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Abstract

Background In glutaric aciduria type 1 (GA1) the neurotoxic
metabolites glutaric acid (GA) and 3-hydroxyglutaric acid (3-
OH-GA) accumulate within the brain. Due to limited efflux
across the blood-brain-barrier biochemical monitoring of in-
tracerebrally accumulating toxic metabolites is as yet not
possible.

Aims To investigate brain metabolic patterns in glutaric
aciduria type 1 using 'H magnetic resonance spectroscopy
("H-MRS) with focus on detecting the disease-related neuro-
toxic metabolites GA and 3-OH-GA.

Patients and methods Short echo time 'H-MRS was per-
formed in 13 treated metabolically stable patients. Twenty-
one white matter and 16 basal ganglia spectra from 12 patients
(age range 7 months - 22 years) were included. Subgroups
based on age, biochemical phenotype and/or associated MRI
changes were compared with control spectra.

Results GA was elevated in white matter of patients. 3-OH-
GA was elevated in white matter of older patients with
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associated signal changes on MRI, which was structurally
characterized by decreased creatine and phosphocreatine
(tCr) and elevated choline (Cho). Metabolite changes differed
with biochemical phenotype and disease duration: Low
excretors with up to 30 % residual enzyme activity had only
mildly, non-significantly elevated GA and mildly subnormal
N-acetylaspartate (tNAA). High excretors with complete lack
of enzyme activity had significantly increased GA, tINAA was
mildly subnormal in younger and decreased in older high
excretors.

Conclusions GA and 3-OH-GA are detectable by in vivo 'H-
MRS, which might finally allow biochemical follow-up mon-
itoring of intracerebrally accumulating neurotoxic metabolites
in GA1. A high excreting phenotype appears to be a risk factor
for cerebral GA accumulation and progressive neuroaxonal
compromise despite a similar clinical course in younger high
and low excreting patients. This might have consequences for
long-term outcome.

Introduction

Glutaric aciduria type 1 (GA1l; OMIM#231670) is an
autosomal-recessively inherited neurometabolic disorder due
to deficiency of glutaryl-CoA dehydrogenase (GCDH,
EC1.3.99.7) resulting in accumulation of the putatively neu-
rotoxic dicarboxylic acids glutaric acid (GA) and 3-hydroxy-
glutaric acid (3-OH-GA), and the non-toxic glutarylcarnitine.
Without treatment most patients develop an acute encephalo-
pathic crisis during the first 6 years of life, resulting in acute
striatal injury and, subsequently, dystonia (Kolker et al 2006).
Treatment according to evidence-based guideline recommen-
dations with low lysine diet, carnitine supplementation and
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emergency treatment in catabolic state has dramatically im-
proved the neurological outcome in GA1 patients (Heringer
et al 2010; Kolker et al 2011). Two biochemical phenotypes,
called low and high excretors, have been defined based on
excretion of GA in urine (Baric et al 1999). While there is a
correlation between genotype and biochemical phenotype
(Christensen et al 2004), none is as yet known between bio-
chemical phenotype and neurological outcome (Christensen
et al 2004; Kolker et al 2006).

"H-MRS allows in vivo assessment of cerebral metabolite
changes in neurometabolic disorders, namely (1) changes re-
lated to structural alterations, e.g., changes of myelin, glial and
neuronal cells, (2) elevated lactate indicating impaired oxida-
tive phosphorylation, and (3) disease-specific changes due to
the enzymatic defect. Previous case reports of 'H-MRS in
GA1 include normal spectra (Béhr et al 2002; Elster 2004;
Santos and Roach 2005), metabolite alterations related to as-
sumed structural changes (Bodamer et al 2004; Kurul et al
2004; Oguz et al 2005; Sijens et al 2006; Sonmez et al
2007; Pérez-Duenas et al 2009; Cakmakci et al 2010), and
impaired oxidative phosphorylation (Oguz et al 2005). Detec-
tion of disease-specific metabolites has not yet been described.
We performed short echo time "H-MRS in a cohort of 13
treated, metabolically stable patients with focus on detecting
the disease-related dicarboxylic metabolites GA and 3-OH-
GA. Due to limited efflux capacity of the blood—brain-barrier
for dicarboxylic acids and consequent intracerebral accumu-
lation of GA and 3-OH-GA, their serum and urine values do
not reflect the concentrations in the brain compartment (Funk
et al 2005; Kiilkens et al 2005). The purpose of this study was
to detect GA and 3-OH-GA by "H-MRS, which might finally
provide a diagnostic tool for monitoring treatment efficacy,
and to investigate patterns of metabolite changes in relation
to the patients’ age, biochemical phenotype, and coexistent
white matter changes.

