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Abstract

There are many ways to normalize biofluid metabolomics data to account for changes in dilution, all of which
have been thoroughly examined in model systems. Here, urine metabolomics data was examined under relevant
physiological conditions obtained from a porcine model of hemorrhagic shock and resuscitation. This includes
highly variable intravascular fluid volume and urine output coupled with large perturbations in the abundance of
endogenous metabolites. Seven different normalization techniques and raw data were evaluated to determine an
appropriate normalization technique in this setting, including spectral post-processing methods and physiological
measures of concentration. Relationships between normalization constants for each urine sample were examined,
as well as relationships between urinary and serum creatinine concentrations. Principal components analysis
was used to examine clustering of metabolomics data. The set of normalization constants associated with each
sample were reflective of urine concentration, with a trend toward concentration decreases during late resuscitation
timepoints. Urinary creatinine normalized to urine output was most reflective of serum creatinine levels. Principal
components analysis showed that urine samples clustered according to experimental timepoint for all normalization
methods examined. Little separation was seen in raw data. Urine output-normalized data stands out from the six
other normalization methods studied because it is reflective of renal clearance and should be used when comparing

urine and serum metabolomics data.
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Introduction

Hemorrhagic shock, defined by severe loss of an organism’s fluid
volume, is a leading cause of death in both military and civilian
trauma victims [1,2]. When bleeding and coagulopathy are controlled,
hemorrhagic shock can be reversed by restoring oxygen delivery to
the organism using volume replacement intervention and supportive
care to control bleeding. Despite these strategies, a number of patients
still progress to irreversible hemorrhagic shock and death. The
cellular mechanisms leading to complications from shock, such as
acute respiratory distress syndrome, systemic inflammatory response
syndrome, multiple organ dysfunction syndrome, and multiple organ
failure [3] are poorly understood. Even so, ischemia and dysoxia are
known to greatly alter the metabolic rate, physiologic mechanisms, and
biological mediators involved in the associated pathophysiology [2].

Metabolomics is a new field of study that proposes to outline the
entire metabolome, or repertoire of small molecules, in an organism.
Using proven analytical chemistry techniques such as Nuclear Magnetic
Resonance (NMR) spectroscopy and mass spectrometry, metabolites
are identified and quantified from a biological sample of an organism
in a given physiological state [4]. The metabolome responds to changes
in the physiological state of an organism, and certain metabolites in the

metabolome may be indicative of the organism’s response to stimuli,
health or disease, or response to injury. Metabolomics has been used
to investigate metabolic markers of ischemia/reperfusion injury in the
kidney, heart, and intestine [5, 6, 7, 8, 9, 10].

Biofluids such as urine and serum are gaining favor over tissue
samples in metabolomic studies because they are easily obtained.
However, data from biofluids, especially urine, must be accurately
normalized to account for dilution effects. The issue of how to account
for dilution changes has been studied extensively [11, 12, 13, 14, 15],
and relative strengths and weaknesses of different methods have been
described. Unfortunately, the most common normalization method,
constant sum or integral normalization, may not be robust enough
to handle samples with such widely changing individual metabolite
concentrations as are known to arise from hemorrhagic shock [11]. Most
importantly, the majority of evaluation of normalization techniques has
been done with computer simulations of NMR data, or with spectra
obtained from known chemical mixtures with known dilutions. There
has not been an examination of the behavior of different normalization
methods in hemorrhagic shock and resuscitation, a physiological state
that encompasses large shifts in intravascular volume, drastic unknown
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changes in urine output and urine concentration, and systematic
perturbations in the abundance of endogenous metabolites.

An understanding of changes in the urinary metabolome during
hemorrhagic shock and resuscitation has the potential to illuminate
the cellular adaptations taking place during this process. However,
specific physiological alterations due to hemorrhagic shock complicate
the analysis with respect to scaling and normalization. There are
substantial changes in fluid volume and urine concentration due to
blood loss, followed by dilution of the urine when resuscitation fluids
are administered. As a result, urine output fluctuates throughout the
course of shock and resuscitation [16]. Additionally, large variations
in metabolites associated with shock such as lactate, glucose, and
urea means that application of integral normalization techniques are
questionable in this setting.

