
MRI lesions scores between the different groups in our
study population of adolescents/young adults. “Diet for
life” does not only mean protein restriction but also
supplementation with AAM and regular metabolic monitor-
ing in adults by a unit with expertise in caring for patients
with PKU/inborn errors of metabolism. A qualified meta-
bolic dietician should be part of the team. Our study
underpins the necessity of “Care for life” in patients with
PKU including adequate funding.

Acknowledgment We thank Dr. G. Ulrich for advice regarding the
quality-of-life questionnaires.

Take-Home Message

Adult patients with phenylketonuria tend to self-restrict their
protein intake, irrespective of taking supplementary amino
acid mixtures, and thus risk longer-term nutritional deficiency.

Fig. 5 Relationship between the cerebral lesions score and current
as well as historical plasma phenylalanine levels at different age
of the patients. There was a significant correlation for the age

group 1–10 years (R ¼ 0.6, p ¼ 0.037), in all other age groups
there were non-significant weak correlations (R ¼ 0.1–0.4,
p ¼ 0.43–0.06)
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Abstract Maple syrup urine disease (MSUD) is an inborn
metabolism error caused by a deficiency of branched-chain
a-keto acid dehydrogenase complex activity. This blockage
leads to an accumulation of the branched-chain amino acids
(BCAA) leucine, isoleucine, and valine, as well as their
corresponding a-keto and a-hydroxy acids. Previous reports
suggest that MSUD patients are at high risk for chronic
neuropsychiatric problems. Therefore, in this study, we
assessed variables that suggest depressive-like symptoms
(anhedonia as measured by sucrose intake, immobility
during the forced swimming test and body and adrenal
gland weight) in rats submitted to chronic administration of
BCAA during development. Furthermore, we determined
if these parameters were sensitive to imipramine and
N-acetylcysteine/deferoxamine (NAC/DFX). Our results

demonstrated that animals subjected to chronic administra-
tion of branched-chain amino acids showed a decrease in
sucrose intake without significant changes in body weight.
We also observed an increase in adrenal gland weight and
immobility time during the forced swimming test. However,
treatment with imipramine and NAC/DFX reversed these
changes in the behavioral tasks. In conclusion, this study
demonstrates a link between MSUD and depression in rats.
Moreover, this investigation reveals that the antidepressant
action of NAC/DFX and imipramine might be associated
with their capability to maintain pro-/anti-oxidative homeo-
stasis.

Introduction

Maple syrup urine disease (MSUD; OMIM #248600), or
branched-chain ketoaciduria, is an inborn metabolism error
caused by a deficiency in the activity of branched-chain
alpha-keto acid dehydrogenase complex (BCKDH). This
deficiency leads to an accumulation of the branched-chain
amino acids (BCAA) leucine, isoleucine, and valine, as well as
their associated alpha-keto acids (BCKA) in tissue and body
fluids (Chuang and Shih 2001; Treacy et al. 1992). The
worldwide frequency is approximately 1:185,000 based on
routine screening data from 26.8 million newborns (Chuang
and Shih 2001). Individuals with MSUD usually present with
poor feeding, convulsions, ketoacidosis, hypoglycemia, coma,
ataxia, psychomotor delay, and mental retardation, as well as
generalized edema and hypomyelination/ demyelination
shown by magnetic resonance imaging studies of the central
nervous system (Chuang and Shih 2001; Cavalleri et al. 2002;
Ha et al. 2004; Sch€onberger et al. 2004; Zinnanti et al. 2009).
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Neurological sequelae of MSUD are likely caused by
several interacting mechanisms. Proposed mechanisms of
neurotoxicity include energy deprivation and osmotic dysre-
gulation (Howell and Lee 1963; Land et al. 1976; Danner
and Elsas 1989; Yudkoff et al. 1994; Zielke et al. 2002; Pilla
et al. 2003; Sgaravatti et al. 2003; Ribeiro et al. 2008) and
alterations in the concentrations of the neurotransmitters
glutamate, aspartate, and aminobutyric in the brain (Dodd
et al. 1992; Prensky and Moser 1967; Tavares et al. 2000;
Yudkoff et al. 1994; Hutson et al. 2001). The brain injury in
this disorder may also be related to a reduction of brain
uptake of essential amino acids (Araújo et al. 2001; Wajner
and Vargas 1999; Wajner et al. 2000), apoptosis of neural
cells (Jouvet et al. 2000), oxidative stress (Bridi et al. 2003,
2005; Fontella et al. 2002; Barschak et al. 2006; Mescka
et al. 2011), increased acetylcholinesterase activity in the
brain (Scaini et al. 2012), and alterations of neurotrophin
levels (Scaini et al. 2013a, b).

Hereditary disorders that cause neuropsychiatric
sequelae provide a window into the biological foundations
of mental illness. Anecdotal reports suggest that aging
MSUD patients are at high risk for chronic neuropsychiatric
problems, such as attention deficit disorder, depression, and
anxiety (Strauss et al. 2006; Walterfang et al. 2013). Muelly
and colleagues (2013) showed that the neurochemical
deficiencies previously demonstrated in MSUD patients
and experimental animals may persist in the chronic state,
although to a lesser degree, and cumulatively contribute to
neuropsychiatric morbidity. Therefore, in this study,
we assessed anhedonia, measured by sucrose intake,
immobility during the forced swimming test and body and
adrenal gland weight in rats submitted to chronic adminis-
tration of BCAA during development. Because previous
observations suggested that oxidative stress may be
involved in the pathophysiology of the neurological
dysfunction of MSUD (Bridi et al. 2003, 2005; Fontella
et al. 2002; Barschak et al. 2006; Mescka et al. 2011) and
these variables suggest depressive-like symptoms (Katz
et al. 1981b; Gamaro et al. 2003; Lucca et al. 2008), we
also investigated the influence of the concomitant adminis-
tration of N-acetylcysteine (NAC) plus deferoxamine
(DFX) or imipramine in the behavioral tasks.

Materials and Methods

Animals

Male Wistar rats that were 7 days old (10–15 g) were
obtained from the Central Animal House of Universidade
do Extremo Sul Catarinense. The rats were weaned at 21
days of age. All rats were caged in groups of five, had free
access to food and water, and were maintained on a 12-h

light-dark cycle (lights on 7:00 am) at a temperature of
23 � 1�C. All experimental procedures were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and the Brazilian
Society for Neuroscience and Behavior recommendations
for animal care. All experiments and procedures were
conducted after approval from the Ethics Committee of the
Universidade do Extremo Sul Catarinense was granted
(protocol number 60/2010).

