
hyperthyroidism, but the cystatin C values in hyperthy-
roidism are 46% higher than those in hypothyroidism.
Existing literature suggests that it is creatinine that is
providing the correct assessment of GFR changes (17 ), but
because definitive work formally assessing GFR in thy-
roid disease (using a “gold standard” marker) has yet to
be performed, this cannot be stated categorically.

Until now, one of the most appealing aspects of using
cystatin C as a marker of GFR has been the apparent lack
of influence of medical conditions on its clinical utility,
with the only debate being whether cystatin C concentra-
tions are influenced by some metastatic malignancies or
after renal transplantation (18, 19). A likely explanation
for our findings here is that hyperthyroidism is associated
with a reversible increase in cystatin C production that is
in excess of the expected increase in GFR, whereas in
hypothyroidism, cystatin C production is reduced to a
greater extent than is the GFR. The reasons for these
changes in production remain speculative, but if similar to
the cause suggested for �2-microglobulin, then it would
seem that it is simply through a metabolic-rate-mediated
mechanism (14 ).

In summary, this study has shown a clinically signifi-
cant discrepancy between GFR assessed by serum creati-
nine and that found using cystatin C in untreated thyroid
disease. This raises doubts as to the reliability of cystatin
C measurement in these common conditions, but it also
suggests that further work needs to be performed to
confirm which marker is giving the true reflection of GFR.

This work was supported by funding from the Hull and
York Diabetes and Endocrinology Endowment funds.
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Quantification of Glutamine in Dried Blood Spots and
Plasma by Tandem Mass Spectrometry for the Biochem-
ical Diagnosis and Monitoring of Ornithine Trans-
carbamylase Deficiency, Minh-Uyen Trinh,1 Jennifer
Blake,1 J. Rodney Harrison,1 Rosemarie Gerace,1 Enzo Ranieri,1

Janice M. Fletcher,1,2 and David W. Johnson1* (1 Department
of Chemical Pathology, Women’s and Children’s Hospi-
tal, 72 King William Rd., North Adelaide, South Australia
5006, Australia; 2 University of Adelaide, North Terrace,
Adelaide, South Australia 5000, Australia; * author for
correspondence: fax 61-8-81617100, e-mail david.johnson@
adelaide.edu.au)

A notable deficiency in the use of tandem mass spectrom-
etry (MS/MS) for newborn screening is the inability to
screen for urea cycle defects. The most common of these,

Fig. 1. Concentrations of serum creatinine (A) and cystatin C (B) before
and after treatment of hypo- and hyperthyroidism.
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with an incidence of 1 in 14 000 births (1 ), is the inherited
X-linked disorder ornithine transcarbamylase deficiency
(OTCD). A majority (60%) of hemizygous males risk
death from hyperammonemic coma during the first week
of life. The remainder, including 10% of heterozygous
females, exhibit lethargy, vomiting episodes, and behav-
ioral problems during childhood. The severity of the
disorder and the potential for correction of OTCD by liver
transplantation and gene therapy (2 ) provide adequate
justification for newborn screening.

OTCD patients have low blood citrulline because of
reduced conversion from carbamoyl phosphate. Citrulline
is one of the amino acids routinely measured in MS/MS
newborn-screening programs. Unfortunately, many pro-
tein-restricted newborns also have low blood citrulline
(3 ). A more selective amino acid metabolite for OTCD is
glutamine. The derivatization procedure used in many
MS/MS screening programs (4 ), which uses butanol–
hydrogen chloride, destroys glutamine. Approximately
one-half of the glutamine is converted to glutamic acid
dibutyl ester and is indistinguishable from that formed
from endogenous glutamic acid in the blood. The surviv-
ing glutamine butyl ester is deaminated in acidic solution
to a protonated form of pyroglutamic acid butyl ester in
the electrospray source of the MS/MS. Again it is not
possible to distinguish this pyroglutamic acid from what
is already present in the blood. As a secondary conse-
quence, the measurements of glutamic and pyroglutamic
(and by analogy, aspartic) acids in blood spots after
derivatization are grossly inaccurate. MS/MS newborn-
screening programs that do not derivatize amino acids
avoid solvolysis of glutamine and of pyroglutamic acid to
glutamic acid. During electrospray ionization-MS/MS
analysis, however, glutamine is again indistinguishable
from pyroglutamic acid. Resolution is possible by separa-
tion with time-consuming liquid chromatography (5 ),
which is unsuited to rapid screening programs.