The normalization methods examined here include five spectral
post-processing normalization methods and two physiological estimates
of urine concentration. The data set was comprised of 83 timed urine
samples collected from 13 pigs subjected to hemorrhagic shock and
resuscitation. Normalization constants for each sample were plotted
against experimental timepoint to assess whether the normalization
constants were reflective of expected changes in urine dilution. Urinary
creatinine concentrations were compared with serum creatinine
concentrations to test each normalization method’s effect on the raw
creatinine concentrations. Pairwise correlations of the normalization
constants were compared with each other to highlight similarities
and differences in their relative estimation of concentration. Finally,
principal components analysis was used on a subset of the normalized
metabolomic data to ensure that reasonable clustering of the data and
reasonable proportions of variance were explained. In doing so, this
paper examines the behavior of seven different normalization methods
in the physiologically relevant setting of hemorrhagic shock described
above in order to find an appropriate normalization method.

Experimental
Animal preparation and hemorrhagic shock protocol

A well-established model of porcine hemorrhagic shock, which
has been previously described [17], was utilized. Male Yorkshire pigs
(Manthei Hog Farm, LLC, Elk River, MN) weighing between 15-20 kg
were instrumented and splenectomized. A captive bolt device was used
to create a blunt percussive injury to the chest. Hemorrhagic shock was
then induced by withdrawal of blood from the inferior vena cava until a
systolic pressure of the lower 50’ was reached (typically 35-50 % of total
blood volume). Shed blood was placed in an acid-citrate-dextrose bag
for later use. A liver crush injury was induced using a Holcomb clamp
technique [18], with two crush injuries created in the liver parenchyma.
Animals received lactated Ringer’s fluid given as 20 cc/kg intravenous
(IV) boluses to maintain a systolic blood pressure of greater than 80
mmHg for one hour of limited resuscitation; then underwent full
resuscitation by protocol (see Figure 1). Auto-transfused warmed blood
was given at 10 cc/kg IV boluses for a target hemoglobin of greater than
6 g/dL, and, a urine output of greater than 1 cc/kg/hr was targeted
using lactated Ringer’s at 20 cc/kg IV boluses or blood at 10 cc/kg/
hr. Serum creatinine levels were obtained at set timepoints from 1 mL
aliquots of blood via rate reflectance spectrophotometry calibrated to
isotope dilution mass spectrometry (Fairview Diagnostic Laboratories,
Minneapolis, MN USA). After the resuscitation period, animals were
extubated and sent to recovery. At 24-48 hours after resuscitation,
animals were re-intubated for endpoint sample harvesting and then
euthanized.
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Figure 1: Graphical representation of the resuscitation algorithm employed in
both experiments, as discussed in the Materials and Methods.

Urine samples from seven animals were taken from a study
performed in 2008, and samples from six animals were taken
from a similar study (2009-2010). All experimental protocols and
instrumentation were the same for the two experiments; the only
difference was the experimental timepoints at which urine samples
were obtained (see Table 1). A total of 83 urine samples were used in
this study.

Identification of metabolites from NMR

Urine samples were taken at the time intervals specified in Table 1
from the Foley catheter and were frozen and stored at -80° C. Samples
were thawed at the time of preparation for NMR analysis. One mL of
thawed urine was mixed with 0.5 mL of 0.2 M sodium phosphate buffer
prepared with D20 to control pH. The mixture was placed on ice for
10 minutes and then centrifuged at 7000g for 10 minutes. 500 pL of the
supernatant was withdrawn and combined with 50 pL of the internal
standard 3-(Trimethylsilyl)propionic acid (TSP, Sigma-Aldrich, USA)
to a concentration of 1 mM [19]. The internal standard was prepared
with D20 to provide a lock for the NMR signal. The pH of the final
solution was recorded (mean 7.62, standard deviation 0.22) and
the mixture was transferred to separate 5 mm NMR tubes (Wilmad,
LabGlass, USA).

Proton NMR spectra were taken with a Bruker Avance spectrometer
with autosampler and 5mm triple resonance 1H/13C/15N TXI
CryoProbe with Z-gradient, running TopSpin v. 2.16 (Bruker BioSpin,
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i Time in hours after shock
Baseline Shock 45 2 4 8 12 16 20 24/48
2008 (n=7) X X X X X X X X
2009-2010 (n=6) X X X X X X
Timepoint 1 2 4 5 6 7 8 9 10/11
Phase Pre-shock Shock Early Resuscitation Late Resuscitation End

Table 1: Experimental time points between the two experiments. Baseline/timepoint 1 samples were taken after instrumentation. Shock 45/timepoint 2 samples were
taken after 45 minutes of hemorrhagic shock. LR1/timepoint 3 samples were taken after one hour of resuscitation; FR2/timepoint 4 samples were taken after 2 hours of
resuscitation, etc. FR20/timepoint 9 samples indicate the end of resuscitation. Animals in the 2008 experiments had experimental endpoints at 24 or 48 hours after the end
of resuscitation (PR24/timepoint 10 or PR48/timepoint 11). Animals in the 2009-2010 experiments had experimental endpoints of 48 hours after the end of resuscitation

(PR48/timepoint 11).