Chronic Administration of the BCAA Pool and Treatment
with Antioxidants

The animals were divided into four groups: Group I –
control (saline); Group II – Hyper-BCAA (H-BCAA);
Group III – H-BCAA treated with a combination of NAC
(20 mg/kg) and DFX (20 mg/kg); and Group IV –
H-BCAA treated with imipramine (10 mg/kg). The animals
received two subcutaneous injections per day of the BCAA
pool (15.8 mL/g body weight at 12-h intervals) containing
190 mmol/L Leu, 59 mmol/L Ile, and 69 mmol/L Val in
saline solution, administered for 21 days starting at
postnatal day (PD) 7 (last injection at PD 27) (n ¼ 12,
per group) (Bridi et al. 2006). Immediately after adminis-
tration of the first injection of the BCAA pool, NAC was
administered subcutaneously twice a day (at 12-h intervals)
and DFX was administered once every two days for a total
of 21 days (Di-Pietro et al. 2008). Imipramine, a standard
antidepressant, was obtained from Novartis Pharmaceutical
Industry (São Paulo, Brazil), and a dose of 10 mg/kg was
injected intraperitoneally (i.p.) once a day over 21 days
(Tuon et al. 2007). Twelve hours after the last injection of
BCAA, the animals were submitted to behavioral testing.
The choice of the administered doses and the ages of the
rats were based on a previous study (Bridi et al. 2006),
which showed that the administration of the BCAA pool to
rats (similar doses and ages to those used in this study)
resulted in increased levels of Leu, Ile, and Val in the blood
and brain. Importantly, the dose of the BCAA pool
mimicked the biochemical events observed in MSUD
patients during crises, but in this model leucine levels in
plasma and brain returned to basal values after 12 h the
final BCAA injection, thus, we evaluate the chronic effects
of daily episodes of metabolic decompensation.

Sweet Food Consumption (Anhedonia Test)

The consumption of sweet food was measured in all
groups to evaluate anhedonia during the 7 days (PD
21–28). For this purpose, the animals were placed in an
illuminated lightened rectangular box (40 cm � 15 cm �
20 cm) with a glass ceiling and floor and wooden
sidewalls, and the box was divided into nine equal

160 JIMD Reports



rectangles by black lines. Ten Froot Loop(s) (Kellogg’s®

pellets of wheat, cornstarch, and sucrose) were placed in
one extremity of the box. The animals were subjected to
five 3-min trials, once daily for 5 days, to become
familiarized with the food (PD 21–26). After being
habituated, the animals were exposed to two test sessions
of 3 min each, during which the number of ingested pellets
was measured (PD 27–28). This task was performed during
the light cycle by an observer who was blinded to the
groups. The observer noted if the animal ate 1/4, 1/2, or an
entire Froot Loop, in accordance with previous studies
(Katz et al. 1981b; Gamaro et al. 2003).

During the first 5 days, the animals were exposed to a
22-h fasting before the count of Froot Loops, after the
animals were exposed to standard food for 2 h. However in
the test sessions (last 2 days), the animals were not fasting.
These evaluations were performed because food depriva-
tion, which is used in many behavior tasks as a motivating
stimulus, may also be an acute stressor (Katz et al. 1981a;
Gamaro et al. 2003). The behavioral tests were performed
by the same person blinded to the experimental group. The
number of black line crossings and rearings were measured
during the first (PD 21) session to evaluate motor activity.

Body and Adrenal Gland Weight

Body weight was measured before administration of the
BCAA pool (day 0) and 22 days (day 22) after the first
administration of the BCAA pool. On the 22nd day, after
consumption of the sweet food, the rats were anesthetized
with a mixture of ketamine (80 mg/kg) and xylazine
(10 mg/kg) administered i.p. After death, the adrenal gland
was removed through laparotomy and weighed on an
analytical scale (Krishnan and Nestler 2008; Katz et al.
1981b; Nestler et al. 2002; Gamaro et al. 2003).

Forced Swimming Test

This test was conducted according to previous reports
(Porsolt et al. 1977) and used as a model for depressive
behavior. The behavioral tests were performed by the same
person blinded to the experimental group. Briefly, the test
involves two exposures to a cylindrical water tank in which
rats cannot touch the bottom and from which they cannot
escape. The tank is made of transparent Plexiglas, is 80 cm
tall, is 30 cm in diameter, and is filled with water
(22–23�C) to a depth of 40 cm. The water in the tank
was changed for each rat. For the first exposure, the rats
were placed in the water for 15 min (training session). After
24 h, the rats were placed in the water again for a 5-min
session (test session). The time of immobility was analyzed
in the test session. The rats were judged to be immobile

whenever they stopped swimming and remained floating in
the water, with their heads above the surface.

Statistical Analysis

The results are presented as the mean � the standard
deviation. Tests for determining normality and equal
variances were performed to examine whether the data
qualified for parametric statistical tests. The data were
normally distributed (Shapiro–Wilk, p > 0.05) with equal
variances among samples (equal variances test, p > 0.05).
Therefore, a one-way analysis of variance (ANOVA)
followed by Tukey HSD post hoc tests was used to
compare the means. The differences between groups were
considered to be significant at p < 0.05. All of the analyses
were carried out on an IBM-compatible PC computer using
Statistical Package for the Social Sciences (SPSS) software
(Armonk, New York, USA).

Results

As demonstrated in Fig. 1, chronic administration of BCAA
decreased sucrose intake by 45.78% when compared with
the control group. Treatment with imipramine and NAC
plus DFX partially reversed the reduction of sweet food
consumption by 52.83% and 45.78%, respectively, when
compared with the H-BCAA group. Figure 2 shows that the
chronic administration of BCAA produced no differences in
the number of crossings or rearings between groups during
the habituation to the open-field training sessions. These
results demonstrated that there was no difference in the
motor or exploratory activities between groups and that the
results observed in Fig. 1 were not secondary to locomotor
alterations.

Table 1 illustrates the effects of H-BCAA on body
weight. Control animals significantly increased in body
weight after the first administration, whereas H-BCAA
animals did not. There was a 25.39% increase in adrenal
gland weight in H-BCAA animals compared with the
control group. Treatment with imipramine and NAC plus
DFX prevented the increase in adrenal gland weight
by 29.05% and 14%, respectively, compared with the
H-BCAA group (Fig. 3).

