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Abstract

We discovered that serious issues could arise that may complicate interpretation of metabolomic data when identical
samples are analyzed at more than one NMR facility, or using slightly different NMR parameters on the same instrument.
This is important because cross-center validation metabolomics studies are essential for the reliable application of
metabolomics to clinical biomarker discovery. To test the reproducibility of quantified metabolite data at multiple sites,
technical replicates of urine samples were assayed by 1D-'H-NMR at the University of Alberta and the University of
Michigan. Urine samples were obtained from healthy controls under a standard operating procedure for collection and
processing. Subsequent analysis using standard statistical techniques revealed that quantitative data across sites can be
achieved, but also that previously unrecognized NMR parameter differences can dramatically and widely perturb results. We
present here a confirmed validation of NMR analysis at two sites, and report the range and magnitude that common NMR
parameters involved in solvent suppression can have on quantitated metabolomics data. Specifically, saturation power
levels greatly influenced peak height intensities in a frequency-dependent manner for a number of metabolites, which
markedly impacted the quantification of metabolites. We also investigated other NMR parameters to determine their effects
on further quantitative accuracy and precision. Collectively, these findings highlight the importance of and need for
consistent use of NMR parameter settings within and across centers in order to generate reliable, reproducible quantified
NMR metabolomics data.
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Introduction assay technique that does not require sample derivatization or
separation columns, and is particularly useful in recognizing as
well as quantifying compounds, such as sugars, amino acids, and
other relatively unreactive compounds, that are not easily detected
or measured by other metabolomics approaches. Because NMR
has the ability to identify and quantify hundreds, and potentially
thousands, of small molecules, it greatly enhances our ability to
rapidly characterize patterns of metabolites that may be associated
with disease. Thus, quantitative analysis of NMR spectra of urine
and blood samples, in combination with multivariate mathemat-
ical modeling, has been proposed as a novel approach for
biomarker discovery for a number of illnesses including heart

"H Nuclear magnetic resonance (NMR) is widely used for
metabolic studies of human biological samples [1,2,3,4]. There
have also been studies of the application of multi-dimensional [5]
and multi-nuclear [6] NMR approaches in the field of metabo-
lomics. NMR has an exceptional capacity in metabolomics
because numerous metabolites can be rapidly identified and
quantified from spectra acquired from body fluids such as serum,
plasma, and urine and it has demonstrated utility in more difficult-
to-obtain samples such as intact or tissue extracts, cerebral spinal
fluid, and vitreous humour [7,8]. NMR is a non-destructive, single

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e85732



disease [9], pneumonia [10], cancer [11,12], and acute lung injury
[13,14] to name a few recent examples. The majority of human
NMR metabolomics studies to date have been carried out at
different centers, by separate groups, and often all of the data
involved in any single study have been collected on an individual
instrument at a single location. Cross-site analytical validity studies
have been conducted [15,16,17], but these used chemometric
techniques rather than targeted profiling, which involves metab-
olite identification and quantification. The latter is essential for the
clinical application of metabolomics-derived biomarker discovery,
and is important since analytical parameters used for NMR
spectral acquisition and analysis at different sites may vary,
potentially producing different results in both the identification
and quantification of metabolites.

Given the need and importance of sound validation practices for
biomarker discovery [18,19,20] and limited cross-center analytic
validation studies in NMR metabolomics, we determined the
reproducibility of compound identification and quantification of
urine metabolites from NMR spectra generated at two sites using
technical replicate samples. Samples were obtained from healthy
human donors at a single center, split into two aliquots, and data
from the technical replicates were acquired at two separate NMR
facilities. Initially, most metabolites measured in the replicate
samples at the two sites strongly correlated. However, we
encountered a surprising, unexpected peak suppression phenom-
enon that has not previously been reported for metabolite
measurement in urine samples. Subsequent NMR data acquisition
and rigorous testing of experimental parameters, optimization
techniques, and hardware calibrations revealed an unexpected
sensitivity dependence on the type of setup from which the final
quantitative result was obtained. Here, we report our findings, give
practical examples to assist in identification of potential problems,
and make recommendations so that future studies avoid these
relatively easily made errors in data collection and analysis.

