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Purpose: To determine cerebral glutamate turnover rate in partial—
ornithine transcarbamylase deficiency (OTCD) patients by
using carbon 13 ('>C) magnetic resonance (MR) spectros-

copy.
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Materials and The study was performed with approval of the institutional
Methods: review board, in compliance with HIPAA regulations, and
with written informed consent of the subjects. MR imag-
ing, hydrogen 1 (*H) MR spectroscopy, and '*C MR spec-
troscopy were performed at 1.5 T in 10 subjects, six pa-
tients with OTCD and four healthy control subjects, who
were in stable condition. Each received intravenous '*C-
glucose (0.2 g/kg), Cl or C2 position, as a 15-minute
bolus. Cerebral metabolites were determined with proton
decoupling in a parieto-occipital region (n = 9) and with-
out proton decoupling in a frontal region (n = 1) during
60-120 minutes.

Results: Uptake and removal of cerebral glucose ([1-'2>C]-glucose
or [2-'3C]-glucose) were comparable in healthy control
subjects and subjects with OTCD (P = .1). Glucose C1 was
metabolized to glutamate C4 and glucose C2 was metabo-
lized to glutamate C5 at comparable rates, both of which
were significantly reduced in OTCD (combined, P = .04).
No significant differences in glutamine formation were
found in subjects with OTCD (P = .1). [2-'3C]-glucose
and its metabolic products were observed in anterior cin-
gulate gyrus without proton decoupling in one subject with
OTCD.

Conclusion: Treatments that improve cerebral glucose metabolism and
glutamate neurotransmission may improve neurologic out-
come in patients with OTCD, in whom prevention and
treatment of hyperammonemic episodes appear to be in-
sufficient.
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he urea cycle disorders (UCDs) are

a common group of inborn errors of

metabolism (1,2). Syndromes in-
volving deficiencies of five urea cycle en-
zymes and three cofactors and transport-
ers have been described (3-5). The only
X-linked disorder is ornithine transcar-
bamylase deficiency (OTCD), which has
an estimated incidence of 1 in 14 000 (6).
More than 240 mutations have been iden-
tified in the ornithine carbamoyltrans-
ferase gene, OTC (7). Up to 60% of hemi-
zygous males have a mutation involving
the enzyme-active site that manifests with
hyperammonemic (HA) coma in the new-
born (8,9). The remaining 40% demon-
strate peripheral mutations in the gene, and
onset of symptoms is present later in life,
with a less severe phenotype. However,
even these patients show substantial neuro-
logic deficits (10).

Approximately 85% of heterozygous
female carriers are asymptomatic on the
basis of clinical history. The remainder
may manifest behavioral aberrations and
learning disabilities, protein intolerance,
cyclical vomiting, strokelike episodes,
and HA coma (11-14). Specific neurocog-
nitive deficits exist in these patients (15).
Despite average 1Q scores, they display a
neurobehavioral phenotype character-
ized by a nonverbal learning disability,
associated with white matter dysfunction.
Although several theories exist, it is not
well understood how HA disrupts brain
function. It is clear that HA coma in neo-
natal-onset UCDs is associated with se-
vere brain injury. Approximately half of
affected infants die of cerebral edema;
moreover, those who survive 3 days or
more of coma invariably have an intellec-
tual disability (9). In children with partial
defects, an association between the num-
ber and severity of recurrent HA episodes
(ie, with or without coma) and subse-
quent cognitive and neurologic deficits

Advances in Knowledge

B Reduced glutamate neurotrans-
mission was documented in orni-
thine transcarbamylase deficiency
(OTCD) patients.

m Feasibility of '*C MR spectros-
copy in frontal brain structures
was demonstrated.

does exist (10). What is less clear is the
effect of milder or subclinical HA episodes
on the brain.