Formamidene butyl esters of amino acids afford more
stable ions than the corresponding butyl esters during
electrospray ionization-MS/MS analysis (6 ). We have
further optimized this derivatization method to quantify
glutamine in dried blood spots from newborns and in
plasma to monitor OTCD patients on treatment. Milder
derivatization conditions minimized amide derivatization
and solvolysis. The preparation of formamidene isobutyl
esters increased MS/MS signal intensity. Additionally,
glutamic and pyroglutamic acids were simultaneously
quantified to determine the fate of glutamine in stored
samples.

Amino acids were extracted with methanol from 3-mm
dried blood spots or 2 �L of plasma adsorbed on a 3-mm
filter-paper disk for 15 min. [2H5]Glutamine (2 nmol),
[2H3]glutamic acid (1 nmol), and [2H3]pyroglutamic acid
(1 nmol) were added as internal calibrators. The amino
acids were treated with 240 �L of dimethylacetal dimeth-
ylformamide–acetonitrile–methanol (2:5:5 by volume) at
room temperature for 5 min, excess reagents were evap-
orated, and the residue was treated with isobutanol–
3 mol/L–hydrogen chloride (200 �L) at room tempera-

ture for 10 min and then was evaporated to dryness.
Isobutanol affords a 50% increase in ion intensity during
MS/MS analysis relative to n-butanol. The derivatives
were dissolved in 2 mL of acetonitrile–water–formic acid
(50:50:0.025 by volume).

An Applied Biosystems/MDS Sciex Model API3000
tandem mass spectrometer equipped with a TurboIon-
spray source (temperature, 100 °C) was used for analysis.
An Agilent HP1100 LC pumped acetonitrile–water–
formic acid (50:50:0.025 by volume) at a flow rate of 160
�L/min into the TurboIonspray via a Gilson 233 autosam-
pler fitted with a 20-�L injection loop. Samples were
injected from a 96-well tray at 2-min intervals. Multiple-
reaction monitoring experiments with six ion pairs, rep-
resenting a neutral loss of 73 atomic mass units (amu; for
glutamine) and a neutral loss of 102 amu (for glutamic
and pyroglutamic acids), and the corresponding set for
the three labeled internal calibrators were used for data
acquisition.

Calibration curves were constructed from the analyses
of derivatized mixtures of the three amino acids. Statisti-
cal analysis revealed response linearity for glutamine
(0–2.5 mmol/L; y � 0.999x � 0.09 �mol/L; R2 � 0.9999),
glutamic acid (0–1.25 mmol/L; y � 0.999x 
 0.26 �mol/L;
R2 � 1), and pyroglutamic acid (0–1.25 mmol/L; y �
0.992x 
 6.33 �mol/L; R2 � 0.9997). The imprecision in
the measurement of an amino acid calibrator containing
glutamine (1 mmol/L) was 2.3% (intraassay; n � 9) and
2.9% (interassay; n � 12). The imprecision in the measure-
ment of glutamine in dried blood spots prepared from an
adult blood sample (0.3 mmol/L) was 7.4% (intraassay;
n � 9) and 12% (interassay; n � 10).

To determine whether a diagnosis of OTCD can be
made in archived blood spots, we evaluated the stability
of glutamine over time. The analyses of neonatal blood
spots (five at each time point) stored at ambient temper-
ature (15–25 °C) for up to 10 years are shown in Fig. 1. We
observed a rapid decrease in glutamine, a moderate
decrease in glutamic acid, and a rapid increase in pyro-
glutamic acid. A duplicate dried blood spot from an
OTCD patient stored at �20 °C in a sealed plastic bag for
6 months, however, retained 98% of its original glutamine
concentration. We analyzed blood spots from seven
OTCD patients, together with control blood spots of
identical age and storage conditions, for glutamine (Table
1). One patient was newly diagnosed, and the other six
samples were from an archived collection stored at ambi-
ent temperature. Apart from the oldest sample, in which
glutamine was unmeasurable, increased glutamine was
observed for all of the OTCD patients except for one
heterozygous female.