Methods and Materials

Subjects, ethics statement and sample collection
Normal, healthy volunteers (20 donors, =50 years of age) were
identified and recruited for the University of Michigan’s Institu-
tional Review Board (UM IRB) approved study (protocol number,
HUMO00038122) via the Claude D. Pepper Older Americans
Independence Center (OAIC) Research Participant Program at
the University of Michigan’s Geriatric Center and the Michigan
Institute of Clinical and Health Research (MICHR) clinical studies
website (UMClinicalStudies.org). This was done in accordance
with the ethical standards of the UM IRB and the Helsinki
Declaration of 1975, and as revised in 2000 [21]. For study
eligibility, subjects had to be non-smoking, and non-obese with no
known medical conditions that required chronic drug therapy. On
the day of sample collection, volunteers presented to MICHR’s
clinical research unit (http://www.michr.umich.edu). Following
the acquisition of UM IRB-approved written informed consent,
fasting (12 h) subjects provided a midstream clean-catch urine
sample between 0830-0930 [22] which was collected and
processed using a standard operating procedure (SOP) that was
prospectively constructed and mutually agreed upon by the two
analytical centers (see Text S1). Briefly, urine collection cups
(Becton Dickinson (BD) Vacutainer, Franklin Lakes, NJ, USA)
were coated with 100 pl NaN3 (10%) and allowed to dry before
use. Samples were processed within 3 h of collection and following
centrifugation (4°C), the addition of an internal standard (IS)
solution (IS-1, Chenomx IS: DSS with added imidazole), and pH
adjustment to 7.0%0.25, a portion of the sample (1 ml) was
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transferred to a microcentrifuge tube and dipsticked with a
Chemstrip 10 MD (Roche Diagnostics, Indianapolis, IN, USA).
Samples were then aliquotted (1 ml) into labeled sterile micro-
centrifuge tubes and frozen (—80°C) until the time of assay. Near
to the time of assay, a frozen replicate sample from each patient
was shipped on dry ice from the University of Michigan (Ann
Arbor, MI USA) to the University of Alberta (Edmonton, Alberta,
Canada) using a next-day express courier service that assured
samples remained frozen during shipping (http://www.
worldcourier.com/).

NMR spectral acquisition and analysis

At the time of the receipt of samples in Edmonton, they were
removed from dry ice and stored (—80°C) until the day of
measurement. On the day of NMR data acquisition, samples at
both sites were thawed at room temperature and pH was
measured prior to transferring sample (750 pl) into a clean glass
NMR tube (328-PP-7 or 528-PP-7; Wilmad Labglass, Vineland,
NJ, USA for the Alberta and Michigan samples, respectively) for
spectral collection. The NMR analyses at the University of Alberta
(National High Field Nuclear Magnetic Resonance Centre,
NANUC) and the University of Michigan occurred within one
week of each other. One sample was inadvertently not included in
the shipment to Alberta, which resulted in a total of 19 samples
analyzed at each site.

1-D-"H-NMR spectra were acquired at the University of
Michigan’s Biochemical NMR Core Laboratory using the same
pulse sequence as that used by NANUC on a Varian (now Agilent
Inc. CA, USA) 11.74 Tesla (500 MHz) NMR spectrometer with
VNMRS console operated by host software VNMR] 3.2, and
equipped with a 3 mm HX probe with Z-axis gradients.
Automatic sample handling was performed by a Varian 7510-
AS robotics system and controlled by the spectrometer host
software. Data collected at the NANUC facility in Edmonton was
done on an Oxford 14.09 Tesla (600 MHz) NMR spectrometer
also with a VNMRS console but utilizing a 5 mm HX probe with
Z-axis gradient coils. Host software included VNMR] 2.2¢ (Linux
RHEL 4u3) with heavy in-house modifications to operate the
Varian 768-AS (automatic sample handling system).

NMR spectra were recorded using the first increment of a
"H,"H-NOESY (commonly referred to as a 1D-NOESY or
METNOESY) [23,24,25]. The indirectly detected dimension
was not acquired, ze., associated incremental delays were always
zero. The standard NMR pulse sequence consisted of a 10 ms
recovery delay, 990 ms saturation pulse of ~80 Hz (yB,) induced
field strength empirically centered on the water resonance, two
calibrated 90° pulses (see NOESY references above for complete
descriptions of the phase cycles), a mixing time of 100 ms, a final
90° pulse for transverse signal detection, and lastly an acquisition
period of 4 seconds. The total time of the experiment (5 seconds) is
critical in order to eliminate T relaxation effects on the Chenomx
Software quantitative analysis [26]. Optimal excitation pulse
widths were obtained either utilizing nutation theory [27] built
into the BioPack VNMR]J 3.2 software package, or an array of
pulse lengths (while operating at maximum safe power) to
determine the 360° pulse null for water, and dividing by four to
obtain the 90° optimum [28,29]. This avoids off resonance and
radiation damping issues [30,31,32]. Data were zero-filled to twice
the original data set size and a 0.5 Hz line-broadening apodization
was applied prior to analysis. The pulse sequence did not utilize
the more recent default 45° phase shifted excitation pulse [33]
commonly used in modern versions of the 1D-NOESY (Agilent
BioPack/userlib tnnoesy.c) sequence or the pulsed field gradients
during the recovery delay or mixing period due to distortions in
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sharp resonances such as the internal DSS line shape and chemical
shift reference [23]. Spectra at both sites were acquired at a
temperature of 295.45*0.3 K.