Patients and methods

A total of 22 white matter and 19 basal ganglia spectra were
acquired in 13 patients as part of a prospective follow-up study
on GA1. Written informed consent was obtained from patients
and/or parents according to the declaration of Helsinki. The
study was approved by the Institutional Ethics Committee of
Heidelberg University (S-049/2010). One spectrum was ex-
cluded due to artefact and three other spectra due to poor
quality (SNR 4-6, full width at half maximum 0.084—
0.107 ppm, as estimated by LCModel). The remaining 21
white matter and 16 basal ganglia spectra from 12 patients
(age range 7 months - 22 years, mean 9.2 years, median
10.1 years) were compared with control spectra of basal gan-
glia (n=13) and white matter of the centrum semiovale (n=
16) from 17 patients (age range 9 months - 17 years, mean
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8.9 years, median 11.6 years) with normal MRI findings who
had undergone MRI for headache (n=7), syncope (n=2), iso-
lated facial nerve paresis, visual disturbances, sinusitis, verti-
go, seizure, suspected orbital haemangioma, staging of pelvic
rhabdomyosarcoma, and cephalic dysplastic skin changes
(each n=1).

Patient characteristics are summarized in Table 1. All pa-
tients received treatment according to guidelines (Kolker et al
2007a, 2011). No patient had suffered from acute onset of
striatal injury. Conventional MRI (T2, T1, FLAIR) of the
same session was assessed for atrophy and/or T2-
hyperintensity of pallidum and/or putamen, delayed
myelination, and the presence of abnormal white matter signal
not corresponding to the normal pattern of myelinated and
unmyelinated structures of a younger child, more prominent
than the signal of unmyelinated white matter, and not restrict-
ed to parieto-occipital white matter (Harting et al 2009).

Single voxel short echo time '"H-MRS (PRESS, TE 30 ms,
TR 2000 ms, 96 averages, 3.92 ml) were acquired at 1.5 T
(Siemens Avanto, Germany). Spectra were processed with
LCModel using the standard basis set of 17 metabolites
(Provencher 1993) as well the standard basis set with added
GA, 3-OH-GA, 2-hydroxy-glutaric acid (2-OH-GA), 3-
hydroxy-butyric acid (3-OH-But), or L-carnitine. Metabolites
were measured at our scanner with the exception of 2-OH-GA
and 3-OH-GA, which were simulated (VeSPA) using reported
data (HMDB; Bal and Gryff-Keller 2002). Metabolite concen-
trations were expressed as concentration ratios with respect to
tCr. tCr was also expressed relative to the signal of
unsuppressed water in order to detect changes due to tissue
rarefaction and/or increased water signal. In addition summed
spectra were generated by LCModel analysis of the added
phase corrected and referenced individual spectra.