Fremont, CA USA) at 700.13 MHz (Figure 2). A 1D NOESY (Nuclear
Overhauser Effect Spectroscopy) pulse sequence was used. The 90°
pulse width was calibrated for each sample, and was generally 12-13 ps.
The relaxation time was defined by each sample’s 90° pulse width. The
relaxation delay was 2 s, the acquisition time was 3 s, the spectral width
was 10 kHz, the total number of data points collected was 63,000, and
the number of transients collected was 128, for a total experiment time
of 11 minutes and 17 seconds. During the relaxation period, the water
resonance was presaturated. All spectra were collected at a temperature
0f 298 K. Line broadening at 0.5 Hz was applied before FFT; autophasing
and auto-baseline correction were applied by TopSpin.

Chenomx software [20] was used to identify and quantify a portion
of the metabolites present in each urine sample. Fine manual phasing
and baseline corrections and the software’s Reference Deconvolution
algorithm were applied to each spectrum before targeted profiling of
the metabolites was performed. Fifty-seven metabolites were fit in
each urine sample in this study, resulting in a profile containing the
concentration of each identified metabolite in millimoles per liter
(mM). The metabolomic profiles containing the urine concentrations
were then normalized in seven different ways described below.

Normalization of urinary metabolites

Each urine sample has seven normalization constants associated
with it, one for each method of normalization, with the exception of
urine output as stated below.

Constant Sum (CS): This post-processing method controls for the
varying concentration in the urine by dividing the concentration of
each metabolite by the sum of the concentration for all the metabolites
profiled with Chenomx in a given sample. This method assumes that
each metabolite’s concentration is increased by the same amount due
to the increased concentration of the urine sample. The normalized
metabolite abundances are expressed as a fraction of profiled
metabolites.

Constant Sum, excluding lactate, glucose, and urea
concentrations (CS-LGU): This post-processing method is the same as
CS; however, lactate, glucose, and urea concentrations are left out of the
calculation of the normalization constants because the concentrations
of these metabolites are highly variable during the experiment. The
units of the normalized metabolite abundances are the same as for CS
normalization.

Total Spectral Intensity (TSI): The assumptions for this post-
processing method are the same as for constant sum normalization.
Each spectrum was divided into bins of width 0.04 ppm, and
standardized to the spectral area under the TSP peak. Bins were
summed over the entire spectral area between 0 and 10 ppm, excluding
the spectral regions containing water and urea to approximate the total
area covered by the spectrum. The raw metabolite concentrations are

divided by this quantity and the normalized quantity is expressed as a
fraction of spectral intensity.

Probabilistic Quotient (PQ1 and PQ2): In these two post-
processing methods [12], a “reference sample” representing the median
concentration of the urine is constructed and used to calculate the
normalization constants for each sample. Two different methods were
used to construct the reference sample. The first method (PQ1) used
the metabolite concentrations from the baseline urine samples as the
reference sample for the balance of that pig’s experimental samples. The
second method (PQ2) used each metabolite’s median concentration
across all pigs at baseline as the reference sample, i.e., a hypothetical pig
at baseline. The hypothetical pig at baseline was used as the reference
sample for all experimental samples. Both PQ1 and PQ2 normalization
constants are unitless, so metabolite concentrations normalized to PQ1
and PQ2 also have units of millimoles per liter (mM).

Osmolality (OSM): Osmolality is a direct measure of the
concentration of solute particles in the urine. Aliquots of urine
were tested for osmolality using micro-osmometry by freezing point
depression, with values reported as the number of solute particles in
moles dissolved in a kilogram of urine. Metabolite concentrations were
normalized by dividing by the osmolality of the appropriate sample.
The value returned is a ratio of the abundance of a given metabolite
relative to the total number of solute particles. To return a normalized
metabolite concentration of nanomoles of metabolite per millimoles of
solute, each urine sample’s osmolality has been mulitplied by a factor
of 1x10°°.

Urine Output (UO): Urine output quantifies the volume of urine
excreted per hour per kilogram of pig mass. Normalization to urine
output is performed by multiplying raw metabolite concentrations by
urine output, whereas raw metabolite concentration is divided by the
normalization constant for all other methods. For this reason, when
modeling normalization constants, the inverse of urine output is
used. Metabolite abundances normalized to urine output have units
of nanomoles of metabolite per hour per kg of pig mass (nmol/hr/kg).
Urine output data was not available at experimental endpoint (24/48
hours after the initiation of shock).