Following NMR data acquisition, spectra were site de-identified
and submitted to Chenomx (http://www.chenomx.com/; Ed-
monton, Alberta, Canada) for peak identification and quantifica-
tion. The initial comparisons of the quantitated data from each site
revealed notable differences in creatinine and urea concentrations,
but not other metabolites (Fig. S1). The 3 mm data originally
acquired at the University of Michigan utilized a 120° excitation
pulse (default setting in robotics sample handling software).
Therefore, we acquired NMR data at the University of Michigan
using a 5 mm probe to carefully explore ranges of common NMR
pulse sequence parameters such as pulse widths, saturation pulse
strength, saturation frequency, and gain settings. For this re-
acquisition of data, a technical replicate of each of the 19 samples
was thawed and transferred to a 5 mm NMR tube (528-PP-7,
Wilmad). A spectrum of each sample was re-acquired at the
University of Michigan as described above with the exception of
the use of a 5 mm probe Agilent “One-probe”.

NMR Pulse Sequence

The 1D-NOESY NMR pulse sequence consisted of a 10 ms
recovery delay, 990 ms saturation pulse of ~98 Hz induced field
strength (yB,) empirically centered on the water resonance, two
calibrated 96° pulses, a mixing time of 100 ms, a last 96° pulse for
transverse signal detection, and finally an acquisition time of
4 seconds. All spectra were acquired at a temperature of
295.45%0.3 K and were submitted to Chenomx, Inc. (Edmonton,
Alberta) for peak identification and quantification. The slightly
longer excitation pulse width was a standard setting used in the
automation software and is not expected to perturb quantitation
results.

Verification of NMR probe size-dependent regional peak
suppression

Sample preparation. A replicate of each of two urine
samples was used for a series of verification experiments based on
quantified urea concentration; one with the lowest and the other
with the highest quantified urea concentration. Furthermore, two
additional single-metabolite test solutions were generated by
dissolving creatinine (Acros Organics, New Jersey, USA) in
deuterium oxide (DyO; >99.8%, Acros Organics, NJ, USA)
which was then diluted to a final concentration of 2 mM in either
100% D50 or 10% DyO with 10% Chenomx IS, DSS (0.5 mM
final concentration).

1H-NMR spectral acquisition and analysis. NMR spectra
of these samples were acquired at the University of Michigan as
described above using both the 3 mm and 5 mm probes with
adjustments to the 1D-NOESY pulse sequence, as follows: The
water signal was suppressed by pre-saturating the sample with an
induced field (yB,) of 20 Hz, 78 Hz or 195 Hz for 990 ms and
during the mixing time of 100 ms. The receiver gain was set to
remain constant at 6 dB (to prevent receiver overload and/or
analog to digital converter errors), with the exception of one
experiment on each probe for which the receiver gain was set to

18 dB. Spectra for this verification were acquired at a temperature
of 295.45*0.3 K.

Spectral processing and metabolite identification and
quantification

The spectra acquired from the 19 urine samples on the 3 and
5 mm probes at the University of Michigan and the 5 mm probe
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at the University of Alberta were processed and *.cnx files were
generated by Chenomx using the Processor module in Chenomx
NMR Suite 7.5 [34] which permits phase, baseline and shim
correction. Compounds were identified and quantified using the
Profiler module in the software which accounts for pH and
references to the IS, DSS, and utilizes the Chenomx Compound
Library containing 304 compounds. Metabolite concentrations
were corrected for dilution secondary to the addition of the IS.

