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ABSTRACT: Proton spin-lattice relaxation rate constants (7; values) of some selected urinary metabolites were
analysed extensively by two different least-squares minimization procedures, based on the simplex and the
Marquardt-Levenberg algorithms. Comparative multiplicate analysis under different experimental conditions using
laboratory solutions of some of the urinary metabolites was employed in addition to direct measurements on
human urine samples. The T; values estimated for most of the metabolites by the two methods agreed to within

10-15%. © 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

High-resolution pulsed nuclear magnetic resonance
(NMR) spectroscopy of protons (*H) may be used to
obtain quantitative measurements of solute concentra-
tion in complex mixtures, for example, in body fluids
such as urine. However, sufficient time must be allowed
to elapse between the successive pulses used to sample
the nuclear spins to enable them to recover fully from
the effects of these pulses; it is therefore essential
that the nuclear relaxation times of the spin system be
measured before quantitative experiments can be under-
taken.’

The rate at which the magnetization of a given
proton approaches its equilibrium value following a
perturbation is given by its spin-lattice relaxation time
constant, T;. In dilute solutions the spin—lattice relax-
ation of most small, low molecular weight molecules is
dominated by dipole-dipole interactions.>> Assuming
isotropic tumbling within the extreme narrowing region,
the dipole—dipole relaxation rate constant for two non-
equivalent nuclei, i and j, is given by

vy}
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where 7; and y; are the magnetogyric ratios of the i and j
nuclei, r;; is their internuclear separation and 7.(i, j) is
the motional correlation time of the vector between
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them. The net T; value for a nucleus is dependent on
the overall tumbling rate of the molecule as a unit, plus
the contribution from any additional motion of a sub-
stituent group, such as a methyl group, which carries
that particular nucleus. Equation (1) implies that, if 7,
decreases, the T, of the protons in question will
increase.

Metabolites can either have simple structures with
equivalent protons, as in glycine, or they can have an
ensemble of magnetically non-equivalent protons, as in
hippurate; the protons in the latter will have different
relaxation times, related to the molecular environments
of the protons. T; values of methyl groups are expected
to be dependent on the barriers to internal rotation of
the group, more hindered groups (with longer internal
7, values) having shorter relaxation times.*

If high-resolution NMR spectroscopy is to be used to
obtain accurate quantitative measurements of solute
concentration, it is necessary to use sufficiently long
relaxation delays to ensure complete spin—lattice (7;)
relaxation of the nuclear spins of all solute molecules.>
Since all of the spins which are of interest are excited
simultaneously in time-averaged pulsed NMR studies,
an insufficiently long relaxation delay will lead to a dif-
ferential saturation of the nuclear energy levels of the
different molecules and hence a greater loss of signal
intensity for the spins which have the longer T; values.
Although the signal intensities of such partially saturat-
ed spin systems can be analysed, for solutions which
have large numbers of solutes, each containing one or
more magnetically non-equivalent protons, such
analysis is cumbersome. In practice, a relaxation delay
of about five times the longest T; value is usually used
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SPIN-LATTICE RELAXATION IN AQUEOUS SOLUTIONS 117

since this results in more than 99% recovery of the total
magnetization.”

T, values of protons (*H) have been reported for a
number of solutes in different solutions.?-° Numerous T;
studies of other nuclei, particularly !3C, have been
reported.!® Colebrook and co-workers?® and Valensin
and co-workers!!12 have reported extensive studies on
the applications of T; values to elucidating the stereo-
chemistry of natural products and other organic com-
pounds. T; values of metabolites in human muscle
extracts have been reported.! Although T, values of
water in urine have been used to study different renal
conditions,'*!* to our knowledge studies on the T,
values of urine metabolites have not been reported pre-
viously. Such information became necessary during a
quantitative investigation in this laboratory into human
urine metabolites.

