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BACKGROUND AND PURPOSE: Brain creatine (Cr) deficiencies (BCr-d) are rare disorders of creatine
biosynthesis and transport. We performed consecutive measures of total Cr (tCr) and of its phosphor-
ylated fraction, phosphocreatine (PCr), in the brains of children affected by Cr synthesis defects during
a long period of therapy. The aim was to identify the optimal treatment strategy for these disorders.

MATERIALS AND METHODS: Two patients with guanidinoacetate methyltransferase defect (GAMT-d)
were treated with different amounts of Cr and with diet restrictions aimed at reducing endogenous
guanidinoacetate (GAA) synthesis. Three patients with arginine:glycine amidinotransferase defect
(AGAT-d) were treated with different Cr intakes. The patients’ treatments were monitored by means
of 1H- and 31P-MR spectroscopy.

RESULTS: Cr and PCr replenishment was lower in GAMT-d than in AGAT-d even when GAMT-d
therapy was carried out with a very high Cr intake. Cr and especially PCr replenishment became more
efficient only when GAA blood values were reduced. Adenosine triphosphate (ATP) was increased in
the baseline phosphorous spectrum of GAMT-d, and it returned to a normal value with treatment. Brain
pH and brain Pi showed no significant change in the AGAT-d syndrome and at any Cr intake. However,
1 of the 2 GAMT-d patients manifested a lower brain pH level while consuming the GAA-lowering diet.

CONCLUSIONS: AGAT-d treatment needs lower Cr intake than GAMT-d. Cr supplementation in
GAMT-d treatment should include diet restrictions aimed at reducing GAA concentration in body fluids.
1H- and especially 31P-MR spectroscopy are the ideal tools for monitoring the therapy response to
these disorders.

Brain creatine (Cr) deficiencies (BCr-d) are inborn disor-
ders of Cr biosynthesis and Cr transport discovered over

the last 10 years and first revealed by proton spectroscopy
(1H-MR spectroscopy [1H-MRS]).1 Following the metabolic
pathway of creatine (Fig 1), 2 different groups of disorders
may result in the brain creatine depletion: disorders deriving
from de novo Cr biosynthesis defect and disorders of Cr trans-
port at the level of the blood-brain barrier.

The first group includes the enzymatic defects of arginine:
glycine amidinotransferase (AGAT-d)2,3 and of guanidinoac-
etate methyltransferase (GAMT-d),1,4-10 which are the first 2
steps in Cr synthesis. These patients have a systemic depletion
of Cr, but in GAMT-d, there is a concomitant endogenous
overproduction of guanidinoacetate (GAA), a guanidine com-
pound known for its neurotoxic action11 and its epileptogenic
potential.12,13 On the other hand, patients with Cr transport
disorder (CT1-d) have normal Cr levels in the body fluids
accompanied by an increased creatine-creatinine urinary ex-
cretion.14-17 The common clinical aspect of BCr-d is develop-
mental delay, mental retardation, and a prominent distur-

bance of cognitive and expressive speech. Some patients with
GAMT-d may have intractable epilepsy and extrapyramidal
movement disorders, probably related to GAA accumulation
in tissues and body fluids.18-20 MR imaging of the brain in
GAMT-d reveals either pallidum hyperintensity on T2-
weighted images,1,6,8 myelination delay,9 or no MR imaging
changes9,10; posterior periventricular white matter T2-
weighted hyperintensity or brain atrophy are described in
some CT1-d cases16 whereas MR imaging is normal in chil-
dren with AGAT-d.21 Inheritance of AGAT-d and of GAMT-d
is autosomal recessive,2,22 whereas CT1-d is X-linked.23

Consecutive 1H-MRS studies have demonstrated that Cr
depletion, under Cr oral administration, is reversible in
GAMT-d and AGAT-d but irreversible in CT1-d. In the index
case of a male patient with GAMT-d, therapy was monitored
over 26 months; the authors demonstrated a 75%–90% re-
plenishment of Cr in the brain with a biphasic trend.4 Then, 2
sisters with AGAT-d were monitored for 16 months, and a
progressive increase in brain Cr, up to 90%–100% of the nor-
mal brain Cr concentration, was measured.21

The brain and muscle metabolism is characterized by a
high and fluctuating energy demand, where phosphocreatine
(PCr) plays the important role of a temporal and spatial buffer
for ATP cellular homeostasis. Therefore, the metabolic and
clinical improvement recorded in these patients with Cr as-
sumption is most likely related to the degree of PCr recovery.24

Brain PCr can be measured in vivo only by 31P-MRS; so far,
no studies have been carried out to determine how substitu-
tion therapy of BCr-d increases the Cr pool stored in the form
of PCr through the creatine kinase (CK) system reaction.