The effects of H-BCAA administration on immobility
time during the forced swimming test are illustrated in
Fig. 4. In the H-BCAA group, we observed an increase in
immobility time by 260, 61%, compared with the control
group. Treatment with imipramine and NAC plus DFX
reversed the increase in the immobility time by 55, 69%
and 76, 61%, respectively, compared with the H-BCAA
group.
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Discussion

A number of metabolic disorders that affect the central
nervous system can present in childhood, adolescence, or
adulthood as a phenocopy of a major psychiatric syndrome,
such as psychosis, depression, anxiety, or mania (Walterfang
et al. 2013). In this study, we observed that rats submitted to
chronic administration of H-BCAA have a decreased sweet
food intake and increased adrenal gland weight, without any
alteration of body weight compared with the control group.
This mimics anhedonia, a key depressive symptom (Katz
et al. 1981b; Willner et al. 1987, 1998). We also observed an
increase in immobility time in the H-BCAA group during the

forced swimming test. Additionally, as described above, the
H-BCAA group did not present with any locomotor activity
impairments, reinforcing that the decreased sweet food
intake and higher immobility time in the H-BCAA group
were related to changes in the behavioral tasks (anhedonia
and forced swimming tests).

Evidence from the literature shows that the causality of
psychiatric illness is the result of two processes: the interrup-
tion of childhood/early adulthood neurodevelopmental
trajectories in progressive illness, and the acute alteration of
monoaminergic or excitatory/inhibitory neurotransmitter
systems in acute or episodic illness (Walterfang et al. 2013).
Moreover, neurotransmitter deficiency can be a primary

Fig. 1 Effects of chronic administration of hyper branched-chain
amino acids (H-BCAA), imipramine (IMI), and antioxidants
(ATX) (N-acetylcysteine plus deferoxamine) on the consumption

of sweet food in the anhedonia test. Data are expressed as the
mean � the standard deviation of 12 rats. *p < 0.05 compared with
the control group. #p < 0.05 compared with the H-BCAA group

Fig. 2 Effects of chronic administration of hyper branched-chain
amino acids (H-BCAA), imipramine (IMI), and antioxidants
(ATX) (N-acetylcysteine plus deferoxamine) number of crossings

and rearings of rats subjected to the open-field test. Data are
expressed as the mean � the standard deviation of 12 rats
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cause of psychiatric disorders or entrain compensatory
changes in receptor expression and synaptic structure that
affect brain function. Neuronal energy depletion, osmotic
dysregulation, and dysmyelination also likely contribute to
the development of psychiatric disorders (Jou et al. 2009;
Gardner and Boles 2011). Additionally, major depression is
characterized by significantly lower plasma concentrations of
a number of key antioxidants, such as vitamin E, zinc, and
coenzyme Q10. Lowered total antioxidant status, or antioxi-
dant enzyme activity, is another hallmark of depression
(Kahnzole et al. 2003; Maes et al. 2000, 2009a, b). Several
studies have shown evidence of oxidative damage to lipids,
fatty acids, and DNA in depression (Forlenza and Miller
2006; Dimopoulos et al. 2008; Maes et al. 1999). These
effects may occur on an ongoing basis or stem from
developmental or cumulative aberrations of neurochemistry
that lead to persistent modifications of receptor regulation
and neurochemistry. In this context, studies have demon-

strated that metabolite accumulation in MSUD may affect
myelin development (Taketomi et al. 1983; Tribble and
Shapira 1983; Treacy et al. 1992) and inhibit the transport of
tyrosine, tryptophan, and other essential amino acids across
the blood-brain barrier, thereby limiting substrate availability
for cerebral catecholamine, serotonin, and protein synthesis
(Dodd et al. 1992; Prensky and Moser 1967; Tavares et al.
2000; Yudkoff et al. 1994; Araújo et al. 2001; Hutson et al.
200; Wajner and Vargas 1999; Wajner et al. 2000).

Because the metabolites accumulating in MSUD induce
oxidative stress (Fontella et al. 2002; Bridi et al. 2003,
2005; Mescka et al. 2011), which plays a critical role in the
pathophysiology of depressive disorders, we also inves-
tigated whether free-radical generation could be involved in
reduction in sucrose preference and higher immobility time.
Corroborating this hypothesis, antioxidant administration
prevented the decreased sweet food intake, increased
immobility time, and increased adrenal gland weight.

Table 1 Effects of chronic administration of hyper branched-
chain amino acids (H-BCAA), imipramine (IMI), and antiox-
idants (ATX) (N-acetylcysteine plus deferoxamine) on body

weight on day 0 (A) and day 22 (B). Data are expressed as the
mean � the standard deviation of 12 rats

Body weight

Day 0 Day 22

Control 11.65 (1.06) 48.77 (4.53)

H-BCAA 11.78 (0.918) 48.94 (2.93)

H-BCAA + ATX 11.81 (0.99) 49.86 (3.22)

H-BCAA + IMI 11.63 (1.07) 47.62 (1.42)

Fig. 3 Effects of chronic administration of hyper branched-chain
amino acids (H-BCAA), imipramine (IMI), and antioxidants
(ATX) (N-acetylcysteine plus deferoxamine) on adrenal gland

weight. Data are expressed as the mean � the standard deviation of
12 rats. *p < 0.05 compared with the control group. #p < 0.05
compared with the H-BCAA group
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Though specific trials for antidepressant effects in depres-
sion are still lacking, NAC shows antidepressant-like
activity in several preclinical models; studies corroborate
the antidepressant-like effects of NAC in rats subjected to
the forced swimming test (Ferreira et al. 2008) and in mice
subjected to the tail suspension test (Linck et al. 2012).
Additionally, the chronic administration of NAC resulted in
a dose-dependent reduction in immobility time in bulbec-
tomized rats and resulted in a significant increase in cellular
antioxidant mechanisms (superoxide dismutase activity) in
the frontal cortex, hippocampus, and striatum (Smaga et al.
2012). Arent and colleagues (2012) demonstrated that NAC
and DFX, alone or in combination, reversed the stress-
induced sweet food consumption decrease and oxidative
stress in rats submitted to chronic mild stress. Magalhães
and colleagues (2011) reported that adjunctive NAC may
be useful for major depressive episodes in bipolar disorder.

