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Purpose: The current use of cystoscopy for screening and detecting bladder cancer is invasive and expansive. Various urine
based biomarkers have been used for this purpose with limited success. Metabolomics, ie metabonomics, is the quantitative
measurement of the metabolic response to pathophysiological stimuli. This analysis provides a metabolite pattern that can
be characteristic of various benign and malignant conditions. We evaluated high performance liquid chromatography coupled
online with a mass spectrometer metabolomic approach to differentiate urine samples from healthy individuals and patients
with bladder cancer.
Materials and Methods: Urine specimens were collected from 48 healthy individuals and 41 patients with transitional cell
carcinoma, and stored at �80C. Samples were analyzed using an Agilent 1100 Series high performance liquid chromatog-
raphy system (Agilent Technologies, Santa Clara, California) coupled online with a hybrid triple-quad time-of-flight QSTAR®
XL mass spectrometer. At the time of analysis samples were thawed and centrifuged. The resulting total ion chromatograms
of each sample were submitted for statistical analysis. For data interpretation in this study 2 statistical methods were used,
that is principal component analysis and orthogonal partial least square-discriminate analysis.
Results: Using positive ionization mass spectrometry orthogonal partial least square-discriminate analysis correctly pre-
dicted 48 of 48 healthy and 41 of 41 bladder cancer urine samples, while principal component analysis, which is an
unsupervised profiling statistical method, confirmed these results and correctly predicted 46 of 48 healthy and 40 of 41
bladder cancer urine samples.
Conclusions: The results of this proof of concept study in a relatively small number of subjects indicate that metabolomics
using high performance liquid chromatography-mass spectrometry has the potential to become a noninvasive early detection
test for bladder cancer.
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B
ladder cancer is the second most common genitouri-
nary malignancy. The American Cancer Society esti-
mated that 61,420 new cases of bladder cancer would

be found in the United States during 2006 and about 13,060
individuals would die of the disease.1

Many patients with bladder cancer experience recurrence
but do not die of the disease. While bladder cancer is only the
fourth most common cancer in men after lung, colorectal and
prostate cancers, in terms of incidence it is the second most
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prevalent malignancy in middle-aged and elderly men after
prostate cancer.2,3

The current standard of care for detecting and monitoring
bladder tumors is cystoscopy, voided urine cytology and im-
aging.4 However, cystoscopy is invasive, painful and costly.
Therefore, it is not suitable as a screening test. Although
urine cytology is a noninvasive test, it is limited by its low
sensitivity of 20% to 40% for low grade tumors. Several
methods have been reported for the early detection of
bladder cancer using various potential markers.5– 8 The
specificity and sensitivity of these tests vary between 50%
and 100%. Therefore, they are not adequate for screening
patients.

Ideally a urine based bladder tumor marker would be
noninvasive, inexpensive and nonuser dependent, and have
high accuracy. Optimal markers would serve for screening,
initial diagnosis, and monitoring recurrence and progression
as well as predicting prognosis.

Metabolomics, also known as metabonomics, simply stated,
is the study of t h e metabolic response of the body to drug
toxicity or disease. Global metabolomics relies on nonbiased,

quantitative analysis of all or a large number of metabolites
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in biological samples from healthy (control) and affected
individuals.9–11 The aim is to identify disease related differ-
ences in 1 or more of the numerous endogenous metabolites
found in biological fluids. Metabolomic analysis of accessible
biofluids provides information on all tissues that deliver to
and obtain metabolites from those fluids.12–14 Target or
metabolite specific studies depend on a priori knowledge of
the biological system or pathway used for use as a successful
diagnostics tool.

In this metabolomics study of HPLC coupled on line with
MS we identified metabolite variations that may be used to
discriminate between urine specimens from healthy individ-
uals and patients with bladder cancer.