In this study, we measured, by 1H- and 31P-spectroscopy,
the time-course of brain total Cr (tCr) and PCr restoration in
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children with GAMT-d and in children with AGAT-d. MRS
measurements were taken during a long period of therapy per-
formed with different Cr intakes and, in the GAMT-d patients,
with a diet aimed at lowering GAA endogenous synthesis.

Because treatment of these disorders relies upon lifelong Cr
ingestion, this study aimed at identifying the minimum
amount of Cr necessary for these children. Another purpose of
this work was to assess whether brain tCr might affect the rate
of the brain’s CK reaction and thus the total amount of brain
PCr.

Materials and Methods
Patients and Control Subjects. The study group included 2 chil-

dren with GAMT-d (patients 1 and 2) and 3 children with AGAT-d

(patients 3, 4, and 5). Four of them have been described previously. In

particular, patient 1 was diagnosed at the age of 4 by brain 1H-MRS.8

Diagnosis of patient 2, a 12-year-old girl, was based on biochemical

abnormalities (increased GAA in blood and urine).25 The children

with AGAT-d were 3 members of the same family, 2 sisters (patients 3

and 4) and 1 male cousin (patient 5), diagnosed by brain 1H-

MRS.2,3,21 Table 1 summarizes the clinical presentation and genetic

and MR imaging features of the patients.

The control subjects were healthy volunteers, children of the local

staff (n � 10; 3 boys and 7 girls; age range, 7–14 years).

MR Spectroscopy. MRS studies were performed with a 1.5T clin-

ical scanner (Signa Horizon LX 1.5; GE Healthcare, Milwaukee, Wis).
1H-MRS was acquired by using a standard quadrature head coil and a

single-voxel point-resolved spectroscopy sequence (TE, 35 ms; TR, 2

seconds; 128 averages on a volume of interest [VOI] of 3.4 mL placed

in the parietal cortical gray matter).
31P-MRS was performed in the same session and with the same

MR system operating at 25.86 MHz. Data were collected with a sur-

face flexible spectroscopy coil placed around the head at its maximum

diameter, applying a hard pulse. The spectral width was 2500 Hz, and

1024 complex data points were sampled with a TR of 4 seconds and a

flip angle of 60° for a total of 128 averages.

Signal Intensity Analysis. Total brain Cr was measured by single-

voxel 1H-MRS in terms of absolute concentration, expressed in mil-

limoles per liter VOI using the LCModel.26 A further calibration by a

phantom containing 50 mmol/L of NAA was performed before each

session to check calibration factors and system stability. Phosphocre-

atine and the other high-energy phosphates such as inorganic phos-

phate (Pi) and nucleoside triphosphates (�-ATP, �-ATP, and �-ATP)

were measured in terms of a ratio with respect to the phosphodiester

signal intensity (PDE). The PDE signal intensity was chosen as an

internal reference because this metabolite is not included in any

known metabolic circuit in cellular ATP production. The same me-

tabolite was also chosen for the spectral frequency offset registration

because its resonance frequency is not affected by the chemical-shift

phenomena related to possible pH variations. The spectra were pro-

cessed with zero-order phase correction, zero filling to 4048 points,

and spectral apodization with a Gaussian line-broadening at 8 Hz.27

The intraindividual reliability upon re-examination of each patient

(in term of variance �2
intra)28 was in the range of 2%– 4% for 1H-MRS

Fig 1. Metabolic pathway of creatine/phosphocreatine.

Table 1: Presentation of the patients

Patients
(Age of diagnosis) Clinical Presentation MRI Mutation
1. GAMT-d

(4 years)
Psychomotor delay with absence of speech; mild

hypotonia; dyskinetic movements; drug resistant
seizures

Bilateral pallidal alterations c.491insG/IVS5–3C�G

2. GAMT-d
(12 years)

Mental retardation; partial seizures; autism-like
behavior Normal L197P/L197P

3. AGAT-d
(6 years)

Mental retardation; behavioral disorders; absence of
speech; reduced somatic growth and
microcephalia

Normal W149X/W149X

4. AGAT-d
(4 years)

Mental retardation; behavioral disorders; absence of
speech; reduced somatic growth and
microcephalia

Normal W149X/W149X

5. AGAT-d
(2 years)

Psychomotor delay; absence of language; behavioral
disorders. Normal W149X/W149X

Note:—GAMT-d indicates guanidinoacetate methyltransferase defect; AGAT-d, arginine:glycine amidinotransferase defect.
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(measured on NAA) and in the range of 3%–5% for 31P-MRS (mea-

sured on phosphomonoester [PME]/PDE ratio).