Standard methods for calculating T, values utilize
various forms of peak-picking routines from which the
respective T; values are subsequently calculated for one
or more selected sets of peaks. In this work, we used
two different non-linear least-squares minimization
algorithms to analyse data from inversion-recovery
experiments® to obtain the T; values of low molecular
weight metabolite molecules, both in test solutions and
in human urine. The first technique, based on the
Marquardt-Levenberg algorithm,'> sequentially fits all
of the peaks in the absorption part of a complex spec-
trum without operator intervention (we have coined the
term ‘pix-fit’ for this method, since it stems from the
fitting of data to each pixel in an NMR image). The
second technique employs a simplex algorithm (referred
to as ‘sim-fit’) where fitting is restricted to peaks speci-
fied manually. A comprehensive evaluation of the pix-fit
routine, which has also been used to obtain quantitative
T, maps in NMR imaging, is reported elsewhere.'®

EXPERIMENTAL

Eight standardized solutions were used to test the accu-
racy of the T; values calculated using the pix-fit and
sim-fit techniques: (A) 4.00 mm and (B) 10 mMm aqueous
glycine (Aldrich Chemicals, Gillingham, Dorset, UK),
(C) 4.00 mm aqueous alanine (BDH Chemicals, Poole,
Dorset, UK), (D) 1 mm and (E) 4.41 mm aqueous lactic
acid (BDH Chemicals), (F) 0.98 mM and (G) 4.02 mMm
aqueous sodium hippurate (Sigma Chemicals, St Louis,
MO, USA) and a 4.00 mMm solution of the sodium salt of
trimethylsilylpropionate (TSP) (Aldrich Chemicals, Mil-
waukee, WI, USA) in D,O. These test solutions (600 ul)
were placed separately in 5 mm NMR tubes and 200 pl
of TSP/D,0O were added to each. The same test com-
pounds were used to make two separate sets of mix-
tures. The first (M1), third (M3), fourth (M4), fifth (M5)
and sixth (M6) identical mixtures were made by mixing,
by volume, alanine (C), glycine (A) and TSP (4 mm) in
proportions 2:2:1; this mixture was then diluted so
that the concentrations of the test metabolites would be
similar to that of mixture M2, which was made by
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mixing equal volumes of alanine (C), glycine (A), hippu-
rate (G) lactate (E) and TSP (4.00 mMm). Two aliquots of
mixture M3 were degassed by passing nitrogen gas for
15 min and the two NMR sample tubes which con-
tained aliquots of mixture M4 were placed in a vacuum
for 10 min; it was assumed that the above procedures
did not achieve complete degassing of mixtures M3 and
M4. Mixtures M5 and M6 were subjected to a freeze—
thaw cycle under vacuum and the NMR tubes were
sealed.

The urine samples were prepared by adding 200 pl of
TSP/D,O to 600 pl of fresh urine samples obtained
from the same volunteer on two different occasions.
D,0O was used as a field/frequency lock, and TSP, in
addition to being used as a test compound for T; calcu-
lations, was used as the chemical shift reference com-
pound. pH values of solutions were measured using a
Corning Delta II series pH meter (Model 2220, accu-
racy +0.01 pH unit) at 23 °C. Specific gravity was mea-
sured using Multistix S.G. (AMES reagent strips, Ames
Division, Miles Laboratories, slough, UK) used in uri-
nalysis.

Acquisition and pulse sequence

Experiments were performed using a Bruker AMX
spectrometer operating at 500 MHz at a probe tem-
perature of 310 °K. The samples were not spun during
acquisition. The 90° pulse length was determined for
each sample after tuning the probe and locking the field
on the D,O signal; 32 or 64 signal averages were col-
lected with a sweep width of 16.125 ppm and 0.49 Hz
per point digital resolution. Spectra were baseline cor-
rected.

The water signal was suppressed using a presatura-
tion sequence!’ which, with the selected delays, gave
excellent suppression. The same transmitter was used
both to produce the selective irradiation of the water
protons using low-power pulses prior to the beginning
of acquisition and during the relaxation and recovery
delays, and also the high-power excitation pulses; this
eliminated any phase incoherence which might have
arisen had a second decoupler channel been used. The
excitation pulses'®!® were applied as a train of three
90° pulses with 3 us and 5 ms delays between the first—
second and second-third pulses, respectively. These
pulses were phase cycled using the same phase cycle as
for the first increment of a NOESY experiment.!”-18
This cycle selects just the first magnetization that is
aligned along the z-axis during the 5 ms delay, and also
eliminates contributions not sensitive to the phase of
the first pulse. The sequence with the selected delays has
been used extensively in this laboratory, and results in
excellent water suppression (Figs 1 and 2).

