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Abstract

The investigation of drug delivery and metabolism requires the analysis of molecules in complicated biological matrices such as human
serum. In NMR-based metabonomic analy$igielaxation editing with a CPMG filter is commonly used to suppress background signals from
proteins and other endogenous components. Radio frequency pulse imperfections and incomplete irradiation across the spectral bandwidth c
cause phase and baseline distortions in CPMG spectra. These distortions are exacerbated by water suppression techniques. Baseline correc
methods included in commercially available data processing software packages may be incapable of producing artifact-free spectra. To increa
the analytical precision of metabolic profiling, one NMR spectroscopist may be responsible for manually phasing and baseline correcting
hundreds of spectra individually to remove operator-dependent variations, significantly reducing throughput. For metabonomic analysis o
human serum, it was observed that the application of a pulsed field gradient filter prddils®tR spectra well suited to automatic phasing
routines. Superior baseline characteristics, an increased tolerance to radio frequency pulse imperfections, and improved water suppression w
achieved. A concomitant reduction in signal intensity compared with the CPMG method was easily recovered by increasing the number of scan:
Principal component analysis (PCA) of spectra, acquired under a variety of experimental conditions, revealed the improved reproducibility
and robustness dH NMR pulsed field gradient-filtered metabonomic analyses of serum compared to the CPMG method.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Metabonomics; NMR spectroscopy of biofluid$; relaxation; Diffusion; Principal component analysis (PCA); Spectral editing

1. Introduction whole blood, plasma, urine, bile, and cerebral spinal fluid
[4-6]. NMR relaxation and diffusion-based gradient filter-
Metabonomic analysis of human biofluids is a rapidly de- ing methods have been widely employed to analyze these
veloping area in clinical resear¢h]. Nuclear magnetic res- samples. An inherent challenge in many of these biologi-
onance spectroscopy (NMR) has played an important role in cal matrices is the presence of proteins and other biological
the growth of this field, aiding in the identification of drug macromolecules whose broad lines can mask the detection of
metabolited2] and disease biomarkej3] in fluids such as  low-level small molecule metabolites. The small molecules
of interest can be selectively detected by relaxation editing
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Fig. 1. Pulse sequences used for human serum analysis. In the CPMG exper
iment (A), the total pulse train length is2and broad signals are selectively
suppressed by relaxation. In the STE experiment (B), signal attenuation
occurs as a function of molecular diffusion during the experimental diffusion
delay time,A and byT, relaxation during the gradient pulses. The signal-
to-noise ratio §N) is decreased for all signals due to gradient coherence se-
lection.g= Gradient amplitudej = duration of gradient pulse;, = gradient
recovery delay time. AQ is the acquisition period. An optional homospoil
gradient (not shown) can be applied after the secondp@lse to destroy
residual magnetization in they plane.

These distortions become increasingly significant as more
pulses are appliefl4,15]and can be exacerbated by water
suppression techniqu¢s6]. Phase and baseline errors can
significantly complicate the identification and quantitation of
small molecules, especially when the analytes of interest are
present in the sample at low concentratiogg.1).

Pulsed field gradient filtering is a promising alternative to
relaxation-based methods for selectively detecting molecules
of varying sizes. The stimulated echo (STE) experiment
shown schematically iRig. 1B, can be used for gradient fil-
tering using a single value of the gradient amplitug)e Dif-
fusion coefficientsD) are calculated by acquiring a pseudo-
two-dimensional data set as a functiongphnd measuring
the decay in signal intensity)( according to Eq(1) [17].
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In Eqg. (1), I, is the signal intensity in the absence of the gra-
dient pulse angk is the gyromagnetic ratio, an intrinsic prop-
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pulses are applied in the STE experiment compared to the
CPMG experiment, fewer phase anomalies in resulting spec-
tra are observed. Resulting spectra are readily processed us-
ing programmed algorithms in the NMR software, thus reduc-
ing the data analysis time. Highly reliable metabolic profiles
are also generated, an important consideration in the appli-
cation of metabonomics for disease diagnosf2]. The
robustness of the CPMG and STE spectra to automatic phas-
ing and baseline correction routines was investigated further
to determine if the STE experiment is a viable alternative to
CPMG for metabonomic analysis.