Analysis Method: Seven of the physiological parameters (lactate,
arterial pH, base excess, heart rate, mean arterial pressure, cardiac
output, and hemoglobin) that are known to change with hemorrhagic
shock were compared with repeated measures analysis of variance
(rmANOVA) for both experiments to justify pooling the data. The
analysis is shown in Appendix 1.

Repeated measures ANOVA were used to estimate the average
normalization constant for each timepoint collected. Covariance
structures (auto-regressive, unspecified or compound symmetry)
were used to account for the correlation expected among the samples
collected for each pig when the model indicated a statistically
significant fit. Variance components were used otherwise. Tukey’s
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adjustment was used to correct for the multiple pairwise comparisons
made to determine the reason for the statistical significance when
found. Spearman rank correlation analysis was used to compare the
normalization constants in a pairwise manner.

Urinary creatinine levels were compared to serum creatinine
levels to test the behavior of the normalization methods. Appearance
of creatinine in the urine should follow that of serum levels because
it is freely filtered by the kidneys. However, this is complicated by
intravascular volume, with higher intravascular volumes typically
resulting in higher urine output and thus a lower urinary creatinine
concentration. Creatinine levels, which correlate with renal blood
flow in healthy kidneys, should accumulate in the blood as a result
of decreased renal handling and reduced intravascular volume from
hemorrhagic shock. A robust normalization technique should preserve
this behavior. Estimated mean creatinine concentrations in the serum
and urine for each normalization method plus raw concentrations were
calculated by rmANOVA with error bars to indicate the 95% confidence
interval.

Principal components analysis (PCA), a standard metabolomics
analysis tool, was used to reduce data dimensionality and identify key
metabolites responsible for variation in the physiology studied. The
urinary metabolomic data sets were standardized in preparation for
PCA. Singular value decomposition was used, and PCA was performed
on the correlation matrix derived from the standardized metabolomic
data. For each method of normalization, PCA with metabolite reduction
was performed up to 4 times to identify influential observations and
eliminate them from the dataset. The method used to reduce the

number of metabolites included in the PCA was that recommended
by Joliffe [21]. Influential observations were clearly identified on the
PC1 (principal component 1) by PC2 (principal component 2) score
plot; samples that were outliers were clearly separated from the rest of
the observations. To confirm a sample’s outlier status, the PC loadings
and concentrations for the metabolites in a sample were reviewed. In
each case, the samples in question contained metabolites that loaded
strongly in PC1 or PC2. The metabolite concentrations in these samples
were at least 1.5 interquartile ranges (IQR) beyond the IQR, a standard
definition of a statistical outlier.

Results

Normalization constants were analyzed by timepoint with
rmANOVA. The results of Tukeys multiple range tests are shown
as the estimated mean normalization constant and 95% confidence
interval (Figure 3). The result shows a decrease in the magnitude of
the normalization constants after resuscitation (p<0.0556) in PQ1 and
PQ2 (timepoints 7-9), OSM (timepoint 8), and UO (timepoints 7-8).
Additionally, baseline UO was significantly higher than at timepoints 4
and 6-9. No significant pairwise comparisons between timepoints were
observed in CS, CS-LGU, or TSI

Creatinine values for serum and urine under all normalization
methods are shown in Figure 4. Serum creatinine levels were found to
vary significantly between experiments, with a greater rise in creatinine
levels between timepoints 3 and 10 for the 2009-10 experiments
compared to 2008 (Figure 4A). The difference in average creatinine
between experiments, while statistically significant, is not clinically
relevant.
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Figure 2: NMR spectrum of a representative urine sample taken on a 700 MHz Bruker Avance Spectrometer with NOESY pulse sequence.
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Figure 3: The seven plots of the estimated mean normalization constant with error bars to indicate the 95% confidence interval for the mean as estimated by rmANOVA.
(3A): Constant sum normalization constants (mM) plotted against experimental timepoint. (3B): Constant Sum, excluding lactate, glucose, and urea concentrations
(mM, *: exclusive of lactate, glucose, and urea concentrations) normalization constants plotted against experimental timepoint. (3C): Total spectral intensity (arbitrary
units, obtained by spectral binning) normalization constants plotted against experimental timepoint. (3D) and (3E): PQ1 and PQ2 normalization constants (unitless)
plotted against experimental timepoint. (3F): OSM normalization constants (mmol of solvent per kg of urine, scaled by a factor of 1x10°), plotted against experimental
timepoint. (3G): Urine output normalization constants (hr kg/nmol) plotted against experimental timepoint. The UO normalization constant is the inverse of the animal’s

urine output.