The spectra generated by the verification samples were all
manually assessed using VNMR]J 3.2A. Peak heights relative to a
drift corrected baseline were measured assuming a Lorentzian
line-shape. This assumption is only valid when peaks are
symmetric and well shimmed. Spectra were zero-filled to twice
the original data set size and a 0.25 Hz line broadening weighting
function applied to match the digital resolution. Each individual
spectrum was manually checked for IS symmetry (methyl group of
DSS at 0 PPM) and line width at 50%, 0.55%, and 0.11% total
height, respectively. All spectra were found to be symmetric and
conformed to our requirements of line width <1 Hz, <12 Hz,
and <20 Hz for the three respective peak heights described above.
Peak heights were observed relative to DSS and the effect of
various parameter changes assessed. Parameter changes that were
tested included: pulse carrier frequency, saturation frequency,
saturation power, gain [30], and excitation pulse widths. These
parameters were tested on both the 3 mm and 5> mm probes at the
University of Michigan’s Biochemical NMR Core. Identical
parameters were tested on spectrometers equipped with 5 mm
probes at the University of Alberta. Additionally, a single
representative urine sample was transported on dry ice to the
University of Toronto for assay on a 500 MHz Agilent spectrom-
eter equipped with 3 mm ‘One-Probe’ in order to confirm the
3 mm observations.

Statistical Analysis

The resulting Chenomx software quantified NMR data sets
were normalized by auto-scaling: the mean value of each
metabolite concentration was subtracted from each individual
concentration value of the respective metabolite and divided by
the standard deviation of the mean for the metabolite [30,35]. The
overall minimum value was then subtracted from each data point
so that all values were positive. The resulting normalized data
(5 mm probe) from each site were compared by linear regression
(Pearson’s correlation) using Prism 5 (GraphPad Software, Inc., La
Jolla, CA). In all cases, a two-tailed p value=0.05 was considered
significant [36,37]. Correlation graphs were constructed using
Prism and a radar plot was constructed in Microsoft Excel using
the normalized data set. Box and whisker plots of metabolite
concentration data from both sites were constructed using Prism.

Results

Urine samples were acquired and assayed from 19 healthy
subjects (Table 1). A total of 59 metabolites were identified and
quantified. Chemstrip and pH data for each sample are shown in
Table S1. Spectra generated using comparable NMR spectrom-
eters and 5> mm probes were similar despite subtle parameter
setting differences at the two sites (Fig. 1). Quantification of the
NMR spectra yielded metabolite concentrations that, as deter-
mined by linear regression of the normalized data, were similar
(Fig. 2 and Fig. S2) with the exception of choline, a low abundance
urine metabolite. Conversely, the quantified metabolite data from
spectra acquired using a 3 mm probe (University of Michigan)
using identical parameter settings were not as reliably consistent
compared with those acquired using a 5 mm probe (Fig. 3, Fig. S1
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and Fig. S3). This was most evident by differences in the
concentrations of compounds determined by measuring resonanc-
es within ~1 to 2 PPM of the solvent (water) carrier position (z.e.,
4.76, 4 and 3 PPM) such as creatinine (Fig. 4, Fig. S4 and Iig. S5).
In an attempt to determine the source of this discrepancy we
systematically re-acquired NMR signals using different parameter
settings on the two probes. For example, we tested verification
samples using a range of solvent saturation powers, carrier offsets,
lock settings, and signal gain levels. The results showed an
unexpected and dramatic suppression of peak intensity in a
frequency-dependent manner. Specifically, metabolite NMR
peaks closest to the solvent (water) suppression carrier position
experienced more amplitude suppression than peaks farther away.
We selected creatinine as an example because this molecule is
often used to standardize urine metabolomics data [38,39,40], is
usually present in relatively high concentrations in human urine,
and has two sharp NMR singlets at 4.05 PPM and 3.03 PPM
[3,42]. Peaks below ~3 PPM or above 7 PPM (Fig. 4 and Fig. 5A—
X) demonstrated little significant intensity differences relative to
the methyl group of the IS, DSS.

We discovered that small, or even moderate values (deemed
reasonable for common errors) in NMR parameters such as
receiver gain, carrier frequency position, excitation pulse length,
and spectrometer lock settings, had no statistically significant
effects on spectral peak intensities relative to DSS. For example,
setting the 90° excitation pulse length to 96° perturbed all
resonances equally so that quantitative results comparing metab-
olites to the IS were indistinguishable to optimized data, albeit at
overall reduced signal-to-noise ratio for a single scan. In addition,
small purposeful changes (e.g., 0.2 to 2 Hz) to simulate common
setup errors in the optimal water suppression carrier position also
resulted in no detectable metabolite quantitation errors. However,
these small frequency changes from the optimal solvent suppres-
sion position resulted in substantial increases for the residual water
peak intensity, as would be expected from the extensive solvent
suppression literature.