2. Experimental
2.1. Serum samples

Human serum was collected from a healthy female donor
by venipuncture into a red top vacutainer (Becton, Dickin-
son and Company, Sparks, MD). The blood was allowed to
clot (without additives) at room temperature for 30 min and
then centrifuged to separate the serum. Sample aliquots were
frozen at—70°C until analysis. The serum (9¢1) was di-
luted by adding 10Q.L D20 (99.96% atom D, Cambridge
Isotope Labs Andover, MA), used to obtain a deuterium lock
signal for the NMR spectrometer. Inspection oftd NMR
spectrum revealed the sample to be stable atroom temperature
or lower for several days. Please note: Serum is a potential
biohazard and should be handled and disposed of according
to local and federal safety regulations.

2.2. NMR spectroscopy

All spectra were acquired on a Bruker BioSpin AVANCE
500 MHz spectrometer equipped with a 5mm triple reso-
nance{H, 13C, 15N} inverse detection probe. On resonance
presaturatiofi23—25]was used to suppress the residual HOD
signal at 4.71 ppm. The CPMG and one-dimensional stim-

erty of the nucleus being analyzed. Experimental parametersulated echo (STE) pulse sequences were used to measure

like the gradient pulse duratio#,and the diffusion timeA,
also affect signal attenuation but are usually fixed for a given
experiment.

CPMG and gradient-filtered spectra, respectivéfig( 1).
In the CPMG experiments analyzed by principal component
analysis (PCA), thd, delay () was set to 0.5ms and the

Pulsed field gradients attenuate magnetization based orpulse train was repeated 20 timas=(20), yielding a to-

the diffusivity of the corresponding nuclei, leading to greater
signal attenuation for quickly diffusing small molecules
compared to slowly diffusing larger moleculg8]. Small
molecules are edited from the spectrum when the diffusion
experiment is performed at high gradient amplitude. This en-
ables detection of large biological macromolecules (or small
molecules bound to them), with faBs relaxation times that
are difficult to detect selectively by CPMG experiments.

tal pulse train length @) of 20ms. For the STE experi-
ments subject to PCA, a constant gradient amplituglef{
11.3 G/cm was applied for 1.5 m&)(and a 20Qus gradient
recovery time {;) was used. The diffusion delay time)

was held constant at 100 ms. A homospoil gradient pulse (not
shown inFig. 1B) with an amplitude of-7.74 G/cm and du-
ration of 1.0 ms was applied during the diffusion delay time
to destroy residual magnetization in tRg plane[26,27]

Small molecules themselves can be identified by subtract- The temperature was regulated at either 298 or 277 K using
ing a diffusion spectrum acquired at high gradient ampli- a Bruker BioSpin variable temperature accessory. In these
tude (large molecules only detected) from one acquired atexperiments, 8 or 64 scans were acquired into 16444 com-
low gradient amplitude (large and small molecules detected) plex points and the residual HOD signal was referenced to
[9,10,19-21] Because fewer high power radio frequency (rf) the external HOD signal in a one-dimensiofll spectrum
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acquired without water suppression (4.71 ppm). The NMR A)
probe was tuned and matched to the proton transmitter res-
onance frequency (500.13 MHz) for each sample. Other ex-
perimental conditions are as indicated throughout the text.

2.3. Data processing

The free induction decays (FIDs) were baseline corrected
for DC offset by applying a filter that subtracts a constant
value calculated from the last 25% of the FID (default mode)
[28]. The data sets were zero-filled to 32,768 points, apodized
with an exponential multiplier equivalent to 1 Hz line broad-
ening, and Fourier-transformed. Unless otherwise noted, data
sets were either automatically or interactively phased. A poly-
nomial function was subtracted from each spectrum for addi- 7.50 5. 0.00 ppn
tional baseline correction (automatically or interactively) if S e EE— -
necessary to achieve a flat baseline at zero intensity. Fig. 2. Comparison of two NMR methods for human serum analysis.