Treatment Protocols and MRS Laboratory Monitoring. This

study protocol was approved by the Ethical Committee of the Stella

Maris Scientific Institute and informed consent was obtained from

the children’ parents.

In patient 1 with GAMT-d, 1H-/31P-MRS measurements were re-

corded after a 1-year treatment with Cr supplementation at 800

mg/kg of body weight (bw)/day; after 2 years, while consuming Cr at

400 mg/kg/bw/day and ornithine (Orn; 100 mg/kg/bw/day), and then

after another year of a diet that also included arginine (Arg) restric-

tion (45 mg/kg/bw/day).

Patient 2 with GAMT-d was examined at the baseline and after 8

months of treatment including Cr (400 mg/kg/bw/day), and Orn (100

mg/kg/bw/day) intake, as well as protein and Arg restriction (1 g/kg/

bw/day and 15 mg/kg/bw/day, respectively).

The 3 patients with AGAT-d were supplied with 400 mg/kg/bw/

day of Cr during the first 2 years of evaluation, and the time course of

brain Cr replenishment of this period was monitored only by 1H-

MRS.21 To evaluate brain PCr and brain tCr in a baseline condition

and under therapy, Cr supplementation in these children was then

ceased for 3 months and re-introduced at 400 mg/kg/bw/day for a

6-month period followed by a 200 mg/kg for another 6 months. 1H-

and 31P-MRS were performed at the end of the washout therapy (and

are therefore considered the baseline evaluation) after 3 and 6 months

of 400 mg/kg/bw/day Cr reintake and after 3 and 6 months of 200

mg/kg/ bw/day Cr intake.

Creatine monohydrate was used in these studies and the total daily

amount of Cr was administered in 5 single dosages regularly distrib-

uted throughout the day. Plasmatic Cr levels were assessed at the time

of each MRS session to confirm the Cr fluctuations expected in re-

sponse to the Cr regimen applied. Blood GAA concentration was

measured using the reversed phase-high-performance liquid chro-

matography analysis,29 and it was computed as the median value of

consecutive measurements performed over each period of therapy

changes.

Results
MRS and laboratory measurements of each patient and of nor-
mal subjects are reported in Table 2. The patients assumed the
prescribed amount of Cr regularly because the plasmatic mod-
ifications observed during the study were proportionate to the
protocols adopted. No negative effects were observed during
the period of Cr discontinuation in AGAT-d patients.

Patients with GAMT-d. Brain Cr before therapy in patient
1 was undetectable and blood GAA level was markedly ele-
vated (18.6 �mol/L; normal value [n.v.], 0.86 � 0.27). After a
1-year supplementation with 800 mg tCr increased to 3.86
mmol/L (88% of the normal level), PCr/PDE ratio was 1.03
(74% of the normal level) and blood GAA concentration was
11.4 �mol/L. As Cr administration was reduced to 400 mg/kg/
bw/day and Orn was added, tCr and PCr decreased to 3.10
mmol/L and 0.91, respectively (71% and 65% of the normal
level), and blood GAA was 11.1 �mol/L. When a further argi-
nine and protein restriction was included, tCr and PCr in-
creased to 3.31 mmol/L and 1.19 (76% and 85%), whereas
GAA blood values decreased to 7.9 �mol/L (Fig 3A).