NAC contributes to the maintenance of oxidative
balance through the actions of the cysteine/cystine cycle.
Like glutathione and GSSG, cysteine and cystine are
coupled redox partners that help to prevent oxidative
cellular dysfunction and injury (Iyer et al. 2009; Banjac
et al. 2008; Vene et al. 2011). Hence, the actions of NAC
are multifold and interrelated, with the production of
glutathione, the cysteine/cystine cycle, and the action of
the glutamate/cystine antiporter contributing to the mainte-
nance of oxidative balance and cellular function. Note that
NAC also acts on glutamatergic neurotransmission, both
directly and indirectly (Berk et al. 2013). NAC is converted
to cystine, which in turn facilitates the glutamate/cystine
antiporter and the production of glutathione in glial cells

(Lafleur et al. 2006). In addition to the regulation of
glutamate release, NAC, via GSH or its derivatives, has the
capacity to modulate NMDA activity (Gilbert et al. 1991;
Leslie et al. 1992; Varga et al. 1997). NAC regulation of the
cystine/glutamate antiporter and mGluR2/3, as described
above, can also regulate dopamine release from presynaptic
terminals (Baker et al. 2002). NAC may also regulate
dopamine release via the modulation of the redox status of
the cell, via antioxidant effects of GSH and L-cysteine
(JanÄky et al. 2007; Gere-Paszti and Jakus 2009).
Additionally, Linck and colleagues (2012) have demon-
strated that AMPA receptors play a key role in the
mechanism of the antidepressant-like action of NAC by
indirectly modulating the serotonin and noradrenaline
pathways. Consistent with these mechanisms, reduced
cerebral dopamine and glutamate levels have been observed
in experimental MSUD animals (Dodd et al. 1992; Zinnanti
et al. 2009) and postmortem brain tissue from a child who
died of leucine intoxication (Prensky and Moser 1996).

Interestingly, we also demonstrated that the tricyclic
antidepressant imipramine prevented the changes in the
behavioral tasks observed in H-BCAA rats. Imipramine
increase the levels of serotonin and/or norepinephrine by
blocking reuptake of these neurotransmitters to presynaptic
terminals, although an increase in monoamine levels occurs
soon after drug administration, the effects of antidepres-
sants emerge gradually over several weeks of continuous
application, it is possible that in addition to an increase in
monoamine levels, other more temporal neuronal events
may be responsible for the action of imipramine (Yagasaki
et al. 2006). The immobility is a parameter evaluated in the

Fig. 4 Effects of chronic administration of hyper branched-chain
amino acids (H-BCAA), imipramine (IMI), and antioxidants
(ATX) (N-acetylcysteine plus deferoxamine) on immobility time

during the forced swimming test. Data are expressed as the
mean � the standard deviation of 12 rats. *p < 0.05 compared with
the control group. #p < 0.05 compared with the H-BCAA group
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forced swimming test and a reduction in sucrose preference
in anhedonia test is interpreted as a depression-like
behavior (Porsolt et al. 1977; Katz et al. 1981b; DellaGioia
and Hannestad 2010; Réus et al. 2011), suggesting an
imbalance in the noradrenergic and serotoninergic neuro-
transmission. In fact, human and animal studies have
showed low levels of dopamine and serotonin associated
with high levels of BCAA (Wajner and Vargas 1999;
Wajner et al. 2000; Araújo et al. 2001). In this context, we
suggest that the alterations in monoamine metabolism
evoke adaptive changes in intracellular signal transduction
and prevent these changes in the behavioral tasks. In
addition, previous studies reported that antidepressant
treatments present an antioxidant action. Imipramine treat-
ment reversed the lipid peroxidation in brain of Sprague
Dawley rats induced by chronic ozone (Mokoena et al.
2010). Réus and colleagues (2010) recently showed that
imipramine also presents antioxidant properties, reducing
oxidative damage and increasing superoxide dismutase and
catalase activity in the rat brain. Additionally, imipramine
(10 and 20 mg/kg) restored depleted reduced glutathione
levels and catalase activity and attenuated raised lipid
peroxidation and nitrite concentrations in sleep-deprived
mice compared to untreated sleep-deprived mice (Kumar
and Garg 2009). Thus, the effects of imipramine in
preventing the changes in the behavioral tasks observed in
H-BCAA rats might be also associated with its capability to
maintain pro-/anti-oxidative homeostasis.

Some limitations of this study should be taken into
consideration, such as the fact that the antioxidant drugs
and the antidepressants were given from the start of the
BCAA administration and this will not be possible in
humans unless it is known before birth that they have
MSUD. Besides, we cannot rule out a possible effect of the
branched-chain alpha-keto acids that were also produced
considering an in vivo model of MSUD, since the analyses
of plasma and brain levels branched-chain alpha-keto
acids were not performed. However, the present findings
demonstrate a link between H-BCAA and depression in
rats. Moreover, this investigation revealed that the
antidepressant action of NAC/DFX and imipramine might
be associated with its capability to maintain pro-/anti-
oxidative homeostasis. Besides, NAC/DFX and imipramine
interact with distinct receptor systems, such as the
glutamatergic and monoaminergic systems, which could
produce synergic effects on brain pathways involved in the
modulation of depressive-like behavior.

Acknowledgments This research was supported by grants from
Programa de Pós-graduação em Ciências da Saúde – Universidade do
Extremo Sul Catarinense (UNESC) and Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq).

Author Contribution

Giselli Scaini, Emilio L. Streck, and João Quevedo
designed the study and wrote the protocol. Giselli Scaini,
Gabriela C. Jeremias, Camila B. Furlanetto, and Diogo
Dominguini conducted the experiments. Giselli Scaini and
Clarissa M. Comim undertook the statistical analysis; and
Giselli Scaini and Emilio L. Streck wrote the first draft of
the manuscript. All authors contributed to and have
approved the final manuscript.

Conflicts of Interest

Giselli Scaini, Gabriela C. Jeremias, Camila B. Furlanetto,
Diogo Dominguini, Clarissa M. Comim, João Quevedo,
Patrícia F. Schuck, Gustavo C. Ferreira, and Emilio L.
Streck declare that they have no conflict of interest.

Informed Consent and Animal Rights

All institutional and national guidelines for the care and use
of laboratory animals were followed. All experimental
procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and the Brazilian Society for Neuro-
science and Behavior recommendations for animal care.