To account for metabolite changes during normal mat-
uration (Kreis et al 1993; Pouwels et al 1999) we sepa-
rately analyzed younger (<36 months, n=5 patients/7
MRS) and older patients (>36 months, n=7 patients/14
MRS). Moreover, patient subgroups based on biochemical
phenotype and/or associated MRI changes were com-
pared. Two of the five younger patients were examined
during their first and second year of life (pat. 2, 3). Three
of the seven older patients were re-examined within 4—
5 months with differently strict diet (pat. 7, 8, 10), pat.
6 had routine follow-up after 28 months and pat. 9 after
11, 12, and 25 months. While the multiple measurements
are a potential bias, averaging reduces discrimination be-
tween already small groups. Therefore metabolite values
obtained with and without averaging were compared. If
group mean values obtained with and without averaging
were clearly different, bias due to multiple measurements
was assumed. For metabolites with similar mean group
values but lower discrimination between groups com-
pared, we considered loss of discrimination as being due
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to smaller numbers. For these metabolites both, group
values from averaged and non-averaged data with corre-
sponding significance are given in Table 1; otherwise
values are from averaged data.

Statistical analysis was performed with Matlab (The Maths
Works Inc., U.S.A.). Metabolite concentrations determined
with different basis sets were compared using the Wilcoxon
signed rank test as a paired, two-sided test. ANOVA with
multiple comparisons was used to compare metabolite values.

Results
Associated MRI changes

Myelination was delayed and the pallidum homogeneously
T2-hyperintense in all four younger high excretors (5 MRIs).
White matter changes were detected in all four MRIs of youn-
ger high excretors examined >12 months. Not surprisingly
considering the largely T2-hyperintense white matter in young
infants, no white matter changes were detected in pat. 1 ex-
amined at 7 months. The two MRIs of the low excretor re-
vealed a small T2-hyperintensity at the lateral border of the
putamen (pat. 2, no metabolic crisis or dystonia) occupying a
minuscule portion of the spectroscopy voxel, but were other-
wise normal. Consequently subgroups based on MRI and bio-

chemical phenotype were very similar in patients <36 months.

Myelination was complete in all older patients. White mat-
ter changes were present in five of seven high excretors (7/10
MRIs). We therefore not only compared low and high
excretors with controls but also low excretors, high excretors
without and high excretors with white matter changes. For the
nine basal ganglia spectra of older patients there was an asso-
ciated small area of pallidal T2-hyperintensity in the two high
excretors with white matter changes (pat. 7, 9), whereas
pallidum and putamen were normal in the remaining patients.

Detection of disease-specific metabolites

First, we observed that GA, 2-OH-GA, 3-OH-GA, 3-OH-But
were fitted at low level and with large variability in individual
control spectra. This was not unexpected due to the overlap of
resonances with those of standard metabolites. The low levels
in controls were accordingly used as a reference value for
comparison with patient values.

While patients’ GA was not increased in basal ganglia, it
was elevated in white matter. GA was significantly increased
in high excretors but not low excretors (Table 2), which might
be partly due to the difficulty of detecting GA with its concur-
rent high variability. To reduce variability summed spectra
were generated, which have less noise and consequently more
reliable detection of metabolites and usually lower metabolite
concentrations than individual spectra. In summed spectra,

@ Springer

GA was detected in younger and older high excretors, but
neither in younger or older controls nor older low excretors
(Fig. 1). 3-OH-GA was highest and significantly increased in
older high excretors with white matter changes. There was no
correlation with lysine intake. For 2-OH-GA, 3-OH-But, and
carnitine no significant differences between patient and con-
trol spectra were observed.

Influence of GA on the standard metabolites of the basis set

As addition of any metabolite to the basis set will affect the
fitting of the standard metabolites, we investigated how inclu-
sion of GA affected these. The difference of metabolite con-
centrations determined with the two basis sets (std&GA-std)
in all patient and control spectra correlated (»p<0.001) posi-
tively with GA for tNAA (r=0.74; Suppl. Fig. 1) and lipids at
1.3 ppm (r=0.64) and negatively for Glu (glutamate; r=
—0.68), GABA (r=—0.45), and macromolecules&lipids at
2.0 ppm (r=—0.9). Inclusion of GA in the basis set apparently
results in a concentration-dependent overestimation of tNAA.
Conversely the standard basis set would underestimate tNAA
in patients with elevated GA. We therefore used the std&GA
basis set for analysis, preferring underestimation of potential
tNAA reductions in patients to overestimation with the stan-
dard basis set.

