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ABSTRACT
Lung cancer (LC) is responsible for most cancer deaths. One of the main factors 

contributing to the lethality of this disease is the fact that a large proportion of 
patients are diagnosed at advanced stages when a clinical intervention is unlikely 
to succeed. In this study, we evaluated the potential of metabolomics by 1H-NMR to 
facilitate the identification of accurate and reliable biomarkers to support the early 
diagnosis and prognosis of non-small cell lung cancer (NSCLC).

We found that the metabolic profile of NSCLC patients, compared with healthy 
individuals, is characterized by statistically significant changes in the concentration 
of 18 metabolites representing different amino acids, organic acids and alcohols, 
as well as different lipids and molecules involved in lipid metabolism. Furthermore, 
the analysis of the differences between the metabolic profiles of NSCLC patients at 
different stages of the disease revealed the existence of 17 metabolites involved in 
metabolic changes associated with disease progression.

Our results underscore the potential of metabolomics profiling to uncover 
pathophysiological mechanisms that could be useful to objectively discriminate NSCLC 
patients from healthy individuals, as well as between different stages of the disease.

INTRODUCTION

Lung cancer (LC) is the most common cause of 
cancer death worldwide, accounting for approximately 
12% of all cases of cancer, with an incidence of almost 
two million new cases annually worldwide [1]. The 
average five-year LC survival rate in early-stage, operable, 
non-small cell lung cancer (NSCLC) is approximately 50-
70%. However, the five-year survival rate drops to 2-5% 
for patients diagnosed after their tumors have spread 

distantly [2]. At present, the diagnosis is primarily based 
on symptoms and detection often occurs at late stages, 
thus resulting in a very poor prognosis. If the diagnosis 
could be shifted to early stages, then the overall morbidity 
for this disease could be dramatically altered.

Recent studies have shown that LC screening using 
Low Dose Computed Tomography (LDCT) is effective 
in reducing mortality [3]. However, the large proportion 
of individuals with indeterminate nodules, the high costs 
involved and the limited resources available, demand the 
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identification of more accurate risk profiles, ideally based 
on non-invasive or minimally invasive techniques (i.e., 
blood, sputum, exhaled air, etc.) [4], in combination with 
other clinical, epidemiological, imaging, and life-style 
information. This strategy could be particularly relevant 
for individuals at-risk for LC as they may have subclinical 
disease for years before presentation.

Metabolomics, an analytical tool used in 
combination with pattern recognition approaches, is a 
very promising approach in systems biology; its objective 
being the comprehensive analysis of low-molecular 
weight metabolites in biological samples [5]. It represents 
a very powerful approach to the understanding of the 
biological pathways involved in the onset and progression 
of diseases, providing valuable insights into the molecular 
mechanisms of pathological processes [6]. The most 
commonly employed analytical techniques used for 
metabolic profiling are Nuclear Magnetic Resonance 
(1H-NMR) spectroscopy and Mass Spectrometry 
(MS). High-resolution 1H-NMR spectroscopy provides 
quantitative analysis of metabolite concentrations and 
reproducible information with minimal sample handling.

Monitoring specific metabolite levels in serum/
plasma, the most commonly used biofluids in clinical 
metabolomics, has become an important tool for detecting 
early stages of some oncological diseases [7]. Thus, 
metabolomics by 1H-NMR spectroscopy has been applied 
for the identification of different biomarkers in renal [8, 9], 
colorectal [10], pancreatic [11], ovarian [12, 13], and oral 
cancers [14], as well as in some hematological diseases 
[15, 16], among others.

In recent years, a number of studies have reported 
promising results in the characterization of the metabolic 
profile of LC patients [17-22]. However, a comprehensive 
approach to the early detection of this disease requires the 
extensive analysis of a more representative set of samples 
that could lead to the identification of specific and reliable 
clinical biomarkers. To that end, in this study, a thorough 
analysis of the serum metabolic profile of NSCLC patients 
at different stages of the disease was compared with 
that corresponding to healthy individuals and patients 
diagnosed with other benign pulmonary diseases (BPDs). 
Using a metabolomics approach based on 1H-NMR, it 
was possible to identify and independently validate a set 
of selective and specific metabolites that could be useful 
for the early detection of LC in the clinical context. Taken 
together, the results provide an opportunity for improving 
current risk stratification models.