We also measured glutamine in freshly collected
plasma samples (n � 36) referred to our laboratory for
amino acid analysis and including some from OTCD
patients on treatment. These samples were also analyzed
for glutamine on a Waters 600E HPLC-based amino acid
analyzer. Statistical analysis of the comparison (see Fig. 2
in the Data Supplement accompanying the online version
of this Technical Brief at http://www.clinchem.org/
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content/vol49/issue4/) afforded excellent correlation
(y � 1.02x � 4.39 �mol/L; R2 � 0.88).

Unfortunately, this method cannot be used as a substi-
tute for the butylation method used in MS/MS newborn-
screening programs, primarily because acylcarnitines are
not fully derivatized at room temperature. It is doubtful
that the incidence of OTCD justifies a separate newborn
dried blood spot screen for glutamine with this method.
One obvious role of the method is high-risk screening of

all newborns with a familial history of OTCD. Another is
as a second-tier screening method to reexamine dried
blood spots with a low citrulline concentration. Our
experience suggests that performing glutamine analysis
on the lowest 2% of citrulline results should ensure the
flagging of female OTCD heterozygotes. Since our
MS/MS newborn screening program was introduced 4
years ago, dried blood spots from two diagnosed OTCD
patients have been analyzed. A male had a citrulline
concentration of 6 �mol/L (below the 0.1 percentile), and
a heterozygous female had a citrulline concentration of
12 �mol/L (between the 1st and 2nd percentiles).

This study demonstrates the instability of glutamine
and, to a lesser extent, glutamic acid in dried blood spots
under typical storage conditions. Both are deaminated or
dehydrated to pyroglutamic acid. Glutamine is not hydro-
lyzed to glutamic acid as is the case with plasma. After
1 year, pyroglutamic acid reaches a long-term stable
concentration of �500 �mol/L (see Fig. 1) in dried blood
spots from newborns. This is the case even in archived
OTCD dried blood spots that initially contained much
higher newborn glutamine concentrations.

When glutamine measurements are used as a second-
tier screen, dried blood spots need to be analyzed within
2 weeks of collection to avoid more than a 5% decrease in
concentration. This period can be extended if the dried
blood spot samples are stored at a low temperature.
Archived dried blood spots �10 years of age can be
analyzed for glutamine if they are compared with age-
matched and storage-condition-matched control blood
spots.

This method for the quantification of glutamine in
plasma supplements the measurements of plasma ammo-
nia and urine orotic acid commonly used to monitor
patients with urea cycle defects. It is a superior alternative
to the use of an amino acid analyzer to monitor OTCD
patients on treatment. Sample analysis time, without
HPLC separation, is much shorter (2 vs 120 min), and the
required sample volume is much smaller (2 vs 125 �L).
Analysis can also be performed on dried blood spots from
less invasive fingerprick samples that are sent from re-
mote locations by post. Any other essential �-amino acids
can be quantified simultaneously, with detection limits
comparable to those of glutamine, by adding the appro-

Fig. 1. Concentrations of glutamine (GLN), glutamic acid (GLU), and
pyroglutamic acid (PGA) in dried blood spots kept at ambient temper-
ature.

Table 1. Glutamine concentration in newborn dried blood spots from OTCD patients and age-matched controls.

OTCD
patient Sex Age of blood spot Glutamine, �mol/L

Age-matched controls

n

Glutamine, �mol/L

Mean SD

1 M 20 years 1 month 0 5 0 0
2 M 10 years 5 months 9.6 5 3.0 1.1
3 F 6 years 9 months 40.3 5 5.2 1.6
4 M 5 years 10 months 218 5 10.3 1.1
5 F 5 years 2 months 46.4 5 14.8 2.2
6 F 3 years 4 months 25.5 5 22.5 3.2
7 M 2 days 1515 53 490 144
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priate isotope-labeled internal calibrators. Amino acids
containing amide and imine groups, such as citrulline,
arginine, and asparagine, exhibited poor detection limits
with the original formamidene derivatization method (6 ).
The milder derivatization conditions and the use of isobu-
tanol in this modified method improved MS/MS analysis
of these amino acids dramatically.