References

Araújo P, Wassermann GF, Tallini K et al (2001) Reduction of large
neutral amino acid levels in plasma and brain of hyperleucinemic
rats. Neurochem Int 38:529–537

Arent CO, Réus GZ, Abelaira HM et al (2012) Synergist effects of
n-acetylcysteine and deferoxamine treatment on behavioral and
oxidative parameters induced by chronic mild stress in rats.
Neurochem Int 61:1072–80

Baker DA, Xi ZX, Shen H, Swanson CJ, Kalivas PW (2002) The
origin and neuronal function of in vivo nonsynaptic glutamate.
J Neurosci 22:9134–9141

Banjac A, Perisic T, Sato H et al (2008) The cystine/cysteine cycle: a
redox cycle regulating susceptibility versus resistance to cell
death. Oncogene 27:1618–1628

Barschak AG, Sitta A, Deon M et al (2006) Evidence that oxidative
stress in increased in plasma from pacients with maple syrup
urine disease. Metab Brain Dis 21:279–286

Berk M, Malhi GS, Gray LJ, Dean OM (2013) The promise of N-
acetylcysteine in neuropsychiatry. Trends Pharmacol Sci
34:167–177

Bridi R, Araldi J, Sgarbi MB et al (2003) Induction of oxidative stress
in rat brain by the metabolites accumulating in maple syrup urine
disease. Int J Dev Neurosci 21:327–332

Bridi R, Fontella FU, Pulrolnik V et al (2006) A chemically-induced
acute model of maple syrup urine disease in rats for neurochemical
studies. J Neurosci Methods 155:224–230

Bridi R, Latini A, Braum CA et al (2005) Evaluation of the
mechanisms involved in leucine induced oxidative damage in
cerebral cortex of young rats. Free Radic Res 39:71–79

JIMD Reports 165



Cavalleri F, Berardi A, Burlina AB, Ferrari F, Mavilla L (2002)
Diffusion-weighted MRI of maple syrup urine disease encepha-
lopathy. Neuroradiology 44:499–502

Chuang DT, Shih VE (2001) Maple syrup urine disease (branched-
chain ketoaciduria). In: Scriver CR, Beaudet AL, Sly WS,
Valle D (eds) The metabolic and molecular bases of inherited
disease. McGraw-Hill, New York, pp 1971–2005

Danner DJ, Elsas LJ (1989) Disorders of branched chain amino acid
and keto acid metabolism. In: Scriver CR, Beaudet AL, Sly WS,
Valle D (eds) The metabolic basis of inherited disease. McGraw-
Hill, New York, pp 671–692

DellaGioia N, Hannestad J (2010) A critical review of human
endotoxin administration as an experimental paradigm of
depression. Neurosci Biobehav Rev 34:130–143

Dimopoulos N, Piperi C, Psarra V, Lea RW, Kalofoutis A (2008)
Increased plasma levels of 8-iso-PGF2alpha and IL-6 in an
elderly population with depression. Psychiatry Res 161:59–66

Di-Pietro PB, Dias ML, Scaini G et al (2008) Inhibition of brain
creatine kinase activity after renal ischemia is attenuated by
N-acetylcysteine and deferoxamine administration. Neurosci Lett
434:139–143

Dodd PR, Williams SH, Gundlach AL et al (1992) Glutamate and
gamma-aminobutyric acid neurotransmitter systems in the acute
phase of maple syrup urine disease and citrullinemia encephalo-
pathies in newborn calves. J Neurochem 59:582–590

Ferreira FR, Biojone C, Joca SRL, Guimarães FS (2008) Antidepressant-
like effects of N-acetyl-L-cysteine in rats. Behav Pharmacol
19:747–50

Fontella FU, Gassen E, Pulrolnik V et al (2002) Stimulation of lipid
peroxidation in vitro in rat brain by the metabolites accumulating
in maple syrup urine disease. Metab Brain Dis 17:47–54

Forlenza MJ, Miller GE (2006) Increased serum levels of 8-hydroxy-
2’-deoxyguanosine in clinical depression. Psychosom Med
68:1–7

Gamaro GD, Manoli LP, Torres IL, Silveira R, Dalmaz C (2003)
Effects of chronic variate stress on feeding behavior and on
monoamine levels in different rat brain structures. Neurochem Int
42:107–114

Gardner A, Boles RG (2011) Beyond the serotonin hypothesis:
mitochondria, inflammation and neurodegeneration in major
depression and affective spectrum disorders. Prog Neuro
Psychopharmacol Biol Psychiatry 35:730–743

Gere-Paszti E, Jakus J (2009) The effect of N-acetylcysteine on
amphetamine-mediated dopamine release in rat brain striatal
slices by ion-pair reversed-phase high performance liquid
chromatography. Biomed Chromatogr 23:658–664

Gilbert KR, Aizenman E, Reynolds IJ (1991) Oxidized glutathione
modulates N-methyl-D-aspartate- and depolarization-induced
increases in intracellularCa2+ in cultured rat forebrain neurons.
Neurosci Lett 133:11–14

Ha JS, Kim TK, Eun BL et al (2004) Maple syrup urine disease
encephalopathy: a follow-up study in the acute stage using
diffusion-weighted MRI. Pediatr Radiol 34:163–166

Howell RK, Lee M (1963) Influence of a-keto acids on the respiration
of brain in vitro. Proc Soc Exp Biol Med 113:660–663

Hutson SM, Lieth E, LaNoue KF (2001) Function of leucine in
excitatory neurotransmitter metabolism in the central nervous
system. J Nutr 131:846S–850S

Iyer SS, Jones DP, Brigham KL, Rojas M (2009) Oxidation of plasma
cysteine/cystine redox state in endotoxin-induced lung injury.
Am J Respir Cell Mol Biol 40:90–98

JanÄky R, Dohovics R, Saransaari P, Oja SS (2007) Modulation of
[3H]dopamine release by glutathione in mouse striatal slices.
Neurochem Res 32:1357–1364

Jou SH, Chiu NY, Liu CS (2009) Mitochondrial dysfunction and
psychiatric disorders. Chang Gung Med J 32:370–379

Jouvet P, Rustin P, Taylor DL et al (2000) Branched chain amino acids
induce apoptosis in neural cells without mitochondrial membrane
depolarization or cytochrome c release: implications for neuro-
logical impairment associated with maple syrup urine disease.
Mol Biol Cell 11:1919–1932

Katz RJ, Roth KA, Carroll BJ (1981a) Acute and chronic stress effects
on open field activity in the rat: implications for a model of
depression. Neurosci Biobehav Rev 5:247–251

Katz RJ, Roth KA, Carroll BJ (1981b) Animal models and human
depressive disorders. Neurosci Biobehav Rev 5:231–246

Khanzode SD, Dakhale GN, Khanzode SS, Saoji A, Palasodkar R
(2003) Oxidative damage and major depression: the potential
antioxidant action of selective serotonin re-uptake inhibitors.
Redox Rep 8:365–370

Krishnan V, Nestler EJ (2008) The molecular neurobiology of
depression. Nature 455:894–902

Kumar A, Garg R (2009) Possible role of trazodone and imipramine
in sleep deprivation-induced anxiety-like behavior and oxidative
damage in mice. Methods Find Exp Clin Pharmacol
31:383–387

Lafleur DL, Pittenger C, Kelmendi B et al (2006) N-Acetylcysteine
augmentation in serotonin reuptake inhibitor refractory obsessive–
compulsive disorder. Psychopharmacology 184:254–256