With the use of proton (hydrogen 1
['H]) magnetic resonance (MR) spectros-
copy, we identified potential biomarkers
of neurologic injury in a cross-sectional
population of patients with partial OTCD,
both symptomatic and asymptomatic,
and in these patients, many had experi-
enced a clinical event of HA several years
prior to inclusion in this study (16). Thus,
we provided evidence that even heterozy-
gous subjects with asymptomatic OTCD
may sustain subtle biochemical changes,
white matter alterations, and associated
cognitive deficits. UCDs are believed to
impair neurotransmission. Most synapses
in the central nervous system use gluta-
mate as the major excitatory neurotrans-
mitter. Results of studies in the sparse fur
mouse, an animal model of OTCD, sug-
gest impairments of cholinergic and glu-
tamatergic transmission (17). To our
knowledge, this impairment in glutama-
tergic neurotransmission has not been in-
vestigated in patients with OTCD. With
the use of carbon 13 ('*C) MR spectros-
copy, we observed abnormalities in cere-
bral glutamate metabolism in patients
with chronic hepatic encephalopathy.
The purpose of our study was to deter-
mine cerebral glutamate turnover rate in
patients with partial OTCD by using '*C
MR spectroscopy.

Materials and Methods

Patient Demographics

This study was compliant with the Heath
Insurance Portability and Accountability
Act, approval was obtained from the insti-

Implications for Patient Care

B Treatments that improve cerebral
glucose metabolism and glutamate
neurotransmission may improve
neurologic outcome in OTCD pa-
tients, in whom prevention and
treatment of hyperammonemic
episodes appears insufficient.

m Newer '>C MR spectroscopic
techniques may elucidate other
cognitive brain disorders.

tutional review board of Huntington Memo-
rial Hospital (Pasadena, Calif), and written
informed consent was obtained from all
subjects. Between November 2007 and Au-
gust 2008, six OTCD patients were re-
cruited from the National Urea Cycle Dis-
orders Foundation (La Canada, Calif) and
metabolism clinics across the United States
in which patients with UCDs receive care.
Several of these subjects also participated
in a study at the National Institutes of
Health—funded Rare Diseases Clinical Re-
search Center (Washington, DC), which
was established to study the natural history
of UCDs. The sixth OTCD patient (Table)
was recruited after completion of the initial
trial and was examined with a different '*C
MR spectroscopic protocol. We included
male subjects with late-onset OTCD, as
well as asymptomatic and symptomatic fe-
male subjects heterozygous for OTCD, with
varying ages at diagnosis and metabolic
control, who had IQ scores above 80, as
measured by the Wechsler Abbreviated
Scales of Intelligence by an author (A.L.G.),
who was blinded to MR spectroscopic re-
sults. Patients were excluded from partici-
pation if they had an 1Q less than 80, had
acute illness at the time of study, were preg-
nant, or had contraindications to MR imag-
ing owing to the presence of ferromagnetic
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metallic devices. Patients ranged in age
from 19 to 54 years (mean age, 31 years).
Four healthy control subjects were re-
cruited by two authors (N.S., K.C.H.)
from local communities, and these sub-
jects ranged in age from 23 to 55 years,
with a mean age of 31 years (two female
subjects: mean age, 23 years; two male sub-
Jjects: mean age, 39 years). All OTCD sub-
Jjects were either asymptomatic or had HA
in the past but were stable and in good
health at the time of imaging. In two cases,
a mutation had been identified; in the re-
mainder, the diagnosis was made by bio-
chemical means. Patient demographics are
shown in the Table.

13¢-Glucose Infusion and '3C MR
Spectroscopy

All participants fasted for at least 6 hours
prior to the infusion protocols. '3C-
enriched glucose from Cambridge Isotope
Laboratories (Andover, Mass) was pre-
pared as a pyrogen-free solution by a li-
censed pharmacist who is not an author
(18). As part of a larger program de-
signed to validate use of "*C MR spectros-
copy of the frontal cortex for future clini-
cal studies (19), incremental variants of
earlier procedures were applied and com-
pared with statistical analysis.