To elucidate and simplify our initial observations originating
from complicated NMR spectra of human urine samples, we
repeated tests using synthetic samples containing either 10% DoO
(used for internal NMR lock signal) or neat DoO (>99.8%), both
with a pre-determined concentration of creatinine and DSS as the
IS (Fig. 5 A-C and M-O). The synthetic samples not only
provided simplified spectra for more accurate baseline integra-
tion/peak height comparisons (Fig. 5 A-F, M-R), but also
permitted quantitation compared with known concentrations.
The 100% D5O samples (at very low gain) were devised to provide
a control baseline quantitation in the absence of all saturation
pulses. However, we found that even with high concentrations of
D0, the water hydrogen signals were too intense and the receiver
gain had to be minimized (Fig. 5 D-F, P-R). Disappointingly, in
most cases some very weak saturation (e.g., 520 Hz for 990 ms)
was required. While this reduced the effectiveness of the control,
the results still clearly showed that saturation perturbed resonances
in a frequency-dependent manner as resonances approached the
solvent (water) carrier position.

We also tested two distinct human volunteer urine samples,
both with a known concentration of added DSS and one sample
with a relatively high urea concentration (Fig. 5 G-I and S-U),
and the other volunteer sample with a lower urea concentration
(Fig. 5 J-L and V-X). We were then able to test results with “low”
saturation power (~20 Hz induced field strength or vB,),
“normal” power (~80 Hz), and ‘“high” power (160-200 Hz).
The reader should note that while we have classified the 200 Hz
saturation power as ‘“‘high,” this is of course several orders of
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Figure 1. Hydrogen NMR spectra of two technical replicates of
a single volunteer human urine sample. Data were collected on
two separate NMR spectrometers. The first replicate (A) was run on a
Varian VNMRS 600 MHz spectrometer equipped with 5 mm HX probe
and a 768AS (automatic sample handling) robotic system at the
University of Alberta. The second replicate (B) was run on a Varian
VNMRS 500 MHz equipped with a 5 mm “One-probe” with Z-axis
pulsed field gradients and an Agilent/Varian 7510-AS sample handling
system at the University of Michigan’s Biochemical NMR Core
Laboratory. The induced saturation power or yB; (and calibrated
excitation pulses) for the 600 and 500 MHz spectrometer data was
80 Hz (90° pulse) and 98 Hz (96° pulse was the default robotic setting),
respectively. A representative number of named metabolites and their
assigned spectral peaks are shown as well as the internal standard, DSS.
DSS = 4,4-dimethyl-4-silapentane-1-sulfonic acid.
doi:10.1371/journal.pone.0085732.g001

magnitude lower than modern spectrometer hardware limitations
(e.g., 90° excitation pulses are delivered typically in the 2040 kHz
induced field strength range) and is high only in the common
water saturation sense. Modern instruments should be able to
deliver 200 Hz of induced field power continuously with extreme
precision for very long periods of time (z.e., seconds). We found that
a similar metabolite peak suppression phenomenon occurred near
the position of the solvent peak regardless of the concentration of
urea in the sample, suggesting that metabolite peak suppression
was only dependent on the saturation power applied rather than
metabolites such as urea within each sample (Fig. 5).
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Figure 2. Representative Pearson linear regression plots with associated 95% prediction bands (dashed lines) of selected urine
metabolites (normalized data). These data show: (A) a high degree of correlation (r*=1.0), acetate, carnitine, and creatinine; (B) a moderate
degree of correlation (?=0.5, <0.9), 2-aminobutyrate, ethylmalonate, and fucose; and (C) a low degree of correlation (r*<0.5), choline, myo-inositol,
and serine. All data shown are from "H-NMR spectra acquired from technical replicate samples using 5 mm probes at the University of Alberta (UA)
and the University of Michigan (UM). In all cases, the correlation p value was significant with the exception of choline (p=0.123).

doi:10.1371/journal.pone.0085732.g002

Discussion

It is our conclusion that quantitative metabolomics data can be
accurately and precisely characterized at multiple acquisition
venues, but that consistent data are far more sensitive to parameter
settings associated with solvent suppression than previously
reported. Perturbation of NMR signals resonating close to the
solvent peak position, or originating from or near exchangeable
atoms (e.g., -OH or -NH groups or their near neighbors) have been
known for quite some time [43], but the effects on the quantitation
of resonances 1 to 2 PPM away due to solvent (water) suppression
saturation has not been detailed for metabolomics data. Moreover,
our findings suggest that 3 mm NMR probes are more sensitive to
saturation power effects than 5 mm probes.