RESULTS

Non-supervised analysis of the serum samples 
from the training set reveals that disease status 
contributes to the metabolic discrimination of 
healthy individuals and NSCLC patients

Non-supervised analysis of the 1H-NMR spectra 
(Supplementary Figure 1) was carried out to evaluate 
the potential influence of different clinical variables on 
the metabolic profiles obtained for the serum samples 
from the training set. Among all the variables assessed, 
only classification of the samples according to disease 
status had an impact in the clustering of the samples 
(Supplementary Figure 2).

The unsupervised analysis also highlighted the 
existence of differences between the two independent, 
training and validation, sets of samples included in the 
study (data not shown). An analysis of these differences 
revealed that they were attributed to technical variability, 
most likely reflecting the existence of differences in the 
suppression of the residual water signal of the spectra at 
the time of measurement.

Supervised analysis of the data reveals the 
existence of statistically significant differences 
between the metabolic profiles of NSCLC patients 
and healthy individuals, as well as between 
different disease stages

Discriminant statistical models (OPLS-DA) were 
built based on the comparisons between the different 
groups of samples included in the training set (Figure 1). 
This analysis revealed that serum samples from NSCLC 
patients, compared with healthy individuals, exhibit a 
specific serum metabolic profile (R2 = 0.931; Q2 = 0.873) 
characterized by statistically significant differences in 
the concentrations of a number of metabolites (Figure 
1A). A similar analysis performed to compare the serum 
metabolomics profile of NSCLC patients at early and 
advanced stages of the disease (R2 = 0.779; Q2 = 0.592) 
showed that disease progression has also a reflection in the 
metabolic profile of patients (Figure 1D).

An analysis of the metabolic differences based 
on the results of the corresponding shared and unique 
structures plots (SUS-plots) (Figure 1E,1F) revealed 
that the most significant variations between the serum 
metabolic profile of NSCLC patients and the healthy 
individuals were shared regardless of the stage of the 
disease (Figure 1A,1B,1C), and that they were different 
from those found between early and advanced stages of 
NSCLC (Figure 1D).
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Figure 1: Multivariate modelling resulting from the analysis of serum 1H-NMR spectra. OPLS-DA score plots for the 
comparisons between: A. healthy individuals (▲) vs. NSCLC patients (early-stage and advanced-stage, ■ and ■, respectively); B. healthy 
individuals (▲) vs. early-stage NSCLC patients (■); C. healthy individuals (▲) vs. advanced-stage NSCLC patients (■) and D. early-
stage NSCLC patients (■) vs. advanced-stage NSCLC patients (■). SUS-plots derived from the OPLS-DA models between: E. healthy 
individuals vs. early-stage NSCLC patients (model B, horizontal axis) and healthy individuals vs. advanced-stage NSCLC patients (model 
C, vertical axis); F. healthy individuals vs. NSCLC patients (model A, horizontal axis) and early-stage NSCLC vs. advanced-stage NSCLC 
patients (model D, vertical axis). Rectangles indicate unique biomarkers for each model.
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Specific combinations of metabolites are involved 
in the discrimination between healthy individuals 
and NSCLC patients, and between different 
stages of NSCLC

An inspection of the contribution to the separation 
between groups resulted in the identification of the 
spectral signals, and eventually the metabolites, that 
contributed more to the discrimination between the groups 
of samples being compared. Using this approach, a total of 
18 metabolites showed statistically significant differences 
when comparing the serum metabolite levels of NSCLC 
patients and healthy individuals (Table 1A, Supplementary 
Figure 3A), and 17 when comparing NSCLC patients 
at early and advanced stages of the disease (Table 1B, 
Supplementary Figure 3B).

A logistic regression analysis of the data identifies 
a minimal set of metabolites involved in the 
discrimination of NSCLC patients and healthy 
individuals

A logistic regression equation was obtained based 
on the analysis of the metabolites exhibiting significant 
statistical differences between both groups (Table 1A). 
Using this approach, characteristic higher levels of lactate 
and methanol and lower levels of glutamine, choline and 
threonine were found in serum samples from NSCLC 
patients compared with healthy individuals (Table 2). 
Internal validation of the logistic regression equation was 
performed by evaluating the AUC values of the ROC 
curves for each individual metabolite (Supplementary 
Figure 4).