Alterations of non disease-specific standard metabolites
White matter

In younger patients none of the standard metabolites differed
significantly between controls, low, and high excreting pa-
tients. tNAA was mildly decreased in low and high excretors
compared to controls (Table 2).

In older patients, tCr was significantly reduced in high
excretors with white matter changes on MRI and normal in
low excretors and high excretors without white matter changes.
Low excretors were not significantly different from controls. In
contrast high excretors had significantly reduced tNAA with
similar values for high excretors with and without white matter
changes. In addition Cho was increased in high excretors due
to a significant increase in those with white matter changes,
while those without white matter changes had normal Cho
(Fig. 2). Glu was mildly decreased in high and low excretors.
For the minor metabolites glutamine (Gln) and aspartate (Asp)
we observed small, but significant increases: Gln was in-
creased in high excretors with white matter changes. Asp was
increased in high excretors without white matter changes com-
pared to high excretors with white matter changes and controls
and it was high normal in low excretors. No metabolite corre-
lated with lysine intake.
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<« Fig. 2 White matter metabolites in patients and controls (boxplots). For
older high excretors subgroups without and with white matter changes are
depicted in addition to the entire group. tCr (a), GA/tCr (b), tNAA/tCr (¢),
Cho/tCr (d). contr: controls, low/high: low/high excretors, high_s/c: high
excretors without and with white matter changes, </>36: younger and
older age groups

Basal ganglia

In younger patients tNAA/tCr was reduced in the low excretor
due to a non-significant increase of tCr and decrease of tNAA,
and it was mildly, non-significantly reduced in high excretors. In
older patients tCr was significantly increased in low excretors
with a concurrent decrease of tINAA/tCr and mildly increased in
high excretors. There was no correlation with lysine intake. No
differences of other standard metabolites were observed.

Discussion

The aim of this study was to systematically evaluate brain me-
tabolism in patients with GA1 using "H-MRS. The major results
are that (1) the disease-related metabolites GA and 3-OH-GA
can be detected in treated patients in vivo and that (2) metabolic
patterns differ depending on biochemical phenotype and age.

In vivo detection of GA, the name-giving metabolite of GA1

In GA1, GA and 3-OH-GA accumulate within the brain due to
deficiency of GCDH and limited efflux of dicarboxylic acids
across the blood-brain-barrier. Their concentrations exceed
serum values 10- to 1000-fold (Sauer et al 2010). Intracere-
brally accumulating GA and 3-OH-GA appear to be central
for pathogenesis: Data point to neurotoxicity via synergistic
effects of disrupted mitochondrial energy homeostasis,
excitotoxicity, and increased susceptibility to oxidative stress.
Neuronal apoptosis and oligodendrocyte damage secondary to
astrocytosis have further been reported as well as injury of
immature oligodendroglial precursor cells by GA and 3-OH-
GA (Kolker et al 2004; Sauer et al 2005; Stellmer et al 2007,
Zinnanti et al 2007; Lamp et al 2011; Olivera-Bravo et al
2011, 2014; Seminotti et al 2013; Gerstner et al 2005). Com-
bined metabolic treatment with low lysine diet, carnitine sup-
plementation, and carbohydrate-rich emergency treatment
during catabolic state aims to reduce accumulation of GA
and 3-OH-GA which has dramatically improved the neurolog-
ical outcome (Heringer et al 2010; Kolker et al 2011). Moni-
toring by following serum/urine values is not reliable and as
yet no reliable biomarker for biochemical follow-up monitor-
ing or for predicting the disease course has been identified
(Kolker et al 2011). We hypothesized that "H-MRS might
allow detection of the disease-related and neurotoxic

metabolites GA and 3-OH-GA, furthering our understanding
of GAl and finally allowing biochemical follow-up
monitoring.