Quantitative NMR urine metabolomics is becoming a widely
employed approach in systems biology science for biomarker
discovery [10,44,45]. Like genomics and proteomics, due diligence
in this process is also warranted for metabolomics, and should
include cross-center analytical validation studies [15,16]. The data
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presented here illustrate the importance of this principle because
they show that small changes in saturation power levels, from, for
example, 80 Hz- to 160 Hz-induced field strength, had a
statistically significant and frequency-dependent effect on mea-
sured signal intensities that influenced metabolite quantification.
Specifically, as metabolite resonances approached the water peak,
the signal intensity of each respective resonance was reduced,
while atoms from the same molecule resonating further away from
the solvent position were less perturbed. Our findings strongly
indicate that frequency-dependent calibration may be required
when comparing data collected on different instruments utilizing
different accepted solvent saturation powers. A recent study has
shown that major changes to pulse sequences will result in changes
to peak amplitudes [26]. Therefore, different facilities that use
different NMR probes, must be extremely diligent to insure that
actual delivered power levels, and not just the corresponding
parameter values, are identical. We recommend that this be done
prior to data collection with an oscilloscope and/or via the
spectrometer itself, since NMR spectrometers are among the most
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Figure 3. Radar plot of the normalized quantified "H-NMR urine metabolites. The plot permits the visualization of the similarities and
discrepancies between the data generated using a 5 mm probe (University of Alberta (UA), and University of Michigan (UM)), and a 3 mm probe
(UM). The data are the mean of the normalized values for each metabolite. Overall, the results from the 5 mm probes are more similar to each other

than those from the 3 mm probe (also see Fig. S2 and Fig. S3).
doi:10.1371/journal.pone.0085732.g003

accurate tools for measuring power delivery and response. A
standard sample such as the demonstrated creatinine with DSS as
an IS should suffice for calibrations.

While the indirect effects of solvent saturation on exchangeable
functional groups and the surrounding “bleaching” effect on non-
exchangeable resonances near the solvent have been well
documented in biomolecular NMR spectroscopy [30,43,46,47],
the extent of perturbation, and the sensitivity of metabolomics
quantitation to even small changes in saturation power, have not
been reported for metabolomics studies. The results we present
here show that the Chenomx and the literature-recommended
value of saturation at ~80 Hz yB; induced field strength [48] is
often sufficient for adequate solvent (water) suppression using the
1D-NOESY, and presents a narrow band of bleaching around the
spectrometer carrier frequency. If the saturation power is
insufficient for solvent suppression without causing bleaching,
then a detailed power delivery along with quantitation effect(s)
would be necessary to correct or even normalize data for future
comparisons. This is highlighted by our observation that even
small changes in saturation power had significant negative effects
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on neighboring resonance intensities. Our data also show (Fig. S4)
significant accuracy and precision errors for measured resonances
1 PPM away, and even as far away as 2 PPM from the water
frequency, and that solvent suppression power cannot simply be
continually lowered in order to obtain better metabolite informa-
tion. This is because even with “low” saturation power settings
(~20 Hz), perturbations were still evident. Surprisingly, peaks
obtained with our lowest saturation power levels did not show
proper NMR peak intensity ratios. This indicates that saturation
powers lower than 80 Hz should be used; however, we experi-
enced many problems (¢.g. analog to digital conversion errors,
receiver overloads, efc.) acquiring spectra with sufficiently sup-
pressed solvent signals. While the spectrometer signal gain could
be lowered, issues with the dynamic range of metabolite
concentrations quickly came into play. This concept is demon-
strated by the quantification of choline and acetate, both of which
are low abundant metabolites in urine. In general, quantification
of choline is more difficult and less reliable than acetate, because it
has three low intensity peaks, two of which lie in the water
suppression region (3.507 and 4.058 PPM) while acetate is a single,
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Figure 4. Effects of solvent suppression using two different
probes on the same sample. The spectra were acquired utilizing the
identical NMR pulse sequence as in Figure 1, with the exception that (A)
was acquired using a 5 mm probe on a 600 MHz spectrometer at the
University of Alberta and (B) was acquired using a 3 mm HX probe with
Z-axis pulsed field gradients on a 500 MHz spectrometer at the
University of Michigan. The decibel value of both settings for excitation
and saturation were maintained between probes. However, due to
probe design differences, the resulting pulse width for the 3 mm probe
was 120° (same instrument decibel setting), and the saturation power
for this probe resulted in a yB1-induced field of 226 Hz or 8 dB. The
difference in metabolite intensities (e.g., urea at ~5.8 PPM, and sharp
peaks at ~4.0 and ~3.75 PPM) in the same urine sample is readily
evident. This inspired our extensive investigation to identify which
experimental parameters were responsible for these differences, and to
determine how the sensitivity of the metabolite resultants changed in
response to several common NMR parameters (see text for details). The
large arrows designate urea peaks, the small arrows indicate
trigonelline (which was not observed in the 3 mm probe spectrum),
and the red dashed-line boxes represent a region of the spectra that
exhibited marked peak suppression, particularly around 4.5 PPM, near
the water region.