Table 1A: Mean intensities and variations of the most significant metabolites found in the comparison between healthy 
individuals and NSCLC patients

Metabolite δ 1H (ppm)a
Mean spectral intensity ± s.e.m. 
(arbitrary units) % 

variation P-valueb

Healthy Group NSCLC patients
HDL (CH3) 0.85-0.79 55.14 ± 1.50 45.55 ± 0.73 -17.39 0.0000*
VLDL (CH3) 0.91-0.85 66.10 ± 1.49 65.17 ± 0.78 -1.40 0.9070
Leucine/Isoleucine 0.97-0.91 14.40 ± 0.25 16.67 ± 0.26 15.75 0.0000*
3-hydroxybutyrate 1.20-1.18 8.22 ± 0.15 8.60 ± 0.20 4.59 0.8585
LDL/VLDL (CH2)n 1.31-1.20 229.06 ± 6.10 197.77 ± 3.26 -13.66 0.0001*
Unknown 1 1.40-1.36 4.01 ± 0.11 5.04 ± 0.14 25.65 0.0000*
Adipic acid 1.60-1.52 15.97 ± 0.69 13.79 ± 0.34 -13.64 0.0406*
Acetate 1.91-1.90 1.29 ± 0.04 1.56 ± 0.04 21.22 0.0001*
Lipids (CH2-C=C) 2.02-1.93 40.15 ± 0.46 35.56 ± 0.31 -11.44 0.0000*
N-Acetyl-cysteine 2.05-2.02 23.50 ± 0.32 27.01 ± 0.44 14.94 0.0000*
Lipids (CH2-CO) 2.26-2.19 14.19 ± 0.65 13.17 ± 0.30 -7.15 0.5775
Glutamate 2.36-2.33 2.14 ± 0.07 2.95 ± 0.07 37.65 0.0000*
Glutamine 2.47-2.41 5.82 ± 0.19 4.98 ± 0.11 -14.37 0.0002*
Choline–N(CH3)3

+ 3.21-3.18 23.56 ± 0.67 17.60 ± 0.34 -25.30 0.0000*
Methanol 3.36-3.35 1.01 ± 0.05 1.81 ± 0.05 78.81 0.0000*
Glycerol 3.80-3.78 2.90 ± 0.09 3.63 ± 0.08 25.16 0.0000*
Creatine 3.92-3.91 0.90 ± 0.04 1.20 ± 0.03 33.82 0.0000*
Lactate 4.13-4.08 10.45 ± 0.38 13.74 ± 0.42 31.53 0.0000*
Threonine 4.30-4.21 6.92 ± 0.12 5.86 ± 0.09 -15.34 0.0000*
Glucose 5.24-5.21 11.92 ± 0.35 12.63 ± 0.26 5.92 0.2202
Lipids (CH=CH) 5.37-5.24 32.92 ± 0.75 28.08 ± 0.45 -14.70 0.0000*
Histidine 7.78-7.74 0.37 ± 0.01 0.29 ± 0.01 -20.76 0.0000*

aChemical shift region used for quantification
bP-value calculated using the Mann–Whitney-Wilcoxon test
*Statistically significant (P < 0.05)
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Figure 2 : A. Prediction results derived from the OPLS-DA model corresponding to the comparison between healthy individuals and 
NSCLC patients (training set). B. OPLS-DA score plot displaying the prediction of the samples included in the validation set based on 

the model corresponding to the training set (Δ: healthy individuals -validation set-; □: NSCLC patients -validation set-; Δ: BPD patients 
-validation set-; ▲: healthy individuals -training set-; ■: NSCLC patients -training set-). C. Misclassification table based on the logistic 
regression equation. D. Boxplot (log scale) representing the intensities of the metabolites included in the logistic regression equation for the 
different groups. For each box, the central line is the median, the edges of the box are the upper and lower quartiles, the whiskers extend 
the box by a further ±1.5 interquartile range (IQR), and outliers are plotted as individual points.
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Table 1B: Mean intensities and variations of the most significant metabolites found in the comparison between early-
stage and advanced-stage NSCLC patients