T, measurements and fitting the data

T, values were measured using the solvent suppression
pulse sequence mentioned above incorporated into the
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Figure 1. 500 MHz 'H spectrum of urine-l (80:20 H,0-D,0). Peaks: A, TSP; B, 3-hydroxybutyrate; C, lactate; D, alanine;
E, acetoacetate; F, citrate; G, sarcosine; H, creatinine-I; I, GPC; J, betaine; K, glycine; L, hippurate-1; M, creatinine-II; N,

dihydroxyacetone; P, hippurate-II.

inversion-recovery sequence.’ Variable relaxation
delays (t values) were chosen in a series of pilot scans;
for some individual test solutions 16 variable delays
were used, whereas for other solutions 24 such variable
delays were used.

The resultant data were Fourier transformed without
apodization, followed by phase correction. Chemical
shift assignments were carried out with reference to the
TSP peak, using previous literature assignments.??-2!
The spectral points corresponding to the respective

P
h__s_.J.AJ_lJLWJA-A AN

1 . 1 1 1 1 1 1 1 1
9 8 7 6 4 3 2 1 0

Figure 2. 500 MHz *H spectrum of urine-II (80:20 H,0-D,0). Peaks as in Fig. 1.
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SPIN-LATTICE RELAXATION IN AQUEOUS SOLUTIONS 119

peaks (chemical shifts) in a spectrum were determined
using the Bruker software. Each processed inversion—
recovery data set was fitted using both the pix-fit
routine installed on a UNIX-based DECstation 3100
computer, and also the sim-fit routine on a micro-
computer.

For the pix-fit analysis, the absorption mode part of
the processed complex data was first stripped from its
dispersion mode counterpart. This process yielded 2K,
8K or 16K data points per spectrum and the resultant
absorption data were analysed by using a three-
parameter fit to the following equation:

M, = M1 —2pe™"™) @

where M, is the magnetization detected after a recovery
time ¢, M, is the equilibrium magnetization of the spins
with a relaxation time constant of T;, the offset, p, is
used to compensate for imperfect inversion, if any, of
the spins and the so-called null point T} (Ti,,) is
equal?®? to t/In 2. The approximate T;,,, times for each
set of test solutions and for some selected peaks in urine
were calculated by plotting the intensities of the peaks
of interest for each variable delay. The approximate T;
values so obtained provided useful comparison values
during the estimation of the T, value using the non-
linear regression algorithms.

The 90° pulse for the test solutions was approx-
imately 6 us and for urine it was approximately 8 us;
these pulse widths corresponded to excitation band-
withs, at half-height, of ca. 166 and ca. 128 kHz, respec-
tively, well beyond the ca. 16 kHz experimental
frequency range. A computer-simulated excitation
profile for an average 180° pulse of 15 ps showed at
12% deviation from maximum excitation at the
extremes of this range; the approximate offset (p) values
which compensate for incomplete inversion were, there-
fore, substituted when the data were fitted to Eqn (2).

The second T; calculation process (sim-fit) used a
modified version of the non-linear simplex algorithm?3
in which the intensities of the peaks of interest were
fitted independently against the relaxation delay by Eqn
(2). All of the results for both the pix-fit and the sim-fit
techniques are presented here with 95% confidence
interval values.

Spectra were measured at 37°C because cooling of
urine specimens often yielded a colloidal suspension
which dissolved as the temperature was raised. The
longer pulse lengths for urine than for the test samples
are probably due to the high ionic strength of urine
leading to inductive losses in the sample, requiring more
power to produce a 90° pulse. Paramagnetic dipolar
relaxation contributions to spin-lattice relaxation from
the dissolved oxygen were considered to be constant for
all of the components in each sample.?? This was veri-
fied by demonstrating that degassed solutions of the
mixtures (mixtures M3, M4, M5 and M6) gave the same
relative T; values as the normal solutions.

T; values (300 MHz, 37 °C) were also measured for 50
mM solutions of alanine in D,O and in D,O/buffered
saline solution (pH 7.2). The average T; values (alanine

© 1998 John Wiley & Sons, Ltd.

and reference signals) were about 10% shorter in the
saline solution.

Molecular modelling

Barriers to internal rotation of methyl groups in the
lowest energy conformation of some of the metabolites
were calculated using the dihedral driver option of
PCMODEL 4.0 (Serena Software, Bloomington, IN,
USA). PCMODEL is a molecular mechanics program
that uses the MMX force field.