The brain Cr of patient 2 rose after 8 months of therapy
from 0.93 to 3.76 mmol/L. The basal 1H-MRS study showed
a signal intensity at 3.8 ppm (Fig 2A) and the basal 31P-MRS
study detected a peak shift of � � �0.5 ppm, which, on the
basis of previous reports1,5,30-32 were respectively inter-
preted as brain accumulation of GAA (at 3.8 ppm) and of its
phosphate form, GAA-P (at �0.5 ppm) (Fig 2B). In the
posttreatment control, the PCr/PDE ratio was restored to
1.02 (73% of the normal level). The basal GAA blood con-
centration was 40.3 �mol/L, and it declined to 7.4 �mol/L
after treatment. In this patient, ATP signals were markedly
increased at the baseline 31P-MRS acquisition (ATP/PDE,
0.80; n.v., 0.64 � 0.06) (Fig 2B) and normalized in the
control (Fig 2D). In the GAMT-d boy, 31P-MRS was not
performed at the baseline, and the ATP signal intensity was

Table 2: Laboratory and MRS measurements of the patients and of the control subjects

Patients
Cr per Os

(mg/kg/bw/day)
Plasmatic Cr

(�mol/L)
Plasmatic GAA

(�mol/L)
Brain Cr
(mmol/L) PCr/PDE Pi/PDE ATP/PDE pH

GAMT-d
Patient 1 800 487 11.4 3.86 1.03 0.76 0.58 7.22

400* 598 11.1 3.10 0.91 0.75 0.59 6.85
400** 512 7.9 3.31 1.19 0.70 0.65 7.43

Patient 2 0 24 40.3 0.93 0.37† 0.72 0.80 7.08
400** 431 7.4 3.76 1.02 0.78 0.57 6.75

AGAT-d
Patient 3 0 6 1.10 0.73 0.84 0.63 7.31

400 776 3.87 1.24 0.85 0.61 7.21
200 203 3.65 1.19 0.82 0.70 7.20

Patient 4 0 6 1.05 0.76 0.87 0.64 7.31
400 588 4.00 1.49 0.90 0.65 7.17
200 178 3.85 1.15 0.81 0.77 7.36

Patient 5 0 8 1.33 0.76 0.87 0.64 7.22
400 283 3.99 1.32 0.87 0.64 7.04
200 93 3.52 0.83 0.76 0.62 7.54
300 246 3.61 0.93 0.77 0.54 7.22

Reference values n.v. � SD 64 � 14 1.48 � 0.51 4.37 � 0.44 1.40 � 0.14 0.87 � 0.08 0.64 � 0.06 7.15 � 0.12

Note:—Os indicates oral intake; Cr, creatine; bw, body weight; GAA, guanidinoacetate; PCr, phosphocreatine; PDE, phosphodiester; Pi, inorganic phosphate; GAMT-d indicates
guanidinoacetate methyltransferase defect; AGAT-d, arginine:glycine amidinotransferase defect; n.v., normal value.
* Coupled with ornithine supplementation.
** Coupled with ornithine supplementation and arginine restriction.
† Resonance frequency of this signal was at �0.5 ppm and was assigned to GAA-P.
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measured with the spectra obtained under therapy and was
normal.

Patients with AGAT-d. 1H- and 31P-MRS studies per-
formed after the 3-month period of Cr washout revealed sim-
ilar tCr and PCr measurements in the patients with AGAT-d
(Table 2). In fact, tCr and PCr significantly increased after Cr
supplementation, with no difference between administration
at 400 and 200 mg/kg/bw/day (Fig. 3B). However, an unex-
pected drop in the PCr/PDE ratio from 1.32 to 0.83 was de-
tected in patient 5 when the Cr was cut down to 200 mg/kg/
bw/day (Fig. 3C).

The Pi, ATP, and pH of the brain were stable and within
normal values in AGAT patients during all the above men-
tioned treatments.

Discussion
The normal human requirement of Cr is approximately 2 to 3
g/day and this comes from food and endogenous synthesis
(Fig 1).24 Blood Cr is taken up by brain via the Cr transport, a
saturable sodium and chloride active process33 and converted
into PCr in a reversible reaction catalyzed by 1 of the 5 CK
isoenzymes that are heterogeneously distributed throughout
the brain.34,35

Brain Cr deficiencies are rare neurometabolic syndromes.
So far, 20 patients from different families with GAMT-d have
been reported, whereas only 1 family with 3 AGAT-d affected
children has been identified.

The clinical picture in GAMT-d is more severe than in
AGAT-d, because it includes not only mental retardation and

Fig 2. Single-voxel proton spectroscopy (1H-MRS) and whole-brain phosphorous spectroscopy (31P-MRS) of patient 2, before (A and B ) and after (C and D ) 6 months of therapy with Cr
at 400 mg/kg/bw/day and guanidinoacetate (GAA)-lowering diet restrictions.