Either [1-'3C|-glucose (n = 3 for
OTCD patients, n = 2 for control subjects)
or [2-*C|-glucose (n = 3 for OTCD pa-
tients, n = 2 for control subjects) infusion
was performed by one author (O.A.). An
infusion of 99% '*C-enriched glucose, at
0.23 g per kilogram of body weight (20%
wt/vol), was administered intravenously as
a single dose during 15 minutes. Serial
blood samples (drawn every 10-15 min-
utes) at the end of the examination were
collected in control subjects and OTCD pa-
tients (|2-'*C]-glucose infusion). Total
blood glucose was determined in situ by
using a monitoring system (FreeStyle Flash;
Abbott Diabetes Care, Alameda, Calif).
Fractional '>C enrichment of glucose in
plasma was determined by using '"*C MR
spectroscopy with an 11.5-T solid-state
spectrometer (Bruker Optics, Billerica,
Mass) by two authors (N.S., O.A.).

13¢ MR Spectroscopic Acquisition
Proton-decoupled '*C MR spectroscopy

was performed by three authors (N.S.,

Patient Demographics and 'C-Glucose MR Spectroscopic Protocol

Highest Ammonia
Level (mg/dL)

Age at

Full-Scale

Disease

Age

Subject and
Protocol

1Q Test Score  Diagnosis (y)

Genotype

Severity Score*  Age at Onset

Symptoms

(y)/Sex  Clinical and/or Familial History

33, after daughter Unknown

124

Unknown

16y

2

Seizures in teen years,

Symptomatic; two daughters, one

36/F

UCD subject 1,

diagnosed

headaches

asymptomatic, one with severe

disease
Symptomatic

glucose C1*

600

30

113

Unknown

Early childhood,

3

Vomiting, protein intolerance,

54/M

UCD subject 2,

comaat 30y

confusion, personality

changes, coma
Picky eating, vomiting, coma 4

glucose C1*

200

90

Unknown

23/M  Symptomatic

UCD subject 3,

glucose C1#
UCD subject 4,

100

Early childhood  C.421C>T; p.arg141X,

Vomiting, lethargy, confusion, 4

Symptomatic; mother,

19/F

neonatal

picky eating

symptomatic; sister,

glucose C2*

nonsymptomatic; brother,

neonatal onset
Nonsymptomatic; brother (neonatal

20

114

C.421C>T; p.arg141X,

NA NA

24/F

UCD subject 5,

neonatal

onset), mother, and sister,

symptomatic
Son with late onset

glucose C2*

30

28

121

NA

NA

NA

37/F

UCD subject 6,

glucose C28

= not available.

Note.—NA

multiple

* Disease severity score was defined as follows: 0 = no episode of symptomatic HA, 1 = single episode of HA, 2 = recurrent symptomatic HA, 3 = HA plus single episode of stage 3 coma without increased intracranial pressure, 4

episodes of HA plus single episode of stage 3 coma without increased intracranial pressure, 5 = multiple episodes of HA plus single episode of stage 3 coma plus one episode of increased intracranial pressure, and 6 = multiple episodes

of HA plus single episode of stage 3 coma plus multiple episodes of increased intracranial pressure.

T To convert to Systéme International units in micromoles per liter, multiply value in micrograms per deciliter by 0.59. Normal range is 50—80 mol/L, and metabolic cutoff level is greater than 100 pmol/L.

* Study was performed in the parietal brain.