doi:10.1371/journal.pone.0085732.9004

high intensity peak at 1.90 PPM. As such, compounds with
overlapped or multiple, low intensity NMR peaks may be more
difficult to assess. However, the majority of the 59 detected urinary
metabolites (98%) showed significant correlation between the two
sites of NMR data acquisition (Fig. 2 and Fig. S2).

The impact of saturation power settings on spectral acquisition
was more pronounced using a 3 mm probe than it was using a
5 mm probe. These experiments were repeated on both 3 mm
and 5 mm probes at the same site, using the same operator,
samples, instrument, and day on which spectra were collected in
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Table 1. Demographic characteristics of healthy control
subjects.

Sample size (n) 19
Sex (%)

Female 47
Age (mean * S.D.) 54.4+8.1
Caucasian (%) 89.5%
Weight (kg; mean * S.D.) 75.6*10.8
BMI' (mean * S.D.) 25.2+242

'Body mass index.
doi:10.1371/journal.pone.0085732.t001

order to remove as many variables as possible. Of special interest
was that the ratio of metabolite peak height to DSS peak height
decreased as saturation power was lowered. We had expected full
relative peak intensities to be recovered by the “medium”
saturation power. This was not the case, as significant magnitude
changes even on “low” saturation settings were observed. This was
most pronounced on 3 mm probes, and in order to corroborate
our findings, a verification sample was sent to the University of
Toronto (3 mm Agilent “One-Probe”) which generated data in
agreement with our results (Fig. S5).

We next employed synthetic samples of creatinine (2 mM) with
DSS in either 100% DO or 10% DO to confirm our findings.
An advantage of these samples compared with actual human urine
samples, was that they did not contain urea, an abundant urine
metabolite [49]. Urea is excreted in highly variable amounts which
1s subjected to many factors such as hydration, diet, exercise, and
injury or disease [50,51]. In this study, we took special care to
control for these factors with the exception of hydration, which
was encouraged but not controlled. Overall, subjects were well
hydrated as evidenced by urine specific gravity values between
1.005 and 1.015 (Table S1) with the exception of one subject
whose urine had a specific gravity of 1.100 along with a high urea
concentration [52]. This is relevant because urea can act as a large
pool of non-suppressed hydrogen atoms, resonating downfield of
water (~5.78 PPM at 25°C not correcting for deuterium
concentration effects or pH). To date, urine metabolomics studies
have typically utilized single frequency saturation and therefore
have not actively suppressed both the urea and the water signals
[53]. Hydrogen atoms from urea readily exchange with the
saturated (suppressed) hydrogen atoms from water. In essence,
urea can act as a massive heat-sink for the relaxation of water
resonances. The exchange rates of hydrogen into and out of water
and urea result in very broad water and urea NMR signals. By not
including urea in the synthetic test sample, we removed this vastly
complex system. However, when we tested two human urine
samples, one with a relatively high urea concentration and the
other with one of the lowest urea levels, from our volunteers, we
found that the presence of urea did not appreciably change the
profile of perturbation caused by the saturation power. Since these
are just two samples with widely divergent urea concentrations,
additional studies of the influence of urea concentration on
saturation are warranted, particularly since urine has far higher
urea levels compared with other biofluids such as blood, serum or
plasma.