Our results show that increased GA can be detected in vivo
in GA1 within certain limitations. As expected for a metabo-
lite with complex resonances overlapping resonances of other,
much more highly concentrated metabolites, GA was fitted at
low level in controls. This level was used as reference for
comparison. Sensitivity was further limited by large variabil-
ity of fitting of individual spectra and even in summed spectra
of groups Cramer-Rao lower bounds were still approximately
60 %. Nevertheless, higher mean values of selected groups
suggested that indeed concentrations were elevated and results
of summed spectra were consistent with this. Detection could
in future be enhanced by higher field strength, a larger VOI for
higher SNR (e.g., supraventricular 30x30x40 mm containing
white matter and cortex), or edited spectroscopy as used for
in vivo detection of 2-OH-GA in glioma (Choi et al 2013).

We found significantly increased GA in patients’ white mat-
ter, but not basal ganglia, which is most likely at least partially
due to the latter’s higher iron content and consecutively less
favorable spectroscopy conditions. Elevated white matter GA
is consistent with postmortem (Goodman et al 1977; Leibel
et al 1980; Kolker et al 2003; Funk et al 2005), biopsy (Kiilkens
et al 2005), and mouse model (Sauer et al 2006) findings. These
have demonstrated elevated GA and 3-OH-GA throughout the
brain with 3-OH-GA apparently not elevated to the same degree
as GA (Funk et al 2005; Kiilkens et al 2005; Sauer et al 2000).

Patients with GA tend to increase their daily lysine intake after
age 5-6 years (Boy et al 2013). Why some patients develop
white matter changes with myelin splitting on histopathology
(Bergman et al 1989; Soffer et al 1992) is not known. Intriguing-
ly 3-OH-GA concentrations were highest in this group. Normally
intramyelinic edema leading to myelin splitting is prevented by
rapid siphoning and dispersion of potassium released on neural
activity. This occurs via the panglial syncytium and is driven by
electrical and osmotic gradients (Rash 2010). In GA1 flux
through the citric acid cycle is reduced due to direct inhibition
of 2-oxoglutarate dehydrogenase complex by glutaryl-CoA
(Sauer et al 2005) and reduced uptake of anaplerotic substrates
with higher GA and 3-OH-GA (Lamp et al 2011). A large and
long-standing elevation of GA and 3-OH-GA might therefore
result in chronically lower ATP generation for neuronal Na'/
K"-ATPases and consequently slightly lower transmembrane po-
tential and increased paranodal K. This in turn might lead to
overburdening of the siphoning system and decreased driving
forces resulting in white matter changes.

Spectroscopic correlates of structural and maturational
changes in GA1

While disease-related metabolites have not previously been
investigated in GA1, there are reports on metabolite
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alterations related to assumed structural changes and the pres-
ence of lactate in a total of thirteen patients (Bahr et al 2002;
Bodamer et al 2004; Elster 2004; Kurul et al 2004; Oguz et al
2005; Santos and Roach 2005; Sijens et al 2006; Sonmez et al
2007; Pérez-Duenas et al 2009; Cakmakci et al 2010)
(Suppl.Table 1). In contrast to the reported cases our cohort
of treated, metabolically stable patients without acute enceph-
alopathic crisis was clinically homogeneous and the biochem-
ical phenotype was known. We could therefore investigate
alterations related to age, biochemical phenotype, and coexis-
tent MRI changes. We realize that in spite of presenting the
largest cohort of GA1 patients examined with spectroscopy so
far, our results are still limited by the small number of patients
in subgroups.

While different patterns were observed for white matter,
basal ganglia changes in our patients were sparse: Increased
tCr and decreased tNAA suggest slight astrogliosis and are
consistent with reported patients without acute encephalo-
pathic crisis (Béhr et al 2002; Oguz et al 2005; Sonmez
et al 2007).