MATERIALS AND METHODS

Patients and Study design
Urine specimen were collected from 48 healthy volunteers
and 41 patients with bladder TCC, and stored at –80C. The
TCC group included 36 males who were 56 to 93 years old
(average age 77.1) and 5 females who were 51 to 90 years old
(average age 74.6). The control group included 21 males who
were 31 to 86 years old (average age 58.0) and 27 females
who were 20 to 80 years old (average age 59.8). All patients
with TCC had a confirmed tissue diagnosis. Most cases were
of low grade and low stage disease, including Ta in 28, Cis in
1, T1 in 9, T2 in 3, low grade in 28 and high grade in 13. All
patients with TCC in this study had a history of TCC.

Patients were detected with TCC at routine followup
cystoscopy and urine samples were taken before hospital
admission for transurethral resection. Midstream voided
urine samples were collected from patients with TCC 3 to 4
weeks after cystoscopy at the Department of Urology, Bnai-
Zion Medical Center, Haifa, Israel and approved by the
institutional review board. Samples were frozen as is and
shipped on dry ice via air to NCI-Frederick, Frederick,
Maryland, where they were stored at –80C and analyzed at
the Laboratory of Proteomics and Analytical Technologies.

MATERIALS

Acetonitrile (HPLC grade) was obtained from Fisher Scien-
tific, Somerville, New Jersey. Formic acid was obtained from
Sigma-Aldrich™. Distilled water was obtained from an in-
house NANOpure® water filtration system.

Instrumentation
An Agilent 1100 Series HPLC system equipped with an
autosampler and a BetaBasic-18 reversed phase column
(Thermo Electron Corp., Waltham, Massachusetts) 100 mm
long with a 1 mm inner diameter and packed with 5 �m
silica based particles was coupled online with a hybrid tri-
ple-quad time-of-flight QSTAR XL mass spectrometer for
the HPLC-MS analysis of urine samples. All samples were
scanned over a mass range of 100 to 2,000 m/z with an ion
spray voltage of 5,500, declustering potential of 160, declus-
tering potential 2 of 20, focusing potential of 200, ion source
gas of 20, curtain gas of 25 and collision gas of 3. The HPLC
instrument was placed in line from the liquid chromatogra-
phy system and attached directly to the MS electrospray
ionization source. A flow rate of 50 �l per minute was main-

tained for all sample analyses.
Sample Preparation and Analysis
We decided to use neat urine without dilution for HPLC/MS
analysis because in a previous study we found that 1:4
dilutions may not allow the detection of low abundant me-
tabolites.15 However, the injection of neat urine on the
HPLC column required the introduction of a column wash
step after each analysis.

At the time of analysis urine samples were thawed on ice
and centrifuged at 3,000 rpm for 20 minutes at 5C. Before
HPLC analysis the chromatographic system was optimized
for optimum separation by selecting the right column, mo-
bile phase and gradient conditions.15 The column was equil-
ibrated with 98% mobile phase A (0.1% formic acid in H2O)
in mobile phase B (0.1% formic acid in acetonitrile). Neat
urine (10 �l) was injected onto the column. A step gradient
of solvents A in B, including 0 to 10 minutes with 95% A, 65
minutes with 60% A, 70 minutes with 2% A and 80 minutes
with 98% A, was used to elute the metabolites from the
column at room temperature. MS using the positive ioniza-
tion mode was used to analyze the eluate. The resulting total
ion chromatograms of each urine sample were submitted for
statistical analysis. All samples were analyzed randomly
under the same experimental conditions.

Reproducibility
The HPLC/MS procedure used in this study was evaluated
for interday and intraday reproducibility by injecting the
same urine sample on 3 consecutive days using 3 injections
per day. Results indicated that the method is robust and
provides highly reproducible data (data not shown).

Data Interpretation and Analysis
Due to the large number of peak intensities and the rela-
tively small number of samples we selected 2 popular dimen-
sionality-reduction statistical methods, that is OPLS-DA us-
ing SIMCA-P (Umetrics, Kinnelon, New Jersey) and PCA.
OPLS-DA is a supervised procedure that constructs a linear
combination of all peak intensities, which maximizes the
separation between healthy and diseased samples. Other
variances in the data set, such as intragroup variability, are
explained by the second and higher orthogonal linear com-
binations.