500 MHzH one-dimensional spectra of human serum acquired 2€26

2.4. Principal component analysis (PG29] eight scans using the CPMG (A) or STE (B) pulse sequence. Both methods
employed presaturation to suppress the residual solvent signal at 4.71 ppm.

. . The B-glucose anomeric proton resonance is indicated with an astéjisk (
The AMIX software prograng30] (Bruker BioSpin Cor- for comparison wittFig. 6. For the CPMG data; = 0.5 ms andh=20. For

poration) was used to perform PCA on the CPMG and STE he STE datag=11.3G/cmj = 1.5ms,r = 200ps, andA =100 ms.
data sets. The software utilizes bucketing, a method of data
reduction to generate a manageable data set. For example, guency (rf) pulse, necessary to achieve best results with the
'H NMR spectrum with 32,768 points over a spectral win- CPMG method, is a relatively lengthy procedure that often
dow of 10 ppm is reduced to 250 buckets 0.04 ppm wide. requires more time than needed to acquitélapectrum. In
The peak intensity, normalized and scaled to the total in- Fig. 3A, the reference 360rf pulse was pre-calibrated on a
tensity of the spectrum, excluding the solvent region from buffered sucrose sample (5 mM in 0.2 M sodium phosphate,
4.62 to 6.00 ppm, was measured for each bucket, yielding a90% H,0/10% D,0, viv, pH 7.4), chosen to closely mimic
histogram representing the spectrum. Statistical analysis ofthe ionic concentration of serum. The 288ulse was cal-
bucketed spectra permitted comparison of the experimentalculated as half the length of the 36pulse. The calibrated
reproducibility of the CPMG and STE results. value serves as a reference’ Yilse length for samples in
similar solvents, thus reducing the time required to optimize
experimental conditions. When the calculated rf pulses are

3. Results and discussion

Fig. 2 shows a direct comparison of the CPMG and )

gradient-filtered methods for analyzing serum samples. The
spectrum irFig. 2A was acquired with a CPMG filter and in
Fig. 2B a pulsed field gradient filter was used. Overall, the

spectra appear similar except for the reduced signal-to-noise /

ratio (SN) in Fig. 2B due to the coherence selection of the ", W
pulsed field gradient31]. While both methods suppressed | 400 / ‘ "\“3»‘597\‘ . ppm
broad components, superior water suppression was achieved (B)

with the gradient filter. When using the gradient filter there
are two active modes of water suppression: on resonance sat-
uration of the water signal (also active in the CPMG method)
and diffusion editing, as water is generally the fastest diffus- J

ing molecule in the sample. Gradient filtering is advantageous
for metabonomic analysis of biofluids since the chemical shift
of the anomeric protons of sugars liReglucose are nearthe L. ... N S
residual HOD signal5], and saturation methods affect the

intensity of these signals. : -
Si tab . lvsis of biofluids h dical di pulse was pre-calibrated on a buffered sucrose sample. The arrows indicate
Ince metabonomic analysis ot DIOTUIdS has medical di- phase anomalies resulting from pulse inaccuracies. In (B), thpi@8e was

agnostic potentig[22], r_a-pid.thrOUthUt is desirable. _AC' empirically optimized for the serum sample. Acquisition parameters are the
curate and precise calibration of the reference radio fre- same as those listed Fig. 2