Metabolites δ 1H (ppm)a  
Mean spectral intensity ± s.e.m. 
(arbitrary units) % 

variation  P-valueb  
ES/NSCLC AS/NSCLC 

HDL (CH3) 0.85-0.79 45.72 ± 1.08 45.70±1.01 -0.06 0.9054
VLDL (CH3) 0.91-0.85 65.66 ± 0.94 64.71 ± 1.23 -1.43 0.8602
Leucine/Isoleucine 0.97-0.91 15.89 ± 0.34 17.41 ±0.37 9.59 0.0039* 
3-hydroxybutyrate 1.20-1.18 9.38 ± 0.31 7.85 ± 0.21 -16.26 0.0000* 
LDL/VLDL (CH2)n 1.31-1.20 203.92 ± 4.48 191.89 ± 4.65 -5.90 0.1151
Adipic acid 1.60-1.52 14.61 ± 0.50 13.00 ± 0.44 -11.01 0.0248* 
Lysine 1.75-1.65 9.15 ± 0.26 10.36 ± 0.26 13.16 0.0025* 
Lipids (CH2-C=C) 2.02-1.93 35.27 ± 0.40 35.84 ±0.48 1.60 0.1403
N-Acetyl-cysteine 2.05-2.02 24.51 ± 0.50 29.39 ± 0.59 19.90 0.0000* 
Glutamate 2.09-2.05 10.09 ± 0.24 12.30 ± 0.27 21.86 0.0000* 
Lipids (CH2-CO) 2.26-2.19 14.55 ± 0.42 11.85 ± 0.37 -18.54 0.0000* 
Glutamine 2.47-2.41 5.91 ± 0.17 5.03 ± 0.15 -14.84 0.0005* 
Citrate 2.96-2.64 4.66 ± 0.11 5.41 ± 0.11 16.26 0.0000* 
Choline–N(CH3)3

+ 3.21-3.18 18.05 ± 0.50 17.17 ± 0.46 -4.86 0.2081
Unknown 2 3.55-3.54 3.22 ± 0.09 3.40 ± 0.09 5.76 0.1852
Unknown  3 3.58-3.56 4.98 ± 0.17 5.97 ± 0.16 19.71 0.0000* 
Valine 3.61-3.59 3.55 ± 0.10 4.30 ± 0.10 21.05 0.0000* 
Glycerol 3.67-3.63 13.49 ± 0.38 15.76 ± 0.38 16.82 0.0001* 
Creatine 3.92-3.91 1.25 ± 0.04 1.43 ± 0.04 14.43 0.0031* 
H α/β  amino acids 4.02-3.92 8.86 ± 0.26 10.54 ± 0.27 18.92 0.0000* 
Lactate 4.13-4.08 13.01 ± 0.52 14.59 ± 0.64 12.15 0.0274* 
Glucose 5.24-5.21 13.06 ± 0.37 11.86 ± 0.37 -9.19 0.0058* 
Lipids (CH=CH) 5.37-5.24 28.89 ± 0.58 27.51 ± 0.70 -4.79 0.2948
Phenylalanine 7.43-7.40 0.31 ± 0.02 0.47 ± 0.03 52.10 0.0000* 

aChemical shift region used for quantification
bP-value calculated using the Mann–Whitney-Wilcoxon test
*Statistically significant (P < 0.05)

Table 2: Characteristics of the logistic regression equation obtained for the discrimination between healthy individuals 
and NSCLC patients
Metabolite βa ORb 1/OR P-value 
Glutamine -1.70 0.18 5.47 0.0032* 
Choline -0.41 0.66 1.51 0.0011* 
Methanol 4.60 99.63 0.01 0.0001* 
Lactate 0.34 1.41 0.71 0.0347* 
Threonine -1.82 0.16 6.19 0.0036* 
Constant 17.70 4.89E+07 2.05E-08 0.0032* 

aβ: Coefficient of logistic regression
bOR: odds ratio
*Statistically significant (P < 0.05)
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External validation of the predictive ability of the 
OPLS-DA and the logistic regression models

Samples included in the validation set were used to 
assess the predictive ability of the orthogonal projection 
to latent structures discriminant analysis (OPLS-DA) and 
the logistic regression models based on the training set. 
To remove the variation between the NMR data obtained 
for the two sets of samples, standardization of NMR 
signal intensities for the training and the validation sets 
of samples was achieved using the ComBat method [23].

Thus, it was found that, based on the OPLS-DA 
model obtained for the training set, 95% of patients 

diagnosed with NSCLC, as well as all but one of the 
healthy individuals included in the validation set, were 
correctly classified. An evaluation of the behavior of the 
serum samples obtained from patients diagnosed with 
BPDs was also carried out. In this case, it was found that 
23 out of the 27 BPD samples (85.2%) were classified as 
healthy individuals. Overall, the multivariate statistical 
model obtained for the discrimination between NSCLC 
patients and healthy individuals was 95% specific and 
92.31% sensitive (87.50% for all non-cancer samples) 
(Figure 2A, 2B).

The probability of belonging to the group of NSCLC 
patients for the samples included in the validation set was 
also evaluated using the logistic regression equation. 