Urinary creatinine levels did not vary between experiments;
however, they did vary with normalization method (Figures 4 B-I).
Urinary creatinine normalized to UO follows the same general pattern
as serum creatinine though they are not the same (p < 0.0001). Urine
normalized to CS, CS-LGU, and TSI suggest the opposite pattern (p <
0.0001), with a decrease in normalized creatinine abundance between
baseline and endpoint. There is little change with time in the abundance

of urinary creatinine normalized to PQ1 (p < 0.0001), PQ2 (p < 0.0001),
and OSM (p < 0.0779). The statistical significance for PQ1 and PQ2 is
due to the reduction in variability and decreased magnitude observed
at timepoint 4.

Spearman rank correlation coefficients were calculated for each
pair of normalization constants. Plots of the normalization constants
against each other, r-values, and p-values are shown in Figure 5. The
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correlations indicate that CS, CS-LGU, and TSI are correlated (r > 0.79,
p < 0.0001). The PQ methods are correlated with each other (r=0.67,
p < 0.0001), but not with CS, CS-LGU, or TSI (r < |0.18], p > 0.11).
UO and OSM are also correlated with each other (r=0.65, p < 0.001).
Thus, CS, CS-LGU, and TSI are related, PQ1 and PQ2 are related,
and OSM and UO are related. UO has at least a moderate correlation
to all other normalization methods, and is the only method to have
a nearly significant p-value (p < 0.051) associated with every other
normalization method. OSM is comparable in this regard, though there
is no statistical significance with PQ2 (p=0.12).

Given the similarities observed in calculation and findings between
CS/CS-LGU/TSL PQ1/PQ2,and OSM/UOQ, it was decided that principal
components analysis would not be completed on urinary metabolomic
data normalized to CS, TSI, and PQ1. Only CS-LGU, PQ2, OSM, UO,
and the raw data would be analyzed by PCA. The number of samples
removed due to influential status via up to four rounds of PCA with
metabolite reduction varied from method to method (see Appendix
2). These samples were clear statistical outliers for the metabolites
loading heavily on the relevant PC (PC1 or PC2). Experimental notes
were reviewed to find a non-statistical justification for removal of the
outliers, and none was found.

Table 2 shows the metabolites and number of PCs retained by each
method, the eigenvalues, the cumulative eigenvectors/loadings, and the
proportion of variation explained for each PC. Thirteen metabolites
were not retained by any of the normalization methods or in the raw
data. The number of metabolites retained varied from 12-20 and the
proportion of variation explained ranged from 35% to 66%. Of the four
normalization methods, UO described the most variation, at 54% in
two principal components.

Two and three-dimensional (2 retained PCs and 3 retained PCs,
respectively) scores plots were reviewed for clustering (see Figure 6). All
four normalization methods appeared to cluster the late resuscitation
timepoints separately from the other timepoints, with slight differences
between the normalization methods. Little meaningful clustering of the
raw urine data was observed.

Discussion

Urine is often used in metabolomics studies because it is readily
available. However, changes in dilution confound the quantification of
metabolite concentrations in urine samples. This problem is exacerbated
in hemorrhagic shock, where urine concentrations are known to vary
widely. Additionally, large variations in endogenous metabolites are
often involved in the systemic response to hemorrhagic shock. These
variations can further confound some of the normalization methods
that are commonly used.

Seven methods for normalizing urine metabolomics data were
examined in a porcine model of hemorrhagic shock and resuscitation.
Evaluation criteria were that the normalization constants reflect
expected increases and decreases in urine concentration and that
normalized urinary creatinine levels reflect serum creatinine levels.
Normalization methods were also compared for similarities in urine
concentration estimation using Spearman correlation. Methods that
were different were analyzed by PCA and compared with PCA of the
raw data to check for meaningful separation of the data.

Analysis of the normalization constants by timepoint with
rmANOVA indicates that the constants associated with each urine
sample are reflective of the sample’s concentration. While there was
no indication of a significant increase in urine concentration as a

consequence of hemorrhage, there was a trend toward decrease in urine
concentration after resuscitation for all normalization methods and a
significant decrease in urine concentration in all methods except CS,
CS-LGU, and TSI. This is at least partially due to the administration
of resuscitation fluids after timepoint 2, and the subsequent increase
of intravascular fluid volume. The decrease in urine concentration is
generally observed during later time points in the hemorrhagic shock
model (Timeponts 6-9).