DISCUSSION

The reference samples selected are metabolites com-
monly found in urine in sub-millimolar or millimolar
concentrations.?! TSP was used as the internal refer-
ence standard in each solution for calculating peak
areas, and hence the concentrations of the metabolites.
The proportions of the metabolites in mixture M1 were
adjusted to give similar peak intensities, based on the
nine protons of TSP and two or three protons in
glycine and alanine. The second mixture (M2) had twice
as much TSP as mixture M1, and the hippurate (G) and
lactate (E) solutions had approximately four times (see
Table 2) the concentrations of the hippurate (F) and the
lactate (D) solutions; these were used to check whether
any variation in concentrations, at the level found in
urine, had any effect on T; values. Previous pilot experi-
ments showed that most of the metabolites in urine had
T; values less than 5 s; therefore, a 30 s relaxation delay
was considered sufficient to allow for complete relax-
ation recovery.

Maximum t values chosen for both the pix-fit and the
sim-fit methods were at least 37, to ensure that the
relaxation curve was well defined with little weighting
from possible errors in the inverting 180° pulse angle.
The sensitivity of the measurements to the range of ¢
values employed was investigated by repeating the
experiments on mixture M1, mixture M2, urine-I and
urine-II under identical conditions except that the
maximum variable delay (t) used was 5 s, which is less
than 37, for some components. Under those circum-
stances, the standard errors calculated for each metabo-
lite were significantly larger for the slower than for the
faster relaxing components. For example, the peaks
which had relatively short T; values (e.g. the doublet of
alanine at 1.48 ppm) yielded a more satisfactory fit than
species with larger T; values, such as TSP.

The pix-fit method carries out a fit for every spectral
point, rather than for a selected peak intensity (sim-fit
method). Hence it is important that the spectral points
bear a constant relationship to the frequencies in the
spectra. The spectral point for a given peak and a given
block size (data size) varied only within +1 point. This
was verified by analysing the data for a single solution
and also data from different samples (0.5 unit pH
variation, Table 1) and 12 samples of urine spectra
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Table 1. T, values of reference samples in individual solutions, mixtures and urine, calculated using the
Tnun, Pix-fit and sim-fit methods (+ values denote the 95% confidence intervals)