§ Both parietal (data not shown) and frontal brain were examined.
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K.C.H., and B.D.R., with 15, 10, and 25
years of experience in clinical MR spec-
troscopy, respectively). Imaging was per-
formed with a 1.5-T MR unit (Signa; GE
Healthcare, Milwaukee, Wis) equipped
with a broadband exciter, a dual-tuned
half-head (surface) 'H-'>C radiofre-
quency coil, a stand-alone proton decou-
pler, and a vector signal generator (model
E4433B; Agilent Technologies, Engle-
wood, Colo). The dual-tuned half-head
"H-"3C radiofrequency coil (18), which
could readily be dismounted from the MR
imager, was applied to either the parieto-
occipital region of the head or the fore-
head, whereby the anterior portions of
the frontal lobe were included in the field
of view. This frontal area roughly corre-
sponds to Brodmann areas 9-11, 46, and
possibly 47 (anatomically including the
dorsolateral prefrontal cortex, anterior pre-
frontal cortex, orbitofrontal area, and infe-
rior prefrontal gyrus) (19). A conventional
rectangular 90° radiofrequency pulse-and-
acquire data acquisition scheme was used
with pulse width of 252 psec. The radio-
frequency-pulse power was optimized for
a 45° flip angle (to minimize lipid scalp
signal). Spectra were recorded from an
estimated 140 and 200 mL of brain (fron-
tal and parieto-occipital regions, respec-
tively) by using a spectral width of 5000
Hz, 1024 data points, and repetition time
of 1.5 seconds ([1-'*C]- glucose infusion)
and of 2.0 seconds (|2-'*C|-glucose infu-
sion). A wideband alternating-phase low-
power technique for zero-residual split-
ting—four (or WALTZ-4) bilevel decou-
pling and nuclear Overhauser effect (or
NOE) scheme with a bandwidth of 1000
Hz was used. Safety precautions were fol-
lowed: The proton-pulse power for de-
coupling was 7 W during the data acqui-
sition and 0.7 W during the nuclear Over-
hauser effect period, calibrated for cable
loss, by using an external power meter
(model E4418B; Agilent Technologies) at
the point prior to the radiofrequency coil
transmit port and continuously displayed
during in vivo human studies. Power was
well below the specific absorption rate
guideline (18).

Natural-abundance '*C MR spectros-
copy was performed for up to 25 minutes
before the start of the glucose infusion.
After the start of the infusion, serial spec-

tra, with 3.2 minutes for [1-'>C]-glucose
infusion and 6.4 minutes for [2-'3C|-glu-
cose infusion, were acquired. A complete
neurochemical brain examination, includ-
ing proton MR imaging localizer, point-
resolved spatially localized "H MR spec-
troscopy, and homogeneity adjustment,
natural-abundance, and >C-enriched *C
MR spectroscopy, was achieved within
100 minutes for OTCD patients and 160
minutes for control subjects. Participants
were imaged for as long as they could
comfortably tolerate the examination. A
longer period, up to 184 minutes, permit-
ting better curve fitting beyond the steady
state of '*C brain metabolite enrichment,
was tolerated in control subjects.

Data and Statistical Analysis

Automatic, observer-independent soft-
ware for 'H-decoupled '*C spectra (20),
spectral analysis software (SAGE; GE
HealthCare), and programming language
(IDL; GE HealthCare) were used for data
processing by two authors (N.S.,
K.C.H.), who were blinded to patient
identity.

Absolute concentrations were deter-
mined as described in detail previously
(18). Because myo-inositol is systemati-
cally reduced in patients with OTCD (21),
whereas N-acetylaspartate remains con-
stant, an internal quantitative reference,
N-acetylaspartate, was employed to
match proton and natural-abundance '*C
spectra. All spectra and difference spec-
tra were plotted, while the times after the
start of infusion when '*C accumulation
was first evident in the metabolites were
recorded. Summed peak amplitudes of «
and B anomers of glucose C1 or C2 fit func-
tion were used to describe the rate at which
intravenously infused glucose (fractional
enrichment) appeared in the brain; time to
reach peak brain '*C-glucose and decay
constant were used to describe the glucose
signal decay. Time courses, peak ampli-
tude, and fractional enrichment for gluta-
mate, glutamine, and bicarbonate were re-
corded. Well-established biochemical crite-
ria, confirmed in the present study,
determine the different metabolic fates of
cerebral "*C-glucose as follows: glutamate
C5 and C1 (C2, C3, and C4 less evident
after glucose C2 infusion); glutamine C3
and C1 (C2, C3, and C4 less evident after

glucose C2 infusion); and aspartate C1 and
C4 (C2 and C3 less evident after glucose C2
infusion). The rate of enrichment of the
principal "*C metabolite, glutamate from
glucose, was determined from the linear
slope of T,/ T, versus time, where T, is
the time course of buildup and decay of
glutamate and Ty, is the time course of
buildup and decay of glucose, as previously
described in detail elsewhere (18-22). Re-
searchers in those studies (18-22) indi-
cated that there is a linear relationship be-
tween substrate (glucose) and product (glu-
tamate). For the calculation of fractional
enrichment, glutamate and glutamine were
estimated from natural-abundance '*C
spectra from control subjects and OTCD
patients.