Serum creatinine levels varied between the two experiments pooled
in this study. Serum creatinine levels are known to be variable even
in healthy individuals [22]. Both groups present a consistent pattern
with lower serum creatinine levels at baseline and at timepoint 11 with
elevated levels after shock. Normal serum creatinine values for weaner
pigs (< 40 Ibs) range from 0.75-1.95 mg/dL and values for feeder pigs
(40-80 Ibs) range from 0.79-1.87 mg/dL [23]. Ultimately, the differences
observed here between experiments are small (0.2-0.3 mg/dL) relative
to the width of the normal range. Such differences are considered
clinically insignificant.

Urinary creatinine normalized to UO most closely tracks serum
creatinine. There is a slight depression of urinary creatinine levels
relative to serum creatinine during shock, which is likely reflective of
reduced blood flow to the kidney after shock and reduced filtration
capabilities of the nephron [24]. When compared to UO-normalized
creatinine, urinary creatinine under the other normalizations displays
little change over the course of the experiment (PQ1, PQ2, OSM), or
displays the opposite behavior (CS, CS-LGU, TSI see Figure 4).

The discrepancy between UO and the other normalization methods
arises from the resulting time-dependence of normalization by urine
output, which expresses urinary creatinine levels as nanomoles per hour
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Figure 4: The nine stacked plots illustrate the estimated mean creatinine
concentration in the serum (A) and urine (B-1) for each normalization method plus
raw. Error bars indicate the 95% confidence interval for the mean as estimated
by rmANOVA. *: Profiled metabolites are exclusive of lactate, glucose, and

urea. **: Units are mM but scaled by the appropriate PQ normalization constant.
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per kilogram of pig mass. This is reflective of the clearance of creatinine
from the blood, a decidedly time-dependent phenomenon. No other
normalization method returns a time-dependent value of metabolite
abundance in the urine; therefore, no other method can yield a result
that is concordant with renal clearance. The clear relationship between
serum creatinine levels and creatinine clearance as indicated by the
urinary creatinine values normalized to UO distinguishes it from all
other normalization methods. This observation should not lead to
outright rejection of other methods, however. The urinary creatinine
levels returned by the remaining normalization methods are reflective
of creatinine levels at a given timepoint. Serum creatinine is observed
to rise in the blood as a result of reduced filtering capabilities of the
nephron from ischemic kidney damage. Because of this, the total
amount of creatinine excreted in the urine will be diminished. This is
observed in CS, CS-LGU, and TSI-normalized urine (Figure 4 C-E).

Each normalization method estimates the urine concentration
differently, and the correlation analysis of the normalization constants

(Figure 5) highlights these differences. The two physiological measures
of urine dilution, OSM and UOQ, are well-correlated with each other.
These two methods are at best moderately correlated with the post-
processing methods, save OSM with CS-LGU and TSI.  Still, UO
and OSM have the strongest correlations with the other methods,
indicating an underlying physiological mechanism to the estimation of
concentration.

It is observed that CS, CS-LGU, and TSI are highly correlated with
each other because these normalization constants are all reflective of
NMR spectral intensity. PQ1 and PQ2 are well-correlated with each
other because both methods rely on median estimates of concentration.
However, the normalization constants for PQ1l and PQ2 are only
moderately correlated with UO and OSM, and are not correlated with
CS, CS-LGU, and TSI. The PQ methods and the integral methods (CS,
CS-LGU, TSI) should be well correlated unless there is some systematic
variation in the metabolite abundances across the samples [12,15]. This
is the case in a hemorrhagic shock state.

Spearman Correlations and p-values of Normalization Constants
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Figure 5: Scatter plots of each of the normalization constants against each other (below diagonal) with Spearman correlation r-values and p-values (above diagonal).
Scales on the plots vary with the constants as described in Figure 2: The plotting convention is as follows: the graph in the second row of the figure plots the CS
normalization constants on the x-axis and the CS-LGU normalization constants on the y-axis.
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The three major contributors to endogenous metabolite variation
in this data set are urinary lactate, glucose, and urea. Contributions
from each of these metabolites were removed from the CS-LGU
normalization constant. The urea signal was also removed from the
TSI normalization constant because of complications from the water
suppression, as is standard practice with spectral binning [25].