We thank the Wellcome Trust for a grant to purchase the
Model API3000 MS/MS instrument used in this study.
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ac.be)

Coronary artery disease remains the leading cause of
mortality in adults in the westernized world (1, 2). Coro-
nary artery disease can present itself as a wide range of
diseases, from uncomplicated stable angina, to unstable
angina, to myocardial infarction. The diagnosis of myo-
cardial ischemia in patients with stable angina depends
on the patient’s history and various technical investiga-
tions, such as electrocardiography (ECG) and stress test-
ing. Exercise ECG is a simple and inexpensive investiga-
tion with diagnostic, prognostic, and functional
information in selected populations (3 ). Exercise testing
has an overall sensitivity of 66% and a specificity of 84%
(4 ), but its diagnostic performance is much lower in
asymptomatic individuals and females. The diagnosis and
grading of unstable angina or myocardial infarction de-
pend on biochemical markers together with clinical and

electrocardiographic data (5 ). The currently used routine
biochemical markers for the assessment of myocardial
infarction or unstable angina require tissue necrosis to be
detected in plasma. Serum and urine creatine concentra-
tions have been described as markers for myocardial
infarction. In contrast to other markers, creatine is a
nonprotein nitrogenous compound, present in heart and
skeletal muscle. It has a considerably lower molecular
mass (131 Da) compared with conventional markers;
release into the circulation therefore occurs at an early
stage of myocardial ischemia, allowing rapid diagnosis
(6, 7). We hypothesized that creatine could be released
from ischemic myocardial tissue without the necessity of
tissue necrosis. This study investigates the relationship
between serum creatine and electrocardiographic indices
during exercise testing.

We recruited 47 male Caucasians with a mean (SD) age
of 61 (10) years from patients referred for exercise testing.
Patients referred for detection of exercise-induced ar-
rhythmias or with major arrhythmias (pacemaker rhythm,
ventricular tachycardia, or conduction disorders) during
exercise, excessive increase (�250 mmHg systolic, �120
mmHg diastolic) or decrease (�10 mmHg systolic blood
pressure) in blood pressure during exercise, myocardial
infarction �6 months, and symptomatic heart failure
were excluded from the study. This study was approved
by the local ethics committee. All participants underwent
exercise testing on an electromagnetically braked bicycle
ergometer with stepwise incremental workloads [50 W 

25 W/2 min (41 individuals); 50 W 
 50 W/2 min (6
individuals)]. ECG recordings were acquired during ex-
ercise and during recovery. ST-segment depression was
quantified 60 ms (ST60) after the J-point in lead V5.
ST-segment depression �1.5 mm (0.15 mV) was consid-
ered to be diagnostic for myocardial ischemia. ST-seg-
ment depression was adjusted to heart rate (ST/HR
index) (8 ). Exercise was stopped on achieving the age-
matched maximal exercise level, severe ST-depression
�2.0 mm (0.2 mV), or severe symptoms (incapacitating
fatigue, grade III/IV angina, severe dyspnea).

The rate–pressure product [heart rate � systolic blood
pressure (mmHg � beats � min�1)] was determined at peak
exercise. Fasting blood samples were taken at rest before
exercise and 10 min after termination of exercise. Coro-
nary angiography was performed as a clinical diagnostic
procedure in 19 participants (40% of study population).
Serum creatine concentration (CV � 2.2% at 230 �mol/L
and 3.0% at 58 �mol/L) was determined by an enzymatic
assay as described previously (6 ). Creatine kinase (CK)
catalytic activity was determined according to the IFCC
(9 ) at 37 °C on a Modular analyzer using CK-NAC
reagents (Roche Diagnostics). CK-MB was measured with
an immunoinhibition assay. Total serum glutathione
(CV � 2.4% at 1 �mol/L and 3.6% at 0.5 �mol/L) was
determined according to the method of Griffith (10 ).
Myoglobin was measured immunoturbidimetrically, and
cardiac troponin T was measured with an electrochemi-
luminescence immunoassay (Roche Diagnostics). Plasma
lactate was measured using commercial reagents on a
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