Fig. 3. 'H CPMG spectra of human serum acquired at@5In (A), the 90
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@A) software and applied easily to a series of samples. For one-
dimensionaH NMR experiments such as the CPMG and
STE experiments, a standard processing protocol may in-
clude the following: (1) DC offset correction of the baseline
in the time domain, (2) selection of an appropriate weight-
ing function of the free induction decay (FID) to maximize
SN and/or resolution, (3) Fourier transformation of the time
domain FID into a frequency domain spectrum, often with
zero-filling or linear prediction to improve digital resolution,
(4) adjustment of the phase of the resonances to yield a spec-
trum with positive intensity peaks, and (5) baseline correc-
tion in the frequency domain so that resonance integrals are
measured with respect to a constant zero baseline across the
whole spectrum. Phasing and baseline correction can be per-
formed interactively until the spectroscopist observes the best
result or automatically using programmed commands in the
Fig. 4. 'H STE spectra of human serum acquired af@5with various NMR processing SOﬁW-are' The spegtra Shqwrm@?' 24
experimental conditions. In (A), the gradient pulses were applied for 1.5ms. Wer,e phased and baseline Corre,Cted mtgrgcuvely S_mce the ex-
The gradient amplitudegf was 4.5 G/cm, the diffusion delay time] was perimental parameters were being optimized. This becomes
100 ms, and 32 scans were acquired. (B) Same asg(AL1.5G/cm. (C) impractical when large numbers of spectra are acquired as a
Same as (B), except= 22.6 G/cm. single spectroscopist may be responsible for all the data pro-
cessing to reduce operator-dependent variations. To further
applied to human serum, phase artifacts (indicated by arrowsassess the robustness of the CPMG and STE methods to au-
in Fig. 3A) are evident near the baseline. These artifacts arisetomatic processing, groups of spectra were acquired by each
due to additive errors resulting from repeated application of method on a serum sample from one person.
imperfect 180 pulses, leading to incomplete refocusing of The standard processing protocol outlined above was ini-
the magnetization. Incomplete irradiation across the band-tially applied automatically to CPMG and STE data sets. DC
width of the sample can also contribute to phase artifacts. offset, a vertical shift of the FID with respect to zero inten-
Although the sample is homogeneous, not every physical re-sity, arises from a DC imbalance of the two channels of the
gion of the sample within the NMR coil receives the same quadrature detectdB82]. This was corrected (unless other-
pulse. The 360pulse was optimized empirically onthe serum wise noted) by calculating the average value of the last 25%
sample to minimize the phase distortions, with the*@@se of the FID and subtracting that constant from the F28].
calculated as half the optimized value. As evidertio 3B, An exponential weighting function equivalent to 1 Hz line
the resulting spectrum is much easier to properly phase. Thebroadening was applied to the FID to impro&®l. Resolu-
obvious phase artifacts in the CPMG spectra are easily reme-tion was enhanced by zero-filling the FIDs by a factor of 2, in
died by calibrating the rf pulses for each sample, and incom- which extra points of zero intensity are added to the end of the
plete irradiation across the bandwidth of the sample was notacquired data set. The automatic phasing routine used applies
a significant problem in these studies. a zero-order (non-frequency dependent) phase correction to
Fig. 4 reveals that time-consuming 9@ulse optimiza- the tallest peak in the spectrum, in the case of serum, a lipid
tion is unnecessary in the gradient-filtered experiments. All component at 1.2 ppm, followed by a first-order (frequency
spectra shown ifrig. 4were acquired with the reference®90  dependent) correction to the rest of the peaks in the spectrum
pulse pre-calibrated on buffered sucrose. It was evident that[32]. The automatic baseline correction mode calculates up
while the SN varied concomitantly as the gradient parame- to a fifth-order polynomial function and subtracts it from the
ters were changed, the phasing was relatively insensitive tophase-corrected spectrum to yield a flat baseline across the
the gradient amplitudegf and diffusion time A, data not entire spectral windojy32].
shown). The gradient experiment has been demonstrated as PCA calculationinthe AMIX software was used to charac-
more robust, providing spectra amenable to automatic phas-terize the overall variation in the individual sets of processed
ing, and less operator time is required to optimize the data CPMG and gradient-edited STE spectfég( 5). The results
acquisition parameters compared to the CPMG method. are displayed as two-dimensional scores plots, with the PC1
An important step toward automating biofluid analysis variable, accounting for the most variation in the data, in the
and increasing throughput is to define acquisition parametersx dimension and the PC2 variable in the y dimension. The
and a data processing protocol that can be applied automatscores plots shown iRig. 5reveal clustering of data sets ac-
ically to all experiments in the same data set. As illustrated cording to a specific distinguishing variable; the dispersion
in Figs. 2—4 CPMG and STE experimental parameters can of the data points within the cluster serves as a measure of
be altered until the desired sample selectivity is achieved. the reproducibility of the spectra within a particular data set.
Standard acquisition parameters can be saved in the NMRFig. 5A shows the data clusters for a set of 10 CPMG and