Table 3: Variations of the mean intensities of the most relevant metabolites involved in the discrimination between 
BPD patients and healthy individuals or NSCLC patients

Metabolites δ 1H (ppm)a  
 BPD vs. Healthy BPD vs. NSCLC 
%  variation  P-valueb % variation   P-valueb 

HDL (CH3) 0.85-0.79 -6.55 0.3602 -9.37 0.1073
VLDL (CH3) 0.91-0.85 -0.19 0.7539 -16.47 0.0002* 
Leucine/Isoleucine 0.97-0.91 2.52 0.9319 8.54 0.0360* 
3-hydroxybutyrate  1.20-1.18 -2.98 0.5490 20.64 0.0735
LDL/VLDL (CH2)n 1.31-1.20 1.61 0.9319 -23.28 0.0000* 
Unknown 1 1.40-1.36 34.21 0.1424 -7.80 0.0676
Adipic acid   1.60-1.52 4.30 0.8867 -28.57 0.0001* 
Acetate 1.91-1.90 -15.53 0.7979 6.96 0.0078* 
Lipids (CH2-C=C)  2.02-1.93 -6.28 0.1424 -15.00 0.0000* 
N-Acetyl-cysteine   2.05-2.02 -8.02 0.0392* -6.80 0.0152* 
Lipids (CH2-CO)  2.26-2.19 4.63 0.8867 -12.33 0.1674
Glutamate 2.36-2.33 -7.84 0.2175 43.35 0.0000* 
Glutamine 2.47-2.41 -15.34 0.1065 -14.08 0.0136* 
Lipids (CH=CH-CH2-
CH=CH) 2.79-2.68 -0.06 0.6077 -15.40 0.0000* 

Choline –N(CH3)3
+ 3.21-3.18 -3.46 0.8197 -14.45 0.0461* 

Proline 3.30-3.34 -27.10 0.0130* -15.46 0.0434* 
Methanol 3.36-3.35 -45.45 0.0010* -34.12 0.0002* 
Unknown 2  3.55-3.54 -10.03 0.3166 17.93 0.0091* 
Unknown  3  3.58-3.56 -13.86 0.2765 9.10 0.1714
Valine 3.61-3.59 -11.64 0.2068 9.14 0.2150
Glycerol 3.80-3.78 -7.20 0.4406 17.94 0.0027* 
Creatine 3.92-3.91 -12.39 0.2175 22.52 0.0005* 
Creatinine 4.04-4.03 -0.24 0.6898 -24.18 0.0000* 
Myo-inositol 4.07-4.05 10.28 0.4578 -33.58 0.0000* 
Lactate 4.13-4.08 49.44 0.0002* 16.92 0.0136* 
Threonine 4.30-4.21 4.85 0.5878 -26.09 0.0000* 
Glucose 5.24-5.21 -5.59 0.2639 42.78 0.0000*
Lipids (CH=CH)  5.37-5.24 2.23 0.3602 -21.01 0.0000* 

aChemical shift region used for quantification
bP-value calculated using the Mann–Whitney U test
*Statistically significant (P < 0.05)
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Unsurprisingly, the ability of the prediction based on the 
logistic regression model was lower (Figure 2C) than that 
based on the OPLS-DA multivariate statistical model, 
since the latter includes information about all the regions 
of the spectra. Overall, 77.3% of samples in the validation 
set were correctly classified; 77.5% of the NSCLC patients 
and 76.9% of samples of the healthy individuals included 
in the validation set were correctly classified (70% for all 
non-cancer samples).

The decrease in the percentage of BPD samples 
classified as healthy individuals (85.2% (OPLS-DA 
model) versus 66.6% (logistic regression model)) was 
further investigated by evaluating the levels of the five 
metabolites from the logistic regression equation in the 
samples from the validation set (Figure 2D). This analysis 
revealed that patients diagnosed with BPDs, compared 
with healthy individuals, exhibit statistically significant 
higher levels of methanol. These results prompted the 
analysis of the potential differences existing between 
patients diagnosed with BPDs and healthy volunteers 
or NSCLC patients to get a better understanding of the 
metabolic changes that were specific of NSCLC patients 
and those ones shared with BPDs.