In contrast, PCA is an unsupervised procedure in which
linear combinations of all peak intensities are constructed to
produce orthogonal components that maximize the total
variance in the samples independent of their group labels.
The linear combination that yields the greatest variance is
projected on the first axis, called the first principal compo-
nent, while the second greatest variance is projected on the
second axis and so on. PCA decreases dimensionality while
it keeps the characteristics that contribute most to the vari-
ance. It does this by giving more importance to lower order
principal components and ignoring higher order ones using
the assumption that low order components often contain the
most important aspects of the data.

Data collected from the HPLC-MS chromatograms were
subjected to a logarithmic weighting step and scaled using a
beta version of MarkerView™ software before performing
PCA. The weighting step determines the mean peak inten-
sity for each peak and then calculates the natural logarithm
of peak intensities divided by the mean. This has the effect

of converting a random distribution of peak intensities into
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a natural or Gaussian distribution. To account for differ-
ences in the ranges of weighted intensities the autoscale
function takes the weighted response for each peak from all
samples, calculates the mean and SD, and then subtracts
each value by the mean and divides by the SD. This conver-
sion of weighted peak intensities into z-scores means that
the coefficient of a peak in the principal component is a
direct measure of its contribution to the overall variance and
it is not affected by the magnitude of the peak.

For the OPLS-DA method 3 healthy and 3 diseased sam-
ples were removed from the data set to construct a blind
validation set. The orthogonal components were constructed
using the remaining 45 healthy samples and 38 samples of
bladder cancer. A plot of the first 2 components was used to
obtain a discriminating vertical line using the first compo-
nent that distinguished the 2 groups. The 6 testing samples
were then examined with respect to this discriminating line.
All samples were used to construct the principal components
for PCA analysis. The first 2 principal components were then
used to plot all samples to determine whether this unsuper-
FIG. 1. Chromatographic comparison of MS spectrum of urine from h
(right).
vised procedure could distinguish healthy from cancerous
samples, again using a linear separator.

If the healthy sample with the smallest projection on the
first component was placed in the testing set, the position of
the discriminating vertical line would be less certain. It
would be possible that this sample could be misclassified
upon testing. This situation is true for any study that per-
forms a priori division of samples into a training set and a
testing set since it must be assumed that the training set
correctly represents the full range of intensities for each
group in each peak. Therefore, such studies not only mea-
sure the accuracy of the proposed classifier, but also the
extent to which the full range is properly represented.

RESULTS

Examination of the total ion chromatograms of each urine
sample indicated the difficulty of differentiating between can-
cer and control urine specimens by the naked eye. Figure 1
shows the total ion chromatograms of 3 normal and 3 blad-
ealthy patients (left) vs patients diagnosed with bladder cancer
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der cancer urine samples. Although each had similar pro-
files, there were differences that could not be detected by the
naked eye but could be detected by statistical methods.

Figure 2 is a plot of OPLS-DA statistical analysis of all
urine samples from control patients and those with bladder
cancer, as analyzed by HPLC-ESI/MS in the positive mode.
The algorithm was able to correctly separate the urine sam-
ples into 2 groups corresponding to normal and cancer, and
it correctly predicted 41 of 41 bladder cancer specimens
(100% sensitivity) and 48 of 48 healthy specimens (100%
specificity). These results included 3 samples per group that
were analyzed as unknown (blind) to verify the robustness of
this method.

Since such a degree of accuracy in bladder cancer detec-
tion based on urine testing is uncommon, we were interested
in confirming the classifications by using 1 or more different
statistical procedures. PCA correctly predicted 40 of 41 urine
samples from patients with bladder cancer and 46 of 48
urine samples from healthy controls (fig. 3). Although the
results are excellent, they are not as accurate as those pro-
duced using OPLS-DA. Figures 2 and 3 show that the divi-
sion between the control and TCC groups was less pro-
nounced using the PCA procedure.