Because glucose metabolism is unaf-
fected by substitution of stable '*C for
the natural carbon 12, data from the
two '3C MR spectroscopic protocols
were pooled after analysis. For continu-
ous variables, the means and standard
deviations were estimated separately
for the OTCD and control groups, and
an analysis was performed to determine
whether variance in the two groups was
the same by using the F'test, followed by
analysis with the two-sample ¢ test with
use of macros (QI Macros for Excel;
Lifestar, Denver, Colo), add-on options
for a spreadsheet (Excel; Microsoft,
Redmond, Wash). All comparisons
yielding a difference with P < .05 were
considered significant.

Cerebral Glucose Enrichment after
Intravenous Infusion of [2-'3C]-Glucose

Intravenous infusion of [2-'>C]-glucose
achieved a mean of 45% "*C-glucose frac-
tional enrichment (range, 42%-49%) in
blood after 20 minutes, rapidly enriching
the cerebral glucose pool. [2-'*C]-glu-
cose appeared in brain spectra as glucose
C2 B and a anomers. Because of spectral
overlap with intrinsic cerebral myo-
inositol (72.1-75.3 ppm [23]), there is a
subtle line-broadening of both glucose C2
resonances, which was readily removed
by creation of different spectra between
natural-abundance and enriched brain
spectra. Further metabolism of intracere-
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bral [2-'3C|-glucose occurred as pre-
dicted during th.ree cons.ecuti\'le turns of GIn‘l,GI!ﬂ
the neuronal tricarboxylic acid and the
glial neuronal glutamine-glutamate cycles,
resulting in substantial enrichment of glu- Glus
tamate C3, glutamine C5, and aspartate
C1 (first turn), overlapping resonances GIn5
of glutamate C1 plus glutamine C1 (sec-
ond turn), and bicarbonate (third turn)
(Fig 1). The remaining resonances in Fig-
ure 1 were defined as carbonyl carbon Cr+PCr
(—C=0) resonance of unenriched lipid M HEO3 /
(172 ppm) and cerebral creatine plus

phosphocreatine (158.9 ppm). Compara-
ble (but not identical) results were ob-

served when [2-'*C|-glucose was admin-
istered intravenously to patients with
OTCD. Enriched B and o anomers of

,Asp1

[2-*C]-glucose and its metabolic products R TR G S et I S Dbl R
glutamate C5, glutamine C5, and bicarbon- 190 180 170 160 150
ate are illustrated in Figure 2. Frequency (ppm)

Figure 1:  "*C MR spectra (160—190 ppm) of normal brain after enrichment with [2-'3C1-glucose. Spectra
Cerebral [1-'*C]-Glucose Enrichment and summed for 184 minutes after '3C-glucose infusion identify enriched cerebral metabolites glutamate C5
Metabolism (Glu5) (182 ppm), glutamine C5 (G/n5)(178.4 ppm), glutamate C1 (Glu7), glutamine C1 (Gin1)(175 ppm),

Cerebral enrichment and metabolism of aswell asaspartate C1 (Asp7), and bicarbonate (HC0O3) (161 ppm). Carbonyl carbon (—C==0) resonance of
intravenously infused [1,13(;] —glucose in unenriched lipid (172 ppm) and unenriched creatine plus phosphocreatine (Cr + PCr)were observed. Inset:
healthy subjects (Fig E1 [http://radiology Axial image shows parieto-occipital brain region included in MR spectroscopic field of view (ellipse).

.rsnajnls.org/cgi/content/full/2523081878

Glu5 wk
Glus

GiIn5

GIn5 - HCO3

Hk

HCO3 pl

.y L]

e "y v ey s
pmwwrwmm
200 190 180 170 160 150 140

200 190 180 170 160 150 140
Frequency (ppm) Frequency (ppm)

a. b.