Compound Peak (ppm)* T} o ) T} pix-tit (s) T} imesit (8)
(C) Alanine (pH = 7.54) 1.48 (d) 217 239 + 0.02 236 + 0.02
3.79 (9 4.06 3.16 + 0.02 4.20 + 0.03
(A) Glycine-I (pH = 7.53) 3.57 (s) 2.82 272 + 0.01 271 + 0.02
(B) Glycine-B1 3.57 (s) 3.62 3.58 + 0.03 3.54 + 0.02
(B) Glycine-B2 (pH = 7.71) 3.76 3.60 + 0.01 3.58 + 0.02
(F) Hippurate-I (pH-7.57) 397 (d) 2.68 4.05 + 0.01 NCP
7.56 (t) NC? NCP NC?
7.65 (t) NC® NCP NC*
7.83 (d) 3.62 3.55+0.03 NCP
(G) Hippurate-II (pH = 7.33) 3.97 (d) 1.95 1.86 + 0.01 2.25 + 0.06
7.56 (t) 3.83 4.03 + 0.05 4.06 + 0.10
7.65 (t) 498 6.37 + 0.06 4.77 + 0.08
7.83 (d) 3.84 4.29 + 0.02 4.34 + 0.02
(D) Lactate-I (pH = 7.40) 1.33 (d) 2.53 217 + 0.01 250 + 0.02
4.11 (g 4.30 5.25 4+ 0.03 6.63 + 0.11
(E) Lactate-II (pH = 7.22) 1.33 (d) 2.46 2.39 + 0.01 251 + 0.02
4.11 (q) 415 429 + 0.04 4.66 + 0.03
(M1) Mixture 1 (pH = 7.80)
Alanine 1.48 (d) 1.99 243 +0.03 2.24 +0.02
3.79 (q) 324 3.96 + 0.02 3.39 + 0.05
Glycine 3.57 (s) 2.38 3.07 + 0.01 2.28 +0.02
(M2) Mixture 2 (pH = 7.35)
Alanine 1.48 (d) 211 2.39 + 0.01 2.32 +0.02
3.79 (q) 3.72 4.76 4+ 0.03 3.99 +0.05
Glycine 3.57 (s) 298 3.01 +0.01 2.75 + 0.01
Hippurate 397 (d) 1.85 1.87 £ 0.01 2.48 + 0.02
7.56 (t) 3.81 3.94 +0.03 4.34 + 0.04
7.65 (t) 4.82 6.25 + 0.04 6.09 + 0.07
7.83 (d) 3.95 421 +0.01 4.34 + 0.03
Lactate 133 (d) 243 2.78 + 0.02 2.93 +0.02
4.11 (g 4.01 4.18 + 0.05 4.32 +0.08
(M3) Mixture 3A° (pH = 7.14)
Alanine 1.48 (d) 212 2.69 + 0.01 2.67 + 0.01
3.79 (9 3.20 5.18 +0.02 4.55 + 0.02
Glycine 3.57 (s) 3.19 3.42 +0.01 342 +0.02
(M3") Mixture 3B° (pH = 7.14)
Alanine 1.48 (d) 191 2.69 + 0.01 2.67 +0.01
3.79 (q) 3.63 5.18 +.0.02 4.44 +0.02
Glycine 3.57 (s) 3.30 3.42 +0.01 342 £+ 0.02
(M4') Mixture 4A¢ (pH = 7.21)
Alanine 1.48 (d) 2.13 2.69 + 0.01 2.67 + 0.01
3.79 (@) 2.51 5.18 +0.02 4.55 +0.02
Glycine 3.57 (s) 2.10 3.42 +0.01 342 +0.02
(M4") Mixture 4B¢ (pH = 7.22)
Alanine 1.48 (d) 2.36 2.69 + 0.01 2.67 + 0.01
3.79 (@ 3.69 5.18 £+ 0.02 4.55 +0.02
Glycine 3.57 (s) 3.10 342 4+ 0.01 3.42 4+ 0.02
(M5) Mixture 5¢ (pH = 7.29)
Alanine 1.48 (d) 2.33 221 +0.01 2.14 + 0.02
3.79 (9) 4.16 3.13 +0.02 3.61 + 0.02
Glycine 3.56 (s) 351 298 + 0.01 3.27 +0.02
(M6) Mixture 6 (pH = 7.29)
Alanine 1.48 (d) 2.30 2.68 + 0.01 2.57 +0.01
3.79 (q) 4.20 4.44 +0.01 4.62 + 0.01
Glycine 3.56 (s) 3.55 4.17 + 0.01 3.76 + 0.02
Urine-I (pH = 6.82)
Alanine 1.48 (d) 1.57 142 +0.11 1.46 + 0.02
Glycine 3.57 (5) 274 2.75 + 0.01 3.38 + 0.02
Hippurate 3.87 (d) 1.75 1.78 £+ 0.02 1.65 + 0.03
7.83 (d) 4.07 4.00 + 0.03 4.30 + 0.07
Lactate 1.33 (d) 2.36 221 +0.01 2.58 +0.03
Urine-II (pH = 7.81)
Alanine 1.48 (d) 1.55 1.89 + 0.01 1.85 +0.03
Glycine 3.57 (s) 3.19 3.16 + 0.01 3.75 +£ 0.02
Hippurate 3.97 (d) 1.87 1.94 + 0.02 212 + 0.04
7.83 (d) 4.59 4.61 + 0.04 4.76 + 0.10
Lactate 1.33 (d) 2.01 2.04 +0.02 2.12 + 0.06

23, Singlet; d, doublet; q, quartet; t, triplet.
> Not calculated because of very low intensity or overlapping by an unsuppressed peak.
©0.24 Hz per point digital resolution. ¢ 1.96 Hz per point digital resolution.
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obtained under identical experimental conditions
(#0.80 unit pH variation). Similar pH values were man-
datory in this study because protonation or deprotona-
tion of some metabolites will have a dual effect. First, it
can lead to a significant change in the chemical shift,
thereby changing the peak point in the data set; second,
and less important, the intramolecular dipolar inter-
actions could change, thereby altering the relaxation
rate. Stirring the solutions was necessary to minimize
the instability of the pH reading. However, buffered
solutions were not used because the pH measured for
all test solutions did not vary beyond a range of 0.5 pH
units (Table 1). The specific gravities of all test solutions
were equal to unity, while those of the two urine
samples were 1.002 and 1.001. Experimental conditions
similar to those in the urine study were maintained at
all times.