The baseline studies demonstrate, besides a strong reduction of tCr and PCr peaks, an abnormal peak of guanidinoacetate (GAA) at 3.8 ppm on proton spectrum (A), of GAA-phosphate
(GAA-P) at �0.5 ppm on phosphorous spectrum (B ), and a high level of brain ATP. In contrast, in the on-therapy spectra, the GAA and GAA-P peak are not resolved, ATP turns to normal
but there is an incomplete recovery of the tCr and PCr signal intensity.
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speech impairment (as in AGAT-d) but also epilepsy and ex-
trapyramidal disorders.

Both defects lead to the depletion of Cr and PCr, but in
GAMT-d, GAA accumulates in excess levels in body fluids and
brain. There is a large amount of evidence suggesting that GAA
is chiefly responsible for epilepsy and extrapyramidal disor-
ders.11-13,20 In addition, GAA is a Cr analog and therefore acts
as a Cr agonist both at the level of the brain Cr transport
system and that of the CK phosphorylation system.24,33,36

The values of the cerebral tCr and PCr we have recorded by
spectroscopy in our patients are in line with the above-men-
tioned biochemical considerations. The level of Cr and PCr
rose to 90% of normal when the 3 AGAT-d children were
supplemented with a Cr intake of 400 mg/kg/bw/day. On the
other hand, the male patient with GAMT-d treated with the
same amount of Cr showed lower levels of brain tCr and PCr,
corresponding to 71% and 65% of the mean normal values,

respectively. Figure 4 compares tCr and PCr values of
GAMT-d (patient 1 initially treated with mere Cr and then
with Cr plus Orn) and of AGAT-d (patient 5). It reveals the
discrepancy in PCr restoration from one syndrome to another
and therefore illustrates the difference in CK system efficacy
expressed, as a raw measure, by the angular coefficient (b) of
the fitting line. At the beginning of the study, our MR system
was not equipped with the coil and software required for 31P-
MRS acquisition; therefore, in this comparison, the baseline
PCr measure is missing in patient 1. Despite this bias, the
resulting line slopes clearly suggest that the tCr and PCr are
lower in GAMT-d than in AGAT-d, and that the rate of Cr
phosphorylation is related to the cytosolic concentration of Cr
in both defects. An amelioration of PCr in patient 1 was
achieved only when there was an Arg restriction in the diet,
which in turn determined a decrease in the blood GAA con-
centration. A satisfying brain PCr increase and blood GAA

Fig 3. Total Cr (right axis, empty dot) and PCr (left axis, solid square) modifications recorded in patients 1 (A ), 3 (B ), and 5 (C ) with different Cr daily amounts. Normative data in the bars
are presented as mean � SD.

Fig 4. AGAT-d versus GAMT-d CK reaction rate evaluation.
The angular coefficient (b value) of the fitting lines is an
index of the CK system efficacy (b [pt 1] � 0.16 and b [pt 5]
� 1.04). The CK system is down-regulated in GAMT-d (pt 1)
with respect to AGAT-d (pt 5) because PCr remains low even
when tCr availability is almost 90% of normal. These mea-
sures were recorded when patient 1 was treated only with
Cr.
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decrease were immediately obtained in the other GAMT-d
patient, who followed a diet with Cr intake and protein restric-
tion aimed at reducing the synthesis of GAA from the
beginning.

Phosphorous spectra measurements of the latter depicted
an increase of the 3 nucleoside triphosphate signals, especially
of the �-ATP peak (Fig 2B), the triplet at 16.26 ppm whose
signal intensity contribution is related only to ATP nucleo-
sides,27 which normalized after therapy and with PCr restora-
tion (Fig 2D). This same signal intensity abnormality is also
revealed in the spectral profiles published by Schulze et al5 and
by Renema et al,31 who performed brain 31P-MRS in a patient
with GAMT-d and in a gene knockout GAMT-d mouse
model, respectively, though no comment was provided by any
of the authors.

Because ATP signal intensity normalizes with PCr recov-
ery, we can speculate that the lack of Cr would shift the kinetics
of the CK reaction (ATP � Cr7ADP � PCr) toward the left,
producing an accumulation of free ATP molecules. 31P-MRS
also showed a signal intensity shift of �0.5 ppm with respect to
the 0-ppm assignment of PCr (ie, the frequency commonly
related to the phosphorylated fraction of GAA [GAA-P]),
whereas 1H-MRS revealed a small GAA signal intensity at 3.8
ppm that is difficult to resolve because it occurs in a spectral
area with several overlapping resonances.30-32 Brain GAA and
GAA-P value discrepancies have already been found in 2
GAMT-d patients by Schulze et al5,10 and in the mouse model
for GAMT-d.31 These data could support the hypothesis of a
prevalence of GAA-P fraction over the total GAA, confirming
the competitive and injurious effect of GAA on the CK
function.