Figure 2:  Cerebral metabolism of [2-"*C]-glucose in (a) healthy control subject with normal brain glutamate C5, glutamine C5, and bicarbonate (b) and representa-

tive OTCD patient with similar '5C metabolites. Difference spectra were created by subtraction of natural-abundance from enriched-brain spectra acquired 40— 60 min-

utes after [2-'3C]—glucose infusion. == = Artifacts of difference spectroscopy. Keys are same as for Figure 1.
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/DC1]) showed rapid appearance of en-
riched glucose C1 3 and o anomers preced-
ing enrichment of glutamate C4 (first turn
of neuronal tricarboxylic acid), glutamate
C2 and C3 (second turn), glutamate C1,

Effect of 0TCD on Cerebral '3C-Glucose
and Glutamate Metabolism

No differences in cerebral '*C-glucose
were observed in pooled OTCD patients

(n = 4) (Fig 3a). There were no signifi-
cant differences between healthy control
subjects and OTCD patients with respect
to mean rate of increase (9.4 min~' + 3.8
[standard deviation] vs 7.8 min~' + 0.4,

and bicarbonate (third turn). (n = 5) versus pooled control subjects P = .4), mean time to peak (23 minutes =
1.2 14
1.0 . : 124  C1-glucose C2-glucose C1+C2-glucose [
©
E ‘ @ N | ] 1 4 -
E 0.8—= o
8 o4t L g4 b
% [ B NS, G -
c 0.6 o - — <
2 L o A S 2 &4 -
a |, . o Ses e 3 e
'8 ] LA H N — [
& L ° © N’ 41 i
: 0 ¢ a3 ==
3 0.2 ™ ) r
P=0.01 P=0.2 P=0.04
v R 3 B S s
0 20 40 60 80 100 120 140 160 'S & O & O &
. f & & & 2
Minutes O &) < )
a. ;
12 12 —
Control OTCD
Glc Glc
1 1.0
1 4+ e i

L
Normalized Signal Amplitude
=] [=]
o o
-
>
>
>

-

Normalized Signal Amplitude
=)
o

] 7~
/('

0.4 0.4
/Glu2
0.2 0.2
/ Glu2 ]

0 0

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Minutes Minutes
C. d.

Figure3: Effects of OTCD on cerebral metabolism of '3C-glucose and glutamate (G/u). (a) Comparative rates of cerebral accumulation and removal of infused [1-"*C]-and
[2-"3C]-glucose in OTCD (open symbols) and healthy (solid symbals) subjects. Proton-decoupled spectra were acquired from posterior parietal brain in nine subjects (five
OTCD patients and four healthy control subjects) for 2 hours after enrichment by means of intravenous glucose (Glc)(0.15 g/kg) enriched in either C1 (n = 5) or C2 (n = 5) posi-
tion. Both isotopes of glucose showed rapid increase to peak brain "C-glucose at 20 minutes or longer and slower elimination by 120 minutes. No significant differences between
C1and C2 or between OTCD patients and healthy subjects were observed (numeric rates and Pvalues are intext). (b) Relative rates of cerebral enrichment of glutamate from '3C-
glucose in OTCD patients and control subjects. Box plots of rates of glutamate enrichment from glucose C1, glucose C2, and combination of glucose C1and C2 in OTCD patients
and control subjects. Metabolic product is Glu4/Glc1 for glucose C1, where Glc1 = glucose C1and Glu4 = glutamate C4, Glu5/Glc2 for glucose C2, where Glus = glutamate C5
and Glc2 = glucose C2. Metabolic product s Glu4,5/Glc1,2, where Glu4,5 = glutamate C4 and C5 and Glc1,2 = glucose C1and C2; results for glucose C1and C2 (C1+ C2)
were pooled. Glu*= glutamate C4 or C5and Gle*= glucose C1 or C2. Time course of appearance of [1-'3C]—glucose and glutamate in brain of representative (c) control subject
and (d) OTCD patient. Proton-decoupled "3C brain spectra were acquired in 6-minute blocks for 100 minutes after intravenous infusion of [1-'3C]-glucose. Peak heights of glu-
cose (Gle), glutamate C4 (Glu4), and glutamate C2 (G/u2)were plotted. Enrichment of brain glucose precedes glutamate C4 (first turn), which in turn precedes enrichment of gluta-
mate C2 (second turn). From slopes of linear line—fit Glu4/Glc1, where Glu4 = glutamate C4and Glc1 = glucose C1, versus time (and Glu5/Glc1 vs time, where Glub = gluta-
mate C5) in all subjects; the rates of glutamate formation in OTCD patients were lower than in healthy control subjects, ason b.
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Glycerol