Variation in the T; values of methyl groups between
metabolites was investigated using barriers to internal
rotation calculated by molecular mechanics procedures.
Correlations between methyl group rotational barriers
and relaxation rates have been established pre-
viously.*?* Since interproton distances within a methyl
group are short, dipolar relaxation within the group is
efficient and significant intramolecular dipolar relax-
ation contributions from outside the group are
unlikely.® Hence differences in the relaxation times of
methyl groups in different compounds arise largely from
the combined effects of different overall tumbling rates
and different rates of internal methyl group rotation.
Calculated rotational barriers (kcal mol~!) decrease in
the order 3-hydroxybutyric acid (3.07), sarcosine (3.02),
alanine (2.65), lactic acid (2.64), TSP (2.00), betaine
(1.97), acetoacetic acid (0.75) and creatinine (0.75).
Alanine and lactate, with similar size, polarity and rota-
tional barriers, have similar observed relaxation rates

(Table 3), shorter than that of TSP (with faster rotating
methyl groups) (Table 2), suggesting that methyl rota-
tion is a significant factor in the overall relaxation rate
of those compounds. However, there is an absence of an
overall correlation between methyl internal rotational
barriers and T; values of the compounds investigated,
indicating that factors external to the molecules are
largely responsible for determining relaxation rates. For
example, betaine, which has an internal methyl rota-
tional barrier almost identical with that of TSP, has a
much shorter 7;. Relaxation may take place to water
molecules and paramagnetic species in solution, while
overall tumbling rates, in addition to depending on
molecular size and geometry, may be affected by the
polarity of the molecule and the extent of solvation.

The complete set of TSP T; values for all of the solu-
tions examined is given in Table 2. The average T; value
obtained for TSP using the null method is 3.95 + 0.12 s;
the T, values calculated by the pix-fit and sim-fit
methods were 4.39 + 0.26 and 4.39 + 043 s, respec-
tively, showing excellent agreement for the two algo-
rithms. However, it was of interest to address the
variation of T; values observed for TSP in test samples
and urine; since appropriate corrections had been made
to compensate for imperfect 180° pulses and variations
in signal intensities, the variations observed are
assumed to be related to the relaxation mechanisms of
the protons in TSP. Spin-lattice relaxation of the
methyl protons in TSP has contributions to 7, from
both internal methyl group rotation and overall molec-
ular tumbling. Since the calculated methyl group rota-
tional barrier (2.00 kcal mol 1) is relatively low, methyl
rotation is expected to have a significant influence on
the overall relaxation rate. TSP exhibits the slowest
relaxation of all the species investigated in this study; it
is also the least polar species and so is the least likely

Table 2. T, values calculated for the methyl protons of TSP using the T,,., pix-fit and

sim-fit methods for test solutions and urine (+ values denote 95% confidence intervals)

SO]utiOn Compound Tlnull (S) ’I‘lpix-fit (S) T‘lsim-fit (S)
C Alanine 3.89 439 + 0.01 5.01 + 0.01
A Glycine 3.75 3.87 + 0.04 5.10 + 0.01
B Glycine-B1* 3.80 441 + 0.02 4.40 + 0.02
B Glycine-B2* 3.86 4.13 + 0.02 4.09 + 0.02
F Hippurate-I 4.17 3.69 + 0.01 3.52 +0.02
G Hippurate-1I 372 5.51 +0.01 2.99 + 0.01
D Lactate-I 3.81 491 +0.01 4.56 + 0.02
E Lactate-II 3.96 3.67 + 0.01 3.28 + 0.01
M1 Mixture 1 392 4.08 + 0.01 2.90 + 0.01
M2 Mixture 2 395 3.92 + 0.01 5.89 + 0.02
M3 Mixture 3A 4.34 4.24 + 0.01 422 + 0.01
M3 Mixture 3B 4.06 3.86 + 0.02 433 +0.02
M4 Mixture 4A 449 4.61 + 0.02 4.66 + 0.05
M4” Mixture 4B 4.57 4.51 + 0.01 5.07 + 0.01
M5 Mixture 5 4.68 4.72 + 0.01 3.86 + 0.02
M6 Mixture 6 4.78 443 + 0.01 4.66 + 0.03