4.00 3.00 ppm|
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Fig. 5. Score plots resulting from PCA calculations to show the clustering, or reproducibility, of a series of spectra acquired under the saemaxperim
conditions. The plots are shown as the first principal component (PC1) versus the second principal component (PC2). (A) Ten CPMG spectra and 10 STI
spectra (ns = 8) were acquired atZ5and processed with automatic phasing and baseline correction routines. (B) Same as (A), except nine STE experiments
wereSN normalized by acquiring 64 scans. One STE spectrum was eliminated from the data set usiagttbe the data in PC1 at a 99% confidence interval.

(C) Nine CPMG experiments and 10 STE experiments (ns = 8) were acquiré€atritl processed automatically with the default DC offset correction mode
(STE), automatically with a DC offset correction mode that incorporates subtraction of the solvent resonance (CPMG auto), or phased intératiizely w
default DC offset correction mode (CPMG interactive). One CPMG spectrum was eliminated from the data set usiesf thre the data in PC2 at a 99%
confidence interval. Acquisition parameters are the same as those listied th

10 STE spectra each acquired with eight scans (representa-
tive spectra shown ifrig. 2). The dispersion of the points

in the two data clusters is similar, even though &M is
less in the STE data due to application of the pulsed field )
gradients Fig. 5B shows a significant improvement in the .
reproducibility of the STE data when tl¥N ratio is normal-
oot —— W' TN

ized to that obtained with CPMG by acquiring more scans. o

The STE experiment is superior to the CPMG in terms of re- | TS0 =S 250 000 ppm
producibility of spectral replicates for the same sample, even (B)
when the experiments are interleaved. The loadings plot (not
shown) revealed that the spectral region contributing most to
the observed differences between the CPMG and STE data

was that between 0.00 and 2.00 ppm. This region contains s sob 250 000 ppm
resonances of macromolecular components of serum such as ©

lipids and albumin, whose integrals are expected to be signif-

icantly different in the two experiments due to the different
experimental techniques employed.

An inherent problem in biofluid analysis is masked
detection of resonances near the residual water signal.
Presaturauon-based _Water suppre;smq methOds may, ,nolt:ig. 6. Representative spectra for the PCA data shoviaignsC of human
solve this problem, since selective irradiation of a specific serym analyzed at4. Thep-glucose anomeric proton resonance is indi-
spectral region can attenuate nearby analyte resonances asited with an asterisk), (A) Eight scans acquired by CPMG and processed
well [16]_ When analyzing serum at low temperaturé@, automatically with the DC offset correction mode incorporating removal of
the chemical shift of the residual solvent signal shifts down- the solvent resonance. (B) Same as (A), except the spectrum was phased in-

. . - - - teractively and the default mod d for DC offset tion. (C) Eight
field, affording improved resolution for the anomeric pro- ‘eractivelyand the default mode was used for DC offset correction. (C) Eigh
scans acquired by STE using automatic phasing and baseline correction with

ton doublet of3-glucose (4.34 ppm, compakégs. 2 and ﬁ the default DC offset correction mode. The broken gray lines indicate a zero
Lower temperatures should favor CPMG suppression of offset (i.e., flat) baseline. Acquisition parameters are the same as those listed