Land JM, Mowbray J, Clark JB (1976) Control of pyruvate and
h-hydroxybutyrate utilization in rat brain mitochondria and its
relevance to phenylketonuria and maple syrup urine disease.
J Neurochem 26:823–830

Leslie SW, Brown LM, Trent RD et al (1992) Stimulation of
N-methyl-D-aspartate receptor-mediated calcium entry into
dissociated neurons by reduced and oxidized glutathione. Mol
Pharmacol 41:308–314

Linck VM, Costa-Campos L, Pilz LK, Garcia CRL, Elisabetsky E
(2012) AMPA glutamate receptors mediate the antidepressant-
like effects of N-acetylcysteine in the mouse tail suspension test.
Behav Pharmacol 23:171–177

Lucca G, Comim CM, Valvassori SS et al (2008) Chronic mild stress
paradigm reduces sweet food intake in rats without affecting
brain derived neurotrophic factor protein levels. Curr Neurovasc
Res 5:207–213

Maes M, De Vos N, Pioli R et al (2000) Lower serum vitamin E
concentrations in major depression. Another marker of lowered
antioxidant defences in that illness J Affect Disord
58(3):241–246

Maes M, Galecki P, Chang YS, Berk M (2011) A review on the
oxidative and nitrosative stress (O&NS) pathways in major
depression and their possible contribution to the (neuro) degenera-
tive processes in that illness. Prog Neuropsychopharmacol Biol
Psychiatry 35:676–92

Maes M, Mihaylova I, Kubera M, Uytterhoeven M, Vrydags N,
Bosmans E (2009a) Increased 8-hydroxy-deoxyguanosine,
a marker of oxidative damage to DNA, in major depression and
myalgic encephalomyelitis/chronic fatigue syndrome. Neuro
Endocrinol Lett 30:715–722

Maes M, Mihaylova I, Kubera M, Uytterhoeven M, Vrydags N,
Bosmans E (2009b) Lower plasma Coenzyme Q10 in depression:
a marker for treatment resistance and chronic fatigue in
depression and a risk factor to cardiovascular disorder in that
illness. Neuro Endocinol Lett 30:462–469

Magalhães PV, Dean OM, Bush AI et al (2011) N-acetyl cysteine add-
on treatment for bipolar II disorder: a subgroup analysis of a
randomized placebo-controlled trial. J Affect Disord 129:317–20

Mescka C, Moraes T, Rosa A et al (2011) In vivo neuroprotective
effect of L-carnitine against oxidative stress in maple syrup urine
disease. Metab Brain Dis 26:21–28

Mokoena ML, Harvey BH, Oliver DW, Brink CB (2010) Ozone
modulates the effects of imipramine on immobility in the forced

166 JIMD Reports



swim test, and nonspecific parameters of hippocampal oxidative
stress in the rat. Metab Brain Dis 25:125–133

Muelly ER, Moore GJ, Bunce SC et al (2013) Biochemical correlates
of neuropsychiatric illness in maple syrup urine disease. J Clin
Invest 123(4):1809–20

Nestler EJ, Gould E, Manji H et al (2002) Preclinical model: status of
basic research in depression. Biol Psychiatry 52:503–528

Pilla C, Cardozo RF, Dutra-Filho CS, Wyse AT, Wajner M,
Wannmacher CM (2003) Creatine kinase activity from rat brain
is inhibited by branched-chain amino acids in vitro. Neurochem
Res 28:675–679

Porsolt RD, Le Pichon M, Jalfre M (1977) Depression: a new animal
model sensitive to antidepressant treatments. Nature 21:266–730

Prensky AL, Moser HW (1966) Brain lipids, proteolipids, and free
amino acids in maple syrup urine disease. J Neurochem
13:863–874

Prensky AL, Moser HW (1967) Changes in the amino acid
composition of proteolipids of white matter during maturation
of the human nervous system. J Neurochem 14:117–121

Réus GZ, Stringari RB, de Souza B et al (2010) Harmine and
imipramine promote antioxidant activities in prefrontal cortex
and hippocampus. Oxid Med Cell Longev 3:325–331

Réus GZ, Stringari RB, Ribeiro KF et al (2011) Ketamine plus
imipramine treatment induces antidepressant-like behavior and
increases CREB and BDNF protein levels and PKA and PKC
phosphorylation in rat brain. Behav Brain Res 221:166–171

Ribeiro CA, Sgaravatti AM, Rosa RB et al (2008) Inhibition of brain
energy metabolism by the branched-chain amino acids accumu-
lating in maple syrup urine disease. Neurochem Res 33:114–124

Scaini G, de Rochi N, Jeremias IC et al (2012) Evaluation of
acetylcholinesterase in an animal model of maple syrup urine
disease. Mol Neurobiol 45:279–86

Scaini G, Comim CM, Oliveira GM et al (2013a) Chronic administra-
tion of branched-chain amino acids impairs spatial memory and
increases brain-derived neurotrophic factor in a rat model.
J Inherit Metab Dis 36:721–730

Scaini G, Mello-Santos LM, Furlanetto CB et al (2013b) Acute and
chronic administration of the branched-chain amino acids
decreases nerve growth factor in rat hippocampus. Mol Neuro-
biol. doi:10.1007/s12035-013-8447-1

Sch€onberger S, Schweiger B, Schwahn B, Schwarz M, Wendel U
(2004) Dysmyelination in the brain of adolescents and young
adults with maple syrup urine disease. Mol Genet Metab
82:69–75

Sgaravatti AM, Rosa RB, Schuck PF et al (2003) Inhibition of brain
energy metabolism by the a-keto acids accumulating in maple
syrup urine disease. Biochim Biophys Acta 1639:232–238

Smaga I, Pomierny B, Krzyżanowska W et al (2012) N-acetylcysteine
possesses antidepressant-like activity through reduction of
oxidative stress: behavioral and biochemical analyses in rats.
Prog Neuropsychopharmacol Biol Psychiatry 39:280–87

Strauss KA, Puffenberger EG, Morton DH (2006) Maple syrup urine
disease. In: Pagon R, Bird T, Dolan C, Stephens K, Adam M
(eds) GeneReviews. University of Washington, Seattle,
Washington, USA

Taketomi T, Kunishita T, Hara A, Mizushima S (1983) Abnormal
protein and lipid compositions of the cerebral myelin of a

patient with maple syrup urine disease. Jpn J Exp Med
53:109–116

Tavares RG, Santos CE, Tasca CI, Wajner M, Souza DO, Dutra-Filho
CS (2000) Inhibition of glutamate uptake into synaptic vesicles
of rat brain by the metabolites accumulating in maple syrup urine
disease. J Neurol Sci 181:44–49