There are both physiological and experimental sources of
metabolite variation in this model that must be considered. Lactate is a
well-studied marker of traumatic injury [26, 27]. Lactate levels are seen
to vary from 0.004 mM to 15.33 mM in the raw data, with the highest
concentrations occurring at timepoints 3 and 4 (1-2 hours after shock).
It is also known that hemorrhagic shock produces alterations in energy

metabolism [28] that make additional contributions to systematic
metabolite variation. In this case, glucose is observed to fluctuate over a
range 0f 0.014-18.93 mM in the raw data. The kidney’s handling of lactate
may also be involved in glucose variation [29]. Finally, urea, which can
build up in the blood under conditions of decreased perfusion, ranges
from 0.22-76.8 mM in the raw data. This, too, has a physiological basis,
as blood urea levels are known to increase in trauma patients. Blood
urea levels are used as a nonspecific indicator of renal function if the
kidneys are unable to clear it [29, 30]. As a consequence, low fractional
excretion of urea is often observed in patients with impaired kidney
function [31, 32]. Additionally, urea protons are in exchange with water.
From an experimental standpoint, suppression of the water signal in

Loadings (Multiplied by 100, rounded to nearest integer)

Metabolites Retained by at
Least One Metho1 Raw

PC1 PC2 PC3 PC1
1Methylnicotinamide
2Methylglutarate
20xoglutarate
4Hydroxybenzoate
Acetate
Alanine
Allantoin
Ascorbate
Betaine
Citrate
Creatine
Creatinine
Formate
Glucitol
Glucose
Glutamate
Glutamine
Glycerol
Glycine
Hippurate
Homogentisate
Hypoxanthine
Inosine
Isoleucine
Lactate
Mannitol
Mannose
Methylguanidine
Nlsovaleroylglycine
NNDimethylglycine
Niacinamide
Oxypurinol
Phenylacetylglycine
Pyruvate
Quinolinate
Taurine
Trigonelline
Trimethylamine
Trimethylamine N-Oxide
Tyrosine
Urea
Valine
Xanthine

Xanthosine

Eigenvalue 5.44 2.60 1.89 3.86 2.49
Cumulative Proportion Explained 36% 54% 66% 19% 32%

Black indicates metabolite not retained by method
CSLGU PQ2 OosM
PC2

INV UO

PC3 PC1 PC2 PC1 PC2 PC1 PC2
7 45

19 2
1.78 4.57 2.37 3.36 2.24 5.02 1.43
41% 35% 53% 21% 35% 42% 54%

Table 2: Results of PCA analysis including metabolites retained for raw and normalized urine samples, eigenvectors/loadings, eigenvalues, and proportion of variation
explained. The metabolites not retained by any method include 1-6-Anhydro-3-D-glucose, Adenosine, Choline, cis-Aconitate, Dimethylamine, Fumarate, Glutathione,

Glycoproline, Lysine, Proline, Succinate, Tryptophan, and Tyramine.
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proton NMR will render the urea signal unreliable. All three of these
metabolites were removed from the CS-LGU normalization constant in
an attempt to control for variation. Given the lack of correlation with
this method and PQ1/PQ2, it was not sufficient. Other metabolites
could very well be contributing to the lack of agreement between the CS
methods and the PQ methods. One likely candidate is creatine, which is
present in very small amounts in timepoints 1-4, and increases steadily
through the experimental endpoint, covering a range of 0.006 mM to
2.9 mM in the raw data. Creatinuria is documented as an indication of
traumatic injury [33].

When PCA was applied to the metabolomic data under different
normalizations as described, it was found that different methods
retained different metabolites. Several metabolites were rejected by all
normalization methods (see Table 2). This phenomenon has not been
discussed in metabolomics normalization literature.

As discussed, PCA for all of the normalized metabolomic data

elevated to this part of the analysis shows some separation of the urine
samples by timepoint (Figure 6). Early timepoints, corresponding to
baseline (black circles), shock (red triangles), and early resuscitation
(green crosses) are separated from late timepoints (blue x¥),
corresponding to post-resuscitation. The separation of late resuscitation
timepoints (6-9) is reflective the decrease in concentration under
rmANOVA analysis of the normalization constants. No separation
of the data is seen in principal components analysis of the raw data.
The similar clustering of the normalized data into pre-resuscitation
and post-resuscitation states suggests that 1) some normalization is
required to obtain useful clustering of urine metabolomics data, 2)
metabolomics may be useful in differentiating between states of pre-
resuscitation and post-resuscitation, and 3) changes occurring in the
physiological state of the animals between hemorrhage and post-
resuscitation can be differentiated by urine alone.