broad components because of reduced molecular mobility,in Fig. 2
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leading to decreasé relaxation times and diffusion coeffi-
cientsFig. 6shows, however, that while baseline rolland neg-
ative baselines are observed in the automatically-processed
CPMG data Fig. 6A), relatively flat baselines are observed
for the STE dataKig. 6C). Slightly different water suppres-
sion parameters were used for the CPMG and STE experi-
ments acquired at low temperature. The differences observed
in the spectra are due in part to the efficiency of the wa-
ter suppression, which in itself is dependent on the quality
of the shimming (adjustment of magnetic field homogene-
ity). For both experiments at low temperature, the residual
water resonance was the tallest peak in the spectrum. Af-
ter Fourier transformation of the STE data, the water peak
dipped slightly below the baseline due to presaturation, but
most of the solvent resonance was at positive intensity (data
not shown). In the CPMG data, the water peak was also the
most intense peak in the transformed spectra; however, therig. 7. Human serum analyzed at @5 with (A, C) and without (B, D)
resonance shape was dispersive, giving rise to a large negativeutomatic baseline correction of the phased spectra. CPMG data are pre-
component that caused many ofthe serum peaks to be phaseaante‘d‘i_n spectra A and B while STE data are d?spla}y_ed in spectra C and D.
negative when the automatic phasing routine used the solvenf CaUisition parameters are the same as those listedire
resonance as the reference peak for phasing. The CPMG data
could be automatically processed when an alternate FID baseteractively, thus saving time and increasing throughput while
line correction routine incorporating removal of the solvent reducing user interaction. These results show that the STE
resonance was applied to the FID before Fourier transfor- method is a viable alternative to CPMG for metabonomic
mation[33]. As shown inFig. 6A, this method subtracts the analysis of biofluids, such as serum, by high resolution NMR.
solvent resonance from the spectrum but does not minimize  Furtherinvestigation dfig. 6shows that the spectral noise
baseline roll. Baseline roll is only minimized when the data is centered along the baseline (broken gray line) on the left-
is phased interactively, as shownhiyg. 6B. Fig. 6C shows hand side of the spectrum while there is a slight positive offset
that the STE data is amenable to the standard automatic proof the right-hand edge of the spectrum relative to the base-
cessing routine, yielding a spectrum containing less overall line. This is corrected by an automatic determination of the
distortion. These results illustrate the sensitivity of the result- fifth-order polynomial coefficients for the baseline correction
ing spectrato the solvent suppression schemes and emphasiz@utine of the processed and phased data. Baseline correction
the importance of optimizing solvent suppression for each setof serum data is somewhat complicated in this regard since the
of experimental conditions. For quantitative metabonomic farthest upfield resonances arise from the aliphatic compo-
analysis, consistent solvent suppression parameters shouldents of lipids and proteins and are inherently broad, making
be used to avoid spectral anomalies such as those shown irit difficult to determine the exact point of baseline resolution.
Fig. 6, although optimizing these parameters for drastically = The CPMG and STE data sets acquired at@5vere
different samples or samples analyzed on different days mayreprocessed without automatic baseline correction in the fre-
be necessary. quency domain to determine what effect, if any, this had on
Fig. 5C shows the PCA results for the data acquired at the final spectraFig. 7 compares CPMG (A, B) and STE
4°C. Interestingly, the automatically-processed CPMG data (C, D) spectra with (A, C) and without (B, D) automatic
was the most reproduciblBig. 6A shows, however, that de-  baseline correction. The results are quite striking: while au-
spite this precision, the data acquired and processed in thisomatic baseline correction flattens the baseline at the edges
manner are unacceptable for metabonomic analysis due toof the spectrum, many resonances of serum in the middle of
the rolling baseline that skewed many of the resulting reso- the spectra dip below the baseline and would thus be erro-
nance integrals to higher values. These observations reveaheously integrated in metabonomic analysig( 7A and C).
the importance of optimizing the processing parameters to Bowing of the baseline suggests that the baseline adjustment
yield reliable spectra for PCA and that different parameters algorithm overcorrected the baseline in some regions. The
may be necessary for data acquired at different temperaturesorder of the polynomial applied for baseline correction can
Less precise but more accurate spectra are obtained whetbe set by the user (fifth order is the default). When less than
the CPMG data are processed interactivélig(5C), show- a fifth order correction was used, the baseline did not im-
ing that even a single operator may bias the spectral repro-prove significantly. Alternatively, as showng. 7B and D,
ducibility as each spectrum is processed until a desired resultthere remains a slight offset of the spectra above the baseline
is observed visuallyrigs. 8C and 6C reveal thatthe STE data when no baseline correction is applied. The offset appears
can be automatically processed and yield comparable accu-greater farther upfield, where the spec® is highest. In
racy and reproducibility to the CPMG spectra processed in- this spectral region (<2.00 ppm) there is also a greater con-
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Fig. 8. Score plots resulting from PCA on data sets acquired with or without baseline correction of the phased spectra. The plots are shown meipa! first pr
component (PC1) vs. the second principal component (PC2). (A) Ten CPMG spectra (ns=8) and nine STE spectra (ns=64) were acGiraddat 25
processed with baseline correction (left set of data clusters) or without baseline correction (right set of data clusters). (B) Data withewtdoeeseion
(shown on the left in (A) for comparison wiffig. 5B (baseline correction applied). Acquisition parameters are the same as those IStgdin