Urine-I 4.25 4.67 + 0.02 4.68 + 0.04
Urine-II 4.26 5.37 +£ 0.02 5.83 +0.03

? The experiments were repeated on the same solution under identical conditions.
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Table 3. Average T, values (from Tables 1 and 2) calculated for some metabolites using the T,,,,;,
pix-fit and sim-fit methods (4 values denote 95% confidence intervals)

Compound  Peak (ppm) Tinun (9) Tipixsie () Error (%) Tigmsic 8)  Brror (%)
Alanine 1.48 1.88 +0.37 233 +£0.26 11.01 227+0.24 10.52
3.79 3.67 + 1.02 4.05 + 0.66 16.24 391 + 047 11.99
Glycine 3.57 2.82 +£ 037 3.19 £ 0.28 8.76 3.19 £ 031 9.82
Hippurate 3.97 1.86 + 0.10 1.86 + 0.08 4.30 2.13 £ 0.56 26.29
7.56 3.82+0.13 3.98 + 0.56 14.10 420 + 1.78 42.38
7.65 490 + 1.18 6.30 £+ 0.76 12.10 543 +£8.39 —
7.83 4.01 + 045 4.13 £ 048 11.62 444 +0.34 7.65
Lactate 1.33 2.36 + 0.25 2.32 +0.36 15.52 253+ 035 13.83
4.11 4.08 + 0.89 4.54 + 1.46 — 572 £ 11.56 —
TSP 0.0 397+ 0.14 4.39 + 0.26 5.96 4.39 +£ 043 9.73

compound to have its overall rotational rate influenced
by solvation. Since a significant variation of T; with pH
was not observed in any of the solutions investigated,
differing levels of protonation of the carboxylate anion
are unlikely to be responsible for the variation in T;
values observed. That the greatest variation in observed
T, values is observed for the slowest relaxing species is
consistent with a recent report that thermal convection
in non-spinning NMR sample tubes may influence the
time evolutions of magnetization during an inversion—
recovery pulse sequence.?’

The T; values obtained for the hippurate peak at 3.97
ppm in solutions F and G (Table 2) showed a variation
of up to 34.1%. This is because the signal was partly
obscured by a poorly suppressed water signal; since
that signal does not show a true recovery, the intensity
of nearby peaks can vary randomly. This residual water
signal also interferes with other low-intensity peaks
(Table 1), e.g. the anomeric protons of glucose near 4.6
ppm. Nevertheless, the T; values calculated for the aro-
matic proton peaks of hippurate, which are shifted from
the water signal, agree well with each other; those
protons have relatively long relaxation times,
3.98 + 0.56 and 4.13 + 048 s for the doublets at 7.56
and 7.83 ppm, respectively, because dipolar relaxation is

relatively inefficient between aromatic ring protons
(Table 2). In contrast, the methylene protons of the side-
chain of hippurate (3.97 ppm) have a shorter T; value
(T; =186 £ 0.08 ), reflecting efficient relaxation
because of the close proximity of those protons.

In human urine, the low-frequency region where the
methyl signals of alanine appear is relatively crowded
with the signals of other metabolites;?° interference
from such signals, especially when the metabolites of
interest are present in low concentrations, is probably
the main reason for differences in T; values observed for
urine. The presence of any urinary paramagnetic ions,
which would contribute to a reduction in T; values, was
discounted in the present study since global reductions
in metabolite T; values were not observed. Urine-I (Fig.
1) was relatively dilute, so that detection of some metab-
olite signals, such as the acetoacetate peak, was not pos-
sible (Table 4). Pix-fit calculated T; values for known
acetoacetate peaks agreed well with those calculated for
urine-1II (Fig. 2) by the other methods. However, the T;
value calculated for dihydroxyacetone in urine-I by the
pix-fit method differed from the corresponding value for
urine-II (the large error returned by the fitting pro-
cedure perhaps indicates an unsuccessful fitting to this
very low-intensity signal). Nevertheless, the T; values

Table 4. T, values of selected metabolites of urine-l1 and -ll calculated using the T,,.;, pix-fit and sim-fit methods

(+ values denote 95% confidence intervals)