Patients diagnosed with BPDs have a metabolic 
profile different from both healthy individuals 
and NSCLC patients

OLPS-DA statistical models were thus generated 
to compare the metabolic profiles of patients diagnosed 
with BPDs and NSCLC patients (R2 = 0.972; Q2 = 
0.856) or healthy individuals (R2 = 0.963; Q2 = 0.782) 
(Supplementary Figure 5A,5B). The analysis of the 
contribution coefficients of each spectral region in 
these two statistical models, together with the SUS-
plots obtained for the comparison of the three OPLS-
DA models (Supplementary Figure 5A,5B,5C) 
allowed the identification of the shared and unique 
metabolic differences relevant in each statistical model 
(Supplementary Figure 5D, 5E, 5F). This analysis 
revealed that the serum metabolic profile of BPD patients 
is characterized by statistically significant higher levels 
of methanol and lower levels of lactate compared with 
healthy individuals, and statistically significant higher 
levels of methanol, choline and LDL/VLDL and lower 
levels of lactate and glucose compared with NSCLC 
patients (Table 3).

DISCUSSION

Efforts to identify NSCLC biomarkers that could 
help to better understand disease pathogenesis and to 
effectively identify patients at early stages of the disease 
remain a fundamental goal in this area [24]. In this context, 
our study represents the first attempt, based on the analysis 

of a significant number of samples, to characterize and 
compare the specific serum metabolic profile of NSCLC 
patients at different stages of the disease with those of 
healthy individuals and patients diagnosed with different 
BPDs.

The presence of lower levels of high-density 
lipoprotein / low-density lipoprotein / very-low-density 
lipoprotein (HDL/LDL/VLDL) in NSCLC patients 
correlates well with the relationship between decreased 
serum lipid levels and the development of some 
oncological processes [25]. Variations in the lipid levels in 
oncological patients have been previously associated with 
an increased uptake of cholesterol, an essential component 
of cell membranes, by tumor cells [16]. Changes in lipid 
metabolism could also explain the variations in the 
concentration of adipic acid, a metabolite that is associated 
with abnormalities in the metabolism of fatty acids, 
in patients at different stages of the disease [26]. The 
lower level of serum choline, a precursor of membrane 
phospholipids, observed in the group of patients with 
NSCLC could also be associated with the increased 
demand of this metabolite by tumor cells due to the their 
high proliferation rate [27, 28]. Serum metabolic profile 
of NSCLC patients is also characterized by significantly 
higher levels of lactate and lower levels of glucose. These 
results are consistent with the increased uptake of glucose 
and its conversion to lactate described in various tumor 
tissues [29, 30], a phenomenon associated with the well-
known Warburg effect [31].

Previous studies have reported significant alterations 
in the serum amino acid profile of cancer patients, most 
probably reflecting the hypermetabolic state and increased 
demand of amino acids during tumor development [32-
34]. Our data show that NSCLC patients, compared 
with healthy individuals, exhibit higher serum levels of 
leucine/isoleucine (15.75%), N-acetyl-cysteine (14.94%) 
and glutamate (37.65%), and lower levels of glutamine 
(-14.37%), threonine (-15.34%) and histidine (-20.76%). 
Increased concentrations of leucine/isoleucine, N-acetyl-
cysteine and glutamate and decreased concentrations of 
glutamine are also observed when the serum metabolic 
profiles of NSCLC patients at early and advanced stages of 
the disease are compared. The specific decrease of serum 
threonine and histidine levels observed in NSCLC patients, 
compared with healthy individuals, most probably reflects 
the up-regulation of the glycine/serine/threonine and 
pyrimidine metabolic pathways, respectively, that have 
been described as metabolic hallmarks of NSCLC tumor-
initiating cells [35]. Furthermore, disease progression 
is characterized by a specific increase in the serum 
concentrations of lysine (13.16%), valine (21.05%) and 
phenylalanine (52.10%). The significant increase in the 
serum concentration of phenylalanine is in agreement 
with the down-regulation of gene modules involved in 
phenylalanine metabolism observed in tissue samples from 
NSCLC patients [36], and could reflect a limited ability of 
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lung cancer cells to process this amino acid at advanced 
stages of the disease. The decrease in serum glutamine 
levels in NSCLC patients is consistent with other cancer 
studies [11, 37, 38] where it has been associated with 
increased metabolic activity derived from the conditions 
of hypoxia and hypermetabolism observed in the tumor 
environment [39]. A recent study has also revealed the 
important role that glutamine, as a nitrogen source for 
the synthesis of nucleotides and amino acids, plays in 
these conditions [40]. In this context, the hydrolysis of 
glutamine for the production of ammonia and glutamate to 
balance the pH in tumor cells could explain the high serum 
levels of glutamate observed in the group of NSCLC 
patients. Interestingly, the sustained increase in N-acetyl-
cysteine levels suggest that metabolic pathways leading to 
the production of antioxidant species are up-regulated in 

NSCLC patients. This finding provides