Of the post-processing methods, none stands out as better or worse
than another. The CS methods (CS, CS-LGU, TSI) are fairly well-
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Figure 6: Scores Plots in 3D (3 PCs retained) or 2D (2 PCs retained) for the 4 normalization methods promoted to principal components analysis plus the raw data.
The timepoints of the experiment were grouped into phases: timepoint 1 (baseline; black circles), timepoint 2 (Shock 45; red triangles), early resuscitation (timepoints
3-5; green crosses), late resuscitation (timepoints 6-9; blue x), and experimental endpoint (timepoints 10-11; cyan diamonds). (6A): Raw urine metabolomics data
expressed in 3 PC variables, retaining 15 metabolites and 66% of the variation. (6B) Urine metabolomics data normalized to CS-LGU expressed in 3 PC variables.
Twenty metabolites and 41% of the variation are retained. (6C) Urine metabolomics data normalized to PQ2 expressed in 2 PC variables. Thirteen metabolites and 53%
of the variation are retained. (6D) Urine metabolomics data normalized to OSM expressed in 2 PC variables. Sixteen metabolites and 35% of the variation are retained.
(6E) Urine metabolomics data normalized to UO expressed in 2 PC variables. Twelve metabolites and 54% of the variation are retained.
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correlated to physiological measures of dilution but it is known that
they are not robust to the large shifts in metabolite abundances that
are seen in this setting. Additionally, these three methods did not show
statistical significance in dilution of the urine at late timepoints (Figure
3). On the other hand, the PQ methods are more robust to drastic
systematic changes in metabolism by design. They show a statistically
significant decrease in urine concentration at late resuscitation
timepoints. However, correlations of normalization constants in Figure
4 indicate that they are different from every other normalization
method save each other.

This study demonstrates that UO stands out as being different from
the other normalization methods under the examination of creatinine
concentrations with time. Creatinine normalized to urine output
is reflective of renal clearance; other normalizations of creatinine
are not. The inherent time-dependence of renal clearance has been
demonstrated. The concentration of solute into urine by the kidneys has
been modeled by time-dependent partial differential equations [34, 35].

It has been argued that urine output is the only way to obtain
concentrations suitable for absolute comparisons of urine metabolite
abundance [11]. Therefore, when relationships between urine
metabolomic profiles and serum metabolomic profiles are studied,
it is suggested that urine must be normalized to UO if meaningful
comparisons are to be made. UO also had at least moderate correlations
with all other normalization methods, and it is the only normalization
method to have a nearly significant p-value associated with all other
normalization methods. The principal components analysis provides
some small additional support for urine output, as it describes the next
highest percent of variation in the data set after the raw data.

Not all experimental situations allow for collection of urine
output data. In these cases, OSM is preferable, as it is reflective of the
physiological metabolite-concentrating mechanisms of the kidney. If
osmolality data is not available, one of the post-processing methods
would suffice, though care must be taken to apply these methods
judiciously. The literature discusses the known issue with Constant Sum
and TSI methods—namely, that large perturbations in single metabolite
variations can artificially alter normalized metabolite concentrations
[11,12,15]. If this is not the case, the computationally light CS/TSI
methods could be used. However, if there is large systematic variation
in metabolite abundances, one of the PQ methods should be used.

It is recognized that the relatively small sample size used (n=13
across both experiments) is not ideal. However, the entire sample set
is composed of 83 samples. Additionally, urine output data was not
available for experimental endpoint (timepoints 10/11). The strength
of UO as a normalization method was apparent despite the lack of
endpoint data because of its time dependence.

Concluding Remarks

A major challenge in metabolomics is the normalization of urine
to account for dilution. Hemorrhagic shock exacerbates the problem
by inducing severe changes in intravascular volume and urine output,
accompanied by large fluctuations in metabolite abundances as a
response to injury. To accurately analyze urine metabolomic data,
changes in concentration must be accounted for. Seven normalization
methods were examined under these conditions to see which would
be most appropriate to use in analysis of urine metabolomics data
with a porcine model of hemorrhagic shock and resuscitation. While
no statistically significant change in concentration is observed after
hemorrhage, all methods show a trend toward dilution of the urine after
resuscitation fluids are administered. PCA of the normalized metabolite

concentrations shows that the normalized data clusters according to
experimental timepoint, and consequently by dilution.

Based on this analysis of normalization constants for each sample,
serum and urine values of creatinine, and principal components
analysis of the metabolite concentrations, it is concluded that urine
output normalization is the most appropriate method to use, especially
when comparing urine and serum metabolomics data. If urine is being
analyzed independently for biomarkers, a different normalization
method could be used.
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