Urine-1 Urine-I1

Compound Peak (ppm)* T} un (8) T pix-tit (8) Tisim-sic (8) Tinun () T pix-tit (8) Tigim-sit (8)
3-Hydroxybutyrate 122 (d) 1.34 1.33 £ 0.15 NCP 1.55 1.45 + 0.00 1.94 +0.20
Acetoacetate 2.34 (s) NCP 1.64 4+ 0.01 NCP 1.61 1.78 4+ 0.01 NC
Citrate 2.65 (d) 0.61 0.54 + 0.02 0.54 + 0.02 0.71 0.65 + 0.03 0.88 + 0.05
Sarcosine 2.73 (s) 3.38 347 +0.02 NCP 6.01 6.29 + 0.19 6.20 + 0.23
Creatinine-I 3.06 (s) 3.81 391 + 0.01 3.79 £ 0.05 3.82 3.85 £ 0.03 3.96 + 0.07
GPC 3.22 (s) 1.11 1.12 + 0.05 1.14 + 0.09 1.24 1.31 +0.03 132 +0.11
Betaine 3.25 (s) 1.83 1.77 £ 0.11 NCP 2.27 244 4+ 0.01 2.78 4+ 0.04
Creatinine-II 3.94 (s) 3.03 3.08 + 0.02 3.07 £ 0.08 2.99 297 +0.01 3.07 £ 0.02
Dihydroxyacetone 4.43 (s) NC® 551+022 NC° 2.62 2,61 +0.01  4.02+0.03

*s, Singlet; d, doublet.

® Not calculated because of very low intensity or overlap by another peak.

© 1998 John Wiley & Sons, Ltd.
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calculated for most of the other metabolites in urine-II
were close to the corresponding values for urine-I
(Table 4).

The T; values obtained from urine-I for the 1.33 ppm
methyl signal of lactate (Table 3), 2.21 + 0.01 s, the
methyl signal (3.06 ppm) of creatinine (3.91 + 0.01 s)
(Table 4), the hippurate peaks at 3.97 ppm (1.86 + 0.08
s) and 7.83 ppm (4.13 + 0.48 s) (Table 3), and for the
methylene group of glycine (3.57 ppm, 3.19 + 0.28 s)
(Table 3) represent good fitting; a standard error of less
than 10% is considered satisfactory for T, values.2®

The N(CH;); groups in glycerylphosphorylcholine
(GPC) (1.12 £ 0.05 s, pix-fit) and betaine (1.77 + 0.11 s,
pix-fit) have much shorter T; values than the C(CHj;);
groups in TSP, despite the similar calculated methyl
group internal rotational barriers in betaine and TSP.
The chemical shift of the trimethylamine peak in
betaine and GPC solutions did not change over a pH
range of 6.5-8.4, so the differences observed between the
T, values of the methyl signal of betaine and of GPC in
urine-I and urine-II (Table 4) were not due to the differ-
ence in pH (0.99 pH units). It is unlikely that the highly
basic trimethylamine units in those compounds will
change their degree of protonation over the limited pH
range of the urine samples sufficiently to affect relax-
ation rates.

The largest apparent difference in T'; between the two
urine samples was observed for sarcosine. Studies on
urine showed that there was a noticeable chemical shift
dependence of the methyl signal of sarcosine over the
range of physiological pH (no measurements were made
on the methylene signal). Since the sarcosine signal is
pH dependent and was sometimes overlapped by part
of the citrate quartet, sarcosine 7; values could be
determined accurately only when there was no overlap.
The pH dependence, if any, of the T'; values of sarco-
sine in test solutions was not investigated.

CONCLUSIONS

The T, values of metabolites found in urine were esti-
mated using two different optimization algorithms. T;
values of standardized laboratory solutions gave an
estimate of the statistical variations in the experimental
determination of T; values under conditions compara-
ble to those used for the urine samples. The pix-fit
application of the Marquardt-Levenberg algorithm
implemented in this study offers the advantage of speed,
since the whole spectral range (all of the spectral points)
is fitted, without intervention, in about 4 min, the T}
value for any peak in the spectrum was subsequently
extracted. In contrast, the peak picking routine imple-
mented in the simplex method to calculate the peak
height requires operator selection of peaks to be
analysed; typically it requires several minutes for com-
plete processing of a single T; value. The T; values of
most of the metabolites in urine measured by the above
procedures have a maximum error limit of 15%.

© 1998 John Wiley & Sons, Ltd.

To our knowledge, this is the most extensive study of
the T; values of urinary metabolites and simple meta-
bolic solutions performed with two different non-linear
regression algorithms. The work indicates the experi-
mental conditions necessary to make accurate intensity
measurements; it is not necessary to adjust the pH of
urine.
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