In summary, our data lead us to suspect that the observed signal
Intensity perturbation may be widespread and previously unrec-
ognized. For example, we found that the Human Metabolomics
Database (HMDB - http:www.hmdb.ca) [41] shows the same peak
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D. High E_ Medium F. Low
5mm Probe - Creatinine in 100% D,0
T - 1
7 6 5 4 3 2 1 o0 7 6 5 4 3 1 0 7 6 5 4 3 2 1 0

Figure 5. Comparison of changes in 1D-'H NMR spectra using different saturation powers. Samples were run utilizing either 5 mm (A-L)
or 3 mm probes (M-X). (A-F) and (M-R) show the effects of different saturation powers on synthetic creatinine (2 mM) dissolved in either 10% D,0
(A-C and M-0), or >99.8% D,0 (D-F and P-R). Two human volunteer urine samples were selected to represent a relatively high (G-1 and S-U) and
low urea concentration (J-L and V-X). Saturation powers yielding induced field strengths of 195 Hz, 80 Hz, and 20 Hz are shown in left, middle and
right panels, respectively. Note the large increase in urea signal intensity (e.g., A to B) when saturation power is just slightly diminished, indicating the
amount of saturation transfer between exchanging atoms even in high D,0 solvent conditions. The two samples with different urea concentrations

were selected to elucidate the effect of urea/solvent exchange in a saturating system.

doi:10.1371/journal.pone.0085732.9g005

integration error for creatinine (HMDB00562) as the one
described here. As has been reported [24,26,34,54] and clearly
detailed by Chenomx, Inc. (Edmonton, Alberta, Canada), the
entire  Chenomx metabolite database and all its associated
resonances have been collected using an exceedingly precisely
arranged NMR pulse sequence. This sequence requires specific
delays in order to maintain peak amplitude ratios, and adherence
to specified delays is required for the proper function of the
software’s metabolite quantitation tool. The Chenomx database
was established to empirically determine the ratios of peak
intensities considering non-equilibrium spectra. Different func-
tional groups and different molecular mobility are therefore
compensated by directly measuring each metabolite prior to
inclusion in the database. Undoubtedly, the HMDB uses a similar
empirical approach for establishing expected peak ratios. Howev-
er, these ratios appear to be dependent on timings that are
relatively well understood and reported in the literature, but also
now appear to be dependent on the saturation settings.

To the best of our knowledge, this is the first report of the
dependency of peak ratios on saturation settings. This finding is
significant because it highlights the importance and impact of
saturation parameter settings on quantitative NMR metabolomics.
We have not yet determined if this also applies to other biofluids,
but we think this is highly likely due to the necessity for solvent
saturation. We also expect that most single-center studies to date
have been conducted with consistent NMR parameters, so intra-
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study comparisons should still be valid despite obvious potential
problems with absolute reported quantitation. Specifically, the
precision should be intact, but accuracy may be at risk, which does
have implications for larger, cross-center studies that are likely to
be conducted as part of biomarker discovery efforts. As such, there
is a need for heightened awareness and attention to ensuring that
saturation settings are consistent and uniform so that reliable,
reproducible quantified metabolite data are generated.

Conclusion

We have determined that 3 mm and 5 mm NMR probes
commonly employed in metabolomics studies are both highly
susceptible to saturation power levels when utilizing the common
1D-'"H-NOESY NMR pulse sequence. While other common
parameters such as excitation pulse width, spectrometer carrier
position, and NMR lock gain settings are capable of small errors
without dramatic changes in metabolite quantitation, it is our
recommendation that in order to insure reliable in and cross-
project comparisons of quantified metabolomics data, spectrom-
eter parameters should be kept absolutely consistent at each site
and importantly, each instrument should be calibrated and the
appropriate equivalent settings determined in advance of con-
ducting assays in cross-center studies. It is not sufficient to have the
same setting values, and it is necessary to determine the actual
delivered powers as each spectrometer is slightly different.
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Saturation power levels should be kept at 10-100 Hz induced field
strength, noting that the use of slightly higher powers (e.g., 160
320 Hz) will cause substantial and increasing perturbation in
metabolite peaks as they approach the solvent (water) carrier
position. However, this power level may not be sufficient for water
suppression for high Q-factor NMR probes. In these cases, the
receiver gain may have to be reduced, or a different solvent
suppression system may have to be employed for the entire
project. For any studies done prior to our findings described here,
a calibration profile should be established using standardization
samples to determine the envelope of saturation effect using the
probe and spectrometer for the individual studies.
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(DOCX)

Figure 82 There was a high degree of correlation
between normalized metabolite concentrations obtained
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with associated 95% prediction bands (dashed lines) of normalized
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