GIn1,Glu1,Asp1

HCO3

60 50 190 180 170 160 150
Frequency (ppm) Frequency (ppm)

a. h.

Figure4: '3C spectra from frontal brain of OTCD patient. After infusion of [2-'*C]-glucose, "3C-enriched cerebral metabolites were assayed in posterior brain with

low-power noise decoupling. "3C MR spectra were then acquired from frontal brain for further 40 minutes. (a) Glucose C2 (G/c2), with B and « anomers, was detected as

four rather than two resonances and (b) metabolic products, glutamate C5 (Glub), glutamine C5 (GInb), bicarbonate (HCO3), and aspartate C2 (Asp2), were identified.

Asp1=aspartate C1, G/n1 = glutamine C1, Glu7 = glutamate C1. Inset: Sagittal image shows frontal brain region included in MR spectroscopic field of view (ellipse).

2 vs 26 minutes = 7, P = .1), and mean
rate of decline (67 min~' = 12 vs 34
min~! * 16, P = .3).

The time courses of glutamate C4 and
C2 and [1-'3C]-glucose appearing in the
brain of one control subject (Fig 3c) and
of one OTCD patient (Fig 3d) illustrate
the principal differences between OTCD
patients and control subjects.

The slope of straight-line fits of Glu4/
Glcl, where Glu4 is glutamate C4 and
Glel is glucose C1, and Glu5/Gle2, where
Glu5 is glutamate C5 and Glc2 is glucose
C2, which define the rate of incorporation
of '*C into cerebral glutamate at the first
turn of tricarboxylic acid (C4 or C3), was
46% slower in OTCD patients than in
control subjects (P = .04 for pooled data)
(Fig 3b).

Neuronal Metabolic Activity in Frontal Brain

The B and « anomers of glucose (and
natural-abundance cerebral glycerol)
each appear as two peaks of approxi-
mately 50% signal intensity (19). [2-'3C]-
B-glucose and its primary metabolites
(glutamate CS5, glutamine G5, glutamate

C1 plus glutamine C1, aspartate C1, and
bicarbonate) were all readily observed in
this frontal brain examination (Fig 4),
confirming that the technique is applica-
ble to the frontal brain regions studied.

In this report, we describe a substantial
abnormality in cerebral glutamate synthe-
sis from glucose in patients with OTCD.
Furthermore, these neuropsychological
and metabolic findings are largely uncor-
rected by the currently available treat-
ments (protein restriction and nitrogen
scavenger therapy) and have been ob-
served in subjects who consider them-
selves asymptomatic (15). The implica-
tion must be that this single therapy is
insufficient to entirely ameliorate the met-
abolic effects of OTCD. Such is the prob-
able interpretation of the present findings
with ®C MR spectroscopy also. As in an
earlier study of patients with hepatic en-
cephalopathy secondary to cirrhosis and
liver failure, we have identified substan-
tial reduction in the rate at which gluta-

mate is synthesized from administered
glucose.