tribution to the spectra from the protein background (such as with more scans. Although this increases the data acquisition
the aliphatic resonances of albumin) and lipids. Similar re- time for each sample, the total acquisition time using STE
sults (not shown) were observed for the data acquired@t4  is similar to the total experimental time using CPMG, given
These observations indicate that standard baseline correctiorthat the rf pulse length must be optimized for best results with
routines may be undesirable if DC offset correction of the the latter method. In addition, the spectra obtained from the
time domain data is sufficient to yield a flat baseline in the gradient-filtered experiment are well suited to automatic pro-
transformed data. cessing routines. This advantage makes the STE experiment
Fig. 8shows the PCA scores plots for the data acquired at attractive for analysis of biofluids, especially when broad sig-
25°C and processed without automatic baseline correction nals do not need to be completely suppressed and quantitation
in the frequency domain. IRig. 8A, the data processed with  of metabolites, the accuracy of which depends upon properly
baseline correction is displayed on the left and the data pro-phased spectra, is important in characterizing the metabolic
cessed without baseline correction is displayed on the right. profile.
Clustering in both cases is seen with respect to experiment Implementing automatic processing schemes removes the
type, with the CPMG data towards the top and the STE dataneed for a single individual to process the data. This repre-
towards the bottom of the scores plot. A narrowing between sents an important opportunity in reducing labor costs as it
the clusters in PC2 is observed when baseline correction isis not unusual for these studies to encompass hundreds of
not used, showing that the CPMG and STE data sets are moresamples, with all of the processing performed by one per-
similar when the polynomial function is not subtracted from son to minimize variations in the spectra. To maximize this
the processed datkig. 8B is analogous td-ig. 5B, except opportunity, however, acquisition and processing parameters
the results for spectra without baseline correction are dis- should be selected carefully to ensure both the precision and
played. The reproducibility of the gradient-filtered STE data accuracy of NMR data subject to metabonomic analysis by
is superior to the CPMG data. PCA.

Note added in proof

4. Conclusions The authors recently became aware of another report on
diffusion-based NMR analysis of serys¥].

The STE method was demonstrated as a robust alternative
to CPMG for the analysis and automatic processingtbf
NMR data of human serum. At first consideration it would Acknowledgements
appear inconsistent that a gradient filter would be useful for
characterizing small organic molecules as their signals are at- The authors thank Marielle Delnomdedieu, Pfizer Global
tenuated more greatly by diffusion than the macromolecular R & D, Drug Safety Evaluation for donating serum samples
serum components. The implementation of the gradient filter and for useful discussion. LHL acknowledges the support of
has a concomitant reduction in ti®#N of approximately a  the NIH Training Grant in the Dynamic Aspects of Chemical
factor of two, but signals of small molecules were detected Biology (2 T32 GM08545) and the ACS Division of Analyt-
when the gradient parameters were carefully selected (e.g.jcal Chemistry for a graduate fellowship (sponsored by Eli
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