White matter in younger patients was statistically normal
with mildly lower tNAA and without clear differences be-
tween high and low excretors. As tNAA normally increases
after birth (Kreis et al 1993; Pouwels et al 1999) the mildly
subnormal tNAA might be either evidence of retarded matu-
ration, as suggested by delayed myelination on MRI, or of
early white matter alterations. Elevated white matter Cho/Cr
in two of three reported children up to 37 months (Kurul et al
2004; Cakmakei et al 2010) might reflect the more severe
disease course in these two untreated children with striatal
lesions.

White matter of older low excretors, similar to youn-
ger ones, was statistically normal. By contrast tNAA
was significantly decreased in older high excretors indi-
cating progressive neuroaxonal impairment and/or loss.
Values did not clearly differ between high excretors
with and without white matter changes. Other metabolic
changes in high excretors were clearly related to coex-
istent white matter changes, namely the reduction of tCr
and increase of Cho as well as the increase of Gln.
While reduction of tCr in high excretors with white
matter changes is consistent with the myelin splitting
observed on histopathology (Bergman et al 1989; Soffer
et al 1992), the elevated Cho suggests additional, most
likely secondary, low grade demyelination in long stand-
ing GAL.

The increase of Asp in older patients without white matter
changes is puzzling. Since Asp is formed from oxaloacetate,
high Asp indicates a good flux through the citric acid cycle.
This is consistent with lower GA and consecutively less im-
pairment of the citric acid cycle. Being moreover a constituent
of NAA, a potential donor of acetyl-CoA in brain lipid syn-
thesis, there might be a link to myelination and myelin
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maintenance (D’Adamo et al 1968; Chakraborty et al 2001).
Whether or not there is a link between increased Asp, near
normal NAA, and absence of white matter changes is open to
speculation.

Different metabolic profiles in high and low excretors

As yet, there is no known correlation between the biochemical
phenotype, namely high or low excretors, and clinical pheno-
type. High and low excretors differ by GA excretion (>/
<100 mmol GA/mol creatinine (Baric et al 1999)) and com-
plete loss of GCDH activity in high excretors vs. <30 % re-
sidual activity in low excretors (Kolker et al 2006, b). During
the critical time for acute encephalopathic crises, e.g., until the
age of six years, the frequency of dystonia, acute encephalo-
pathic crises, and of morbidity is similar in both groups. As
generalized dystonia is the predominant clinical feature
(Gitiaux et al 2008) in older symptomatic patients and gener-
ally remains stable for many years, it is not surprising that no
clinical difference has been reported for older patients. By
contrast, brain metabolic profiles apparently differ: While
low excretors were statistically normal, GA was significantly
increased in high excretors, which fits well with the differing
enzyme (in)activity. Elevated 3-OH-GA together with high
GA in older high excretors with white matter changes is con-
sistent with increased 3-OH-GA and GA as risk factors for the
development of white matter changes, although we can ex-
clude neither pooling in altered white matter nor additional
factors. Moreover high excretors had significantly reduced
tNAA, which was similar in subgroups with and without
white matter changes. Our results therefore imply that — in
spite of the similar clinical course in younger patients — a
high excreting biochemical phenotype is a risk factor for over-
all lower neuronal marker tNAA and greater accumulation of
GA as well as the development of white matter changes asso-
ciated with and potentially caused by elevated 3-OH-GA and
GA in a subgroup of high excretors.

To summarize, we have shown that '"H-MRS can detect the
neurotoxic metabolites GA and 3-OH-GA in white matter of
treated GA1 patients. '"H-MRS might therefore finally present
a tool for intracerebral monitoring of metabolic maintenance
treatment and its efficacy in reducing the accumulation of GA
and 3-OH-GA in the brain.

Our results indicate that a high excreting phenotype is a risk
factor for GA accumulation and progressive neuroaxonal
compromise despite the similar clinical course in younger
high and low excreting patients. This might have conse-
quences for the long-term outcome and should be carefully
evaluated in follow-up studies. '"H-MRS in signal-altered
white matter of older patients suggests additional low grade
demyelination in addition to tissue rarefaction and myelin
splitting known from histopathology.
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