Glutamate neurotransmission is car-
ried out by a glial neuronal process that
includes the oxidation of glucose and the
glutamine-glutamate cycle (24). Incor-
poration of [1-'*C]-labeled glucose into
cerebral glutamate and glutamine pools
allows for direct in vivo measurement of
glutamate neurotransmission by using
proton-decoupled '"*C MR spectroscopy
(25-27). The metabolic model predicts
that, with conditions of increased plasma
ammonia, the increase in the rate of glu-
tamine synthesis is stoichiometrically
coupled to the increase in the uptake of
the anaplerotic substrates CO, and am-
monia and the efflux of glutamine from
the brain. Bluml et al (18) showed that
there is disturbed neurotransmitter gluta-
mate-glutamine cycling in chronic hepatic
encephalopathy. Glutamate enrichment
is decreased and glutamine enrichment is
increased.

Although 'H MR spectroscopy is a
sensitive tool to detect biochemical ab-
normalities in individual patients, in vivo
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3G MR spectroscopy can reliably be used
to quantitate distinct signal intensity val-
ues from glutamate and glutamine. Un-
ambiguous assignment of these metabo-
lites can contribute to a better under-
standing of the pathogenesis and
treatment of brain dysfunction in UCDs.
3G MR spectroscopic measure-
ments of cerebral glucose uptake and
metabolism lead to an understanding of
the brain tricarboxylic acid cycle that,
correlated with OTCD severity, will po-
tentially affect patient care. The natural
abundance of glucose is 1% and, there-
fore, enrichment with a nonradioactive
3C-labeled substrate administered in-
travenously is required to follow the fate
of label incorporation into glutamine,
glutamate, aspartate, and finally to bi-
carbonate. To our knowledge, these im-
portant studies have not, to date, been
performed in humans with UCDs. Stud-
ies in rats have applied '*C nuclear MR
spectroscopy to directly examine the ef-
fects of ammonia on the activity of pyru-
vate carboxylase (ie, the anaplerotic
pathway) and the amino acid metabo-
lism in the rat brain in vivo (28).
Investigators in most studies in which
3C MR spectroscopy is used have deter-
mined cycling from isotopic labeling of
glutamine and glutamate by using a
[1-'3C]-glucose tracer, which provides
the label through neuronal and glial pyru-
vate dehydrogenase or through ghal pyru-
vate carboxylase. To measure the anaple-
rotic contribution, '*C incorporation into
glutamate and glutamine in the occipital-
parietal region of patients who are
awake, we also used an infusion of
[2-'3C] - glucose, which labels the C2 and
C3 positions of glutamine and glutamate
exclusively through pyruvate carboxylase.
The particular features of the present
study that relate to the glial anaplerotic
pathway do not suggest that this activity is
substantial in OTCD patients. Rather, we
consider that the defect lies in the major
metabolic pathways through neurons and
glia, which contribute to glutamate neu-
rotransmission in the well-known glu-
tamine-glutamate cycle. However, the
use of [2-'3C]-glucose also served an-
other valuable purpose: Because this ap-
proach allowed detection of "*C brain me-
tabolism without the forbidden proton-

decoupling conventionally employed, we
were able to safely examine frontal brain
regions to confirm a similar pattern of
metabolism.

Our study had limitations. First, the
study sample was small, but this is a prob-
lem in performing studies in such rare
conditions. Second, there was only one
study in the frontal brain where no decou-
pling was applied; therefore, it is possible
that this approach might not be practical
in studying dynamics and exchange rate.
Third, clinical heterogeneity and differ-
ences between the sex of our control sub-
jects and that of the patients may have
influenced findings; therefore, evaluation
of a larger cohort with variable clinical
severity is needed. Our protocol proved
acceptable in this patient population, as
no participant complaints or adverse
events were encountered.

We discussed our results by compar-

ing the two methods of '*C enrichment,
as well as the potential to use these meth-
ods to collect preliminary data on subjects
with metabolic defects that lead to faulty
ammonia regulation and neurotransmis-
sion. The implications for normalizing
neurodevelopment in this rare inherited
enzyme defect may be substantial for the
effect of the future direction of neuropro-
tection in this and related inborn errors of
metabolism, as well as in the much more
common chronic hepatic encephalopa-
thy.
Acknowledgments: We thank the subjects for
their participation and Cindy LeMons, National
Urea Cycle Disorders Foundation, for her enthu-
siasm with regard to this study.
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