The 31P-MRS signal acquisition and analysis technique
used in this study may harbor some potential sources of errors
related to scalp/muscle voxel contamination and to the ab-
sence of external phosphorus reference for absolute PCr quan-
tification. Estimations of the volume of extracranial tissue rel-
ative to that of the brain within a volume such as the one we
used have given evidence of brain spectra with extremely low
contamination from other tissues.37,38 In addition, because
this potential error of the signal amplitude is maintained un-
changed in the consecutive studies concerning each and every
patient, the results should not be affected in any way. The
drawback of the absence of the external phosphorus reference
was addressed using the PDE signal as internal reference. This
metabolite is not included in any known metabolic circuit of
ATP production and its frequency is not affected by chemical-
shift phenomena. The PDE ratios of all the other metabolites
(ie, Pi and PME) turned out to be stable in all the consecutive
measurements and patients. The latter has also been useful as
control measure for problems due to noise related to technical
factors in surface coil loading or in signal gain attenuation.

According to our MRS results, Cr intake was fixed as 200
mg/kg/day for the 2 sisters with AGAT-d and 400 mg/kg/day
for both patients with GAMT-d. Because of the PCr drop de-
tected with Cr supplementation at 200 mg, the male patient
with AGAT-d was supplemented with 300 mg/kg/day and af-
ter 6 months of this regimen, the tCr and PCr attained 84%
and 64% of the normal level, respectively.

Oral supplementation of Cr had beneficial effects on the
clinical evolution of our patients. Indeed, the extrapyramidal

signs and seizures disappeared in the patients with GAMT-d;
however, they remained severely retarded. In the patients with
AGAT-d, clinical improvement was more remarkable because
patients learned to speak, and their autism-like behavior
faded, though they still show a mild mental retardation. The
favorable outcome of AGAT defect has only been demon-
strated in this small cohort of patients coming from the same
family and therefore sharing identical AGAT mutation. It is
possible that other AGAT-d patients do not respond similarly
when supplemented with Cr. These children increased in body
weight over the 6-year period of this study. Indeed the body
mass index (BMI) of the 2 sisters went from 13.7 to 29.55 and
from 12.17 to 25.42, and the boy increased from 15.22 to 24.10
(BMI n.v. 18 –25). This weight gain, however, could depend
on genetic and/or environmental factors.

Our AGAT-d patients are thus far the only ones reported,
and it is known that their treatment requires a life-long inges-
tion of Cr. Because some adverse effects of long-term Cr ad-
ministration have been reported,39-41 the primary objective of
this study was to identify the minimum amount of Cr neces-
sary for this treatment to be effective. Therefore, should any
concern arise on our decision of suspending the treatment for
a 3-month period, the reduction of the initial Cr dosage, sup-
ported by the results of this study, could act as a justification.
Moreover, this protocol was carried out under clinical moni-
toring, and no complications were reported.

This is the first comparative study of the GAMT and AGAT
defect performed with 1H- and 31P-MRS of the brain, before
and during treatment. In this study, we have provided the “in
vivo” demonstration of the Cr-competitive action of GAA in
the brain by measuring PCr fluctuations correlated to the dif-
ferent therapeutic strategies.

Conclusion
AGAT-d shows milder clinical symptoms than GAMT-d, and
its long-term therapy may be carried out with lower Cr admin-
istration than that suggested for GAMT-d. The combined ef-
fect of Cr deficiency and GAA accumulation might be respon-
sible for the more severe phenotype of GAMT-d. Therefore, in
addition to the Cr intake, a dietary treatment to achieve reduc-
tion of GAA endogenous synthesis is recommended. This is
supported by our demonstration that after the reduction of
blood GAA, there is a better brain PCr restoration. PCr is
essential for ATP cellular homeostasis and, because GAA
might interfere on the CK reaction, slowing down brain PCr
synthesis, we suggest 31P-MRS as the ideal tool for treatment
monitoring, especially in GAMT-d.
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