Treacy E, Clow CL, Reade TR, Chitayat D, Mamer OA, Scriver CR
(1992) Maple syrup urine disease: interrelationship between
branched-chain amino-, oxo- and hydroxyacids; implications for
treatment; associations with CNS dysmyelination. J Inherit
Metab Dis 15:121–135

Tribble D, Shapira R (1983) Myelin proteins: degradation in rat brain
initiated by metabolites causative of maple syrup urine disease.
Biochem Biophys Res Commun 114:440–446

Tuon L, Comim CM, Antunes MM et al (2007) Imipramine reverses
the depressive symptoms in sepsis survivor rats. Intensive Care
Med 33:2165–2167

Varga V, Jenei Z, JanÄky R, Saransaari P, Oja SS (1997) Glutathione is
an endogenous ligand of rat brain N-methyl-D-aspartate (NMDA)
and 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
receptors. Neurochem Res 22:1165–1171

Venè R, Castellani P, Delfino L, Lucibello M, Ciriolo MR,
Rubartelli A (2011) The cystine/cysteine cycle and GSH are
independent and crucial antioxidant systems in malignant
melanoma cells and represent druggable targets. Antioxid Redox
Signal 15:2439–2453

Wajner M, Coelho DM, Barschak AG et al (2000) Reduction of large
neutral amino acid concentration in plasma and CSF of patients
with maple syrup urine disease during crises. J Inherit Metab Dis
23:505–512

Wajner M, Vargas CR (1999) Reduction of plasma concentrations of
large neutral amino acids in patients with maple urine disease
during crises. Arch Dis Child 80:579

Walterfang M, Bonnot O, Mocellin R, Velakoulis D (2013) The
neuropsychiatry of inborn errors of metabolism. J Inherit Metab
Dis 36(4):687–702

Willner P, Benton D, Brown E et al (1998) “Depression” increases
“craving” for sweet rewards in animal and human models of
depression and craving. Psychopharmacology 136:272–283

Willner P, Towell A, Sampson D, Sophokleous S, Muscat R (1987)
Reduction of sucrose preference by chronic unpredictable
mild stress, and its restoration by a tricyclic antidepressant.
Psychopharmacology 93:358–364

Yagasaki Y, Numakawa T, Kumamaru E, Hayashi T, Su TP, Kunugi H
(2006) Chronic antidepressants potentiate via sigma-1 receptors
the brain-derived neurotrophic factor-induced signaling for
glutamate release. J Biol Chem 281:12941–12949

Yudkoff M, Daikhin Y, Lin ZP et al (1994) Interrelationships
of leucine and glutamate metabolism in cultured astrocyts.
J Neurochem 62:1192–1202

Zielke HR, Zielke CL, Baab PJ, Collins RM (2002) Large neutral
amino acids auto exchange when infused by microdialysis into
the rat brain: implications for maple syrup urine disease and
phenylketonuria. Neurochem Int 40:347–54

Zinnanti WJ, Lazovic J, Griffin K et al (2009) Dual mechanism of
brain injury and novel treatment strategy in maple syrup urine
disease. Brain 132:903–918

JIMD Reports 167


	Contents
	Newborn Screening for Glutaric Aciduria-II: The New England Experience
	Abstract
	Introduction
	Methods and Population
	Results
	Discussion
	Synopsis
	Conflict of Interest
	Informed Consent/Human or Animal Studies
	Authors Attestations
	References

	Systematic Data Collection to Inform Policy Decisions: Integration of the Region 4 Stork (R4S) Collaborative Newborn Screening...
	Abstract
	Introduction
	Washington Newborn Screening
	Analyte Selection and Review
	Cutoff Determinations
	Post-Analytical Tools
	Limitations
	Conclusion
	Synopsis
	Compliance with Ethics Guidelines
	Conflict of Interest
	Animal Rights and Human Subjects
	Details of the Contributions of Individual Authors

	References

	Application of a Second-Tier Newborn Screening Assay for C5 Isoforms
	Abstract
	Introduction
	Case Report
	Materials and Methods
	Results
	Discussion
	Compliance with Ethics Guidelines
	Details of the Contributions of Individual Authors
	References

	Cystinosis with Sclerotic Bone Lesions
	Abstract
	Case Report
	Discussion
	Conclusion
	Conflict of Interest
	Informed Consent
	Contributions of the Individual Authors
	References

	Pregnancy and Lactation Outcomes in a Turkish Patient with Lysinuric Protein Intolerance
	Abstract
	Introduction
	Case Report
	Discussion
	Take-Home Message
	Compliance with Ethical Guidelines
	References

	Adult-Onset Fatal Neurohepatopathy in a Woman Caused by MPV17 Mutation
	Abstract
	Case Report
	Discussion
	Summary
	Compliance with Ethics Guidelines
	References

	Multiple Acyl-CoA Dehydrogenation Deficiency (Glutaric Aciduria Type II) with a Novel Mutation of Electron Transfer Flavoprote...
	Abstract
	Introduction
	Materials and Methods
	Subject
	Diet Loading Test
	GC-MS Analysis
	LC-MS/MS Analysis
	Cell Culture
	RT-PCR
	PCR-Restriction Fragment Length Polymorphism (PCR-RFLP)

	Results
	Feline MADD
	Sequencing of Feline ETFα, ETFbeta, and ETFDH
	Presence of a Novel Mutation in the Cat with MADD

	Discussion
	Synopsis
	Compliance with Ethics Guidelines
	References

	Biotin-Responsive Basal Ganglia Disease: A Treatable Differential Diagnosis of Leigh Syndrome
	Abstract
	Introduction
	Case Report

	Discussion
	Synopsis
	Compliance with Ethics Guidelines
	Conflict of Interest
	Informed Consent
	Animal Rights

	References

	Severe Hypertriglyceridemia in a Newborn with Monogenic Lipoprotein Lipase Deficiency: An Unconventional Therapeutic Approach ...
	Abstract
	Introduction
	Materials and Methods
	Patient
	Exchange Transfusion (ET) Procedure
	Analysis of LPL Gene

	Results
	ET Procedure and Follow-Up
	Analysis of LPL Gene

	Discussion
	Clinical Aspects
	Molecular Aspects

	Synopsis
	Compliance with Ethics Guidelines
	Conflict of Interest
	Informed Consent
	Authors´ Contributions
	Funding Support

	References

	Liver Engraftment and Repopulation by In Vitro Expanded Adult Derived Human Liver Stem Cells in a Child with Ornithine Carbamo...
	Abstract
	Introduction
	Patient and Methods
	Patient´s History
	Large-Scale Production of ADHLSC
	Cryopreservation
	Thawing and Formulation Before Infusion
	Adult Derived Human Liver Stem Cells Infusion
	Biochemical Monitoring
	Liver Biopsies: Fluorescence In Situ Hybridization
	Statistical Analyses

	Results
	ADHLSC Engraftment and Clinical Outcome
	Metabolic Control After Infusion
	Pro-coagulant Effects of ADHLSC

	Discussion
	Take-Home Message
	Compliance with Guidelines
	Conflict of Interest
	References

	Distribution and Severity of Neuropathology in beta-Mannosidase-Deficient Mice is Strain Dependent
	Abstract
	Introduction
	Methods
	Animals
	Embedding, Sectioning, and Staining
	Morphological Analysis

	Results
	Overall Severity of Pathology Analyzed by Strain and Clone
	Distribution of Vacuolation
	Distribution of Degeneration Staining

	Discussion
	Synopsis
	Author Who Serves as Guarantor
	Details of Funding
	Compliance with Ethics Guidelines
	Conflict of Interest
	Informed Consent
	Use of Vertebrate Animals
	Details of the Contributions of Individual Authors

	References

	High Dietary Folic Acid and High Plasma Folate in Children and Adults with Phenylketonuria 
	Abstract
	Introduction
	Subjects and Methods
	Subjects
	Calculation of Intake
	Blood Measurements

	Statistical Analysis
	Results 
	Patient Characteristics
	Plasma Levels of Folate, Vitamin B12, and Homocysteine
	Intake of Folic Acid from Protein Substitute, Plasma Folate, and Homocysteine
	Folate Intake from Foods and Natural Protein Intake
	Plasma Levels of Folate According to Intake
	Intake of Vitamin B12 from Protein Substitutes and Plasma Vitamin B12
	Plasma Levels of Vitamin B12 According to Intake
	Differences According to Type of Protein Substitute Used

	Discussion
	Conclusion
	Take-Home Message
	Contributions of Individual Authors
	Compliance with Ethics Guidelines
	Conflict of Interest
	Informed Consent

	References

	A Novel SLC6A8 Mutation in a Large Family with X-Linked Intellectual Disability: Clinical and Proton Magnetic Resonance Spectr...
	Abstract
	Introduction
	Subjects and Methods
	Subjects
	Neuropsychological Assessment
	Sequencing of X-Chromosome-Specific Exons
	Proton MR-Spectroscopy
	Biochemical Analysis

	Results
	Genetic Studies
	Proton MR-Spectroscopy
	Biochemical Analysis

	Discussion
	Conclusion
	Synopsis
	Compliance with Ethics Guidelines
	Conflict of Interest
	Informed Consent
	Details of the Contributions of Individual Authors

	References

	Influence of PAH Genotype on Sapropterin Response in PKU: Results of a Single-Center Cohort Study
	Abstract
	Background
	Methods
	Patient Enrollment
	Sapropterin Response Testing
	Extension Period After Sapropterin Response Resting
	Determination of Phenylalanine Plasma Levels
	Mutation Analysis

	Results
	Patient Enrollment and Response Testing
	Modification of Dietary Phe Intake Within the Six-Week Extension Period
	PAH Mutations in PKU Patients Associated with Response and with Nonresponse to Sapropterin Treatment

	Discussion
	Conclusions
	References

	Vestibular and Saccadic Abnormalities in Gaucher´s Disease
	Abstract
	Introduction
	Methods
	Head and Eye Movement Recordings and Analysis
	Vestibular and Ocular Motor Tests

	Results
	Impaired Individual Semicircular Canal Function
	Absent or Reduced Ocular and Cervical VEMP
	Impaired Tonic and Phasic Responses to EVS
	Slowed Horizontal Saccades and Impaired Vertical Saccades

	Discussion
	Take-Home Message
	Compliance with Ethics Guidelines
	Conflict of Interest
	Informed Consent
	Contributions of Individual Authors
	Guarantor

	Research Funding
	References

	Evaluation of Physiological Amino Acids Profiling by Tandem Mass Spectrometry
	Abstract
	Introduction
	Material and Methods
	Chemicals
	Samples
	Sample Derivatization
	Separation and Detection
	Quantification
	Analytical Validation
	Method Comparison
	Reference Ranges
	Clinical Evaluation

	Results
	Internal Versus External Calibration
	Method Capacities
	MS Versus IEC
	Normal Population Values
	Medical Valuation

	Discussion
	Conclusion
	Synopsis
	Compliance with Ethics Guidelines
	Disclosure
	Grant/Funding Support

	References

	Methods of Neurodevelopmental Assessment in Children with Neurodegenerative Disease: Sanfilippo Syndrome
	Abstract
	Background
	Guidelines
	Guideline 1. Protocols and Testing Approaches Must Be Disease Specific
	Guideline 2. Criteria for Test Selection Includes Appropriate Difficulty Level, Disease-Relevant Domains of Content, and Famil...
	Guideline 3. Testers Must Be Able to Deal Effectively with Behavioral Difficulties and To Understand the Child´s Behavior in t...
	Guideline 4. Tests Must Be Scorable for all Participants Using Age-Equivalents

	Methods
	Patients
	Materials and Procedure

	Results
	Discussion
	Summary Statement
	References

	Aminoglycoside-Induced Premature Stop Codon Read-Through of Mucopolysaccharidosis Type I Patient Q70X and W402X Mutations in C...
	Abstract
	Introduction
	Experimental Procedures

	Results
	Discussion
	Synopsis
	References

	Dietary Habits and Metabolic Control in Adolescents and Young Adults with Phenylketonuria: Self-Imposed Protein Restriction Ma...
	Abstract
	Introduction
	Patients and Methods
	Patients
	Methods
	MR Imaging
	Quality of Life, Mood Status, and Education
	Statistical Analysis

	Results
	Dietary Protocols and Body Composition
	Biochemical Parameters in Blood and Urine
	MRI Morphological Findings
	Education, Quality of Life, and Mood

	Discussion
	Take-Home Message
	Compliance with Ethics Guidelines
	Conflict of Interest
	Competing Interests
	References

	Behavioral Responses in Rats Submitted to Chronic Administration of Branched-Chain Amino Acids
	Abstract
	Introduction
	Materials and Methods
	Animals
	Chronic Administration of the BCAA Pool and Treatment with Antioxidants
	Sweet Food Consumption (Anhedonia Test)
	Body and Adrenal Gland Weight
	Forced Swimming Test
	Statistical Analysis

	Results
	Discussion
	Author Contribution
	Conflicts of Interest
	Informed Consent and Animal Rights
	References