DISCUSSION

Metabolomics is the detection and quantitation of metabo-
lites in biological samples that are the result of the meta-
bolic response of living systems to drug toxicity or disease.
Technological advances in nuclear magnetic resonance spec-
troscopy, MS, chromatography and electrophoresis enables
the measurement of alterations in the concentrations of
metabolites found in biological samples even at low levels.16

In global metabonomics the entire metabolite component of
a biological sample, such as urine, serum, cerebrospinal fluid
or tissue, is separated, detected, quantified and identified by
various analytical methods. Currently 2 of the most com-
monly used platforms for metabolite analysis are nuclear
magnetic resonance spectroscopy and HPLC coupled on line
with MS.17

As with other “-omics” techniques (proteomics, genomics
and transcriptomics), metabonomic analysis of biological
systems typically results in a plethora of data that can be
overwhelming in its abundance. For any meaningful data

FIG. 2. OPLS-DA results of HPLC-MS data on 48 control and 41

TCC urine samples.
interpretation the appropriate statistical tools must be used
to process the large raw data sets to provide a useful, un-
derstandable and workable format. Different multidimen-
sional and multivariate statistical analyses and pattern rec-
ognition programs have been developed to distill the large
amounts of data in an effort to interpret the complex meta-
bolic pathway information from the measurements.18–20

This study included 41 urine samples from patients with
TCC and 48 control urine samples. Using the OPLS-DA and
PCA programs resulted in 2 groups, corresponding to nor-
mal and cancer urine samples, and correctly predicted 41 of
41 bladder cancer samples (100% sensitivity) and 48 of 48
healthy samples (100% specificity) by OPLS-DA, while PCA
analysis resulted in predicting 40 of 41 cancer samples (98%
sensitivity) and 46 of 48 control samples (96% specificity).

The ultimate diagnostic procedure for any disease is one
that gives no false-positive and no false-negative prediction,
that is 100% sensitivity and specificity. It seems that this is
more an ideal than an attainable goal for disease biomark-
ers, especially for heterogeneous neoplasms such as bladder
cancer, for which sensitivity and specificity are much less
than 100%.

We developed a noninvasive procedure that can discrim-
inate bladder cancer from normal (control) urine at a level of
sensitivity and specificity that would challenge cystoscopy
and urine cytology as the primary diagnostic tool. The lim-
itations of this study include the relatively small sample
size, the difference in sex and age distribution, and comor-
bidities between normal controls and patients with TCC,
and the lack of nonTCC control patients with benign disease
of the urinary collecting system, such as infection, urolithia-
sis or an indwelling catheter, or after the incorporation of a
bowel segment.

In our study the PCA algorithm confirmed the results of
the OPLS-DA approach. Results indicate that no single clas-
sification method is significantly superior, although OPLS
provided better sensitivity and specificity than PCA. As men-
tioned, urine specimens were collected from patients with TCC
3 to 4 weeks after cystoscopy. Therefore, we assumed that the
trauma to tissue at cystoscopy was probably not the cause of

FIG. 3. PCA results of HPLC-MS data on 48 control and 41 TCC
urine samples using log mean center method.
the differences found in our research.
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Although the results of this study are preliminary, they
have the potential to become a clinical test pending further
evaluation. To achieve such recognition a test requires a
prospective cohort group as well as application of the mark-
ers found in the study in a new patient group and control
group. Another ongoing task is the identification of the in-
dividual metabolite as a potential biomarker. It may im-
prove our understanding about the pathophysiology of the
disease, identify correlations with disease aggressiveness
and potentially serve as a future target for therapy.

CONCLUSIONS

Our study demonstrates that urine metabolomics can differ-
entiate patients with TCC from normal controls. Thus, it is
a proof of principle for the use of metabolomics for the early
detection of TCC.

Abbreviations and Acronyms

HPLC � high performance liquid
chromatography

MS � mass spectrometry
OPLS-DA � orthogonal partial least square-

discriminate analysis
PCA � principal component analysis
TCC � transitional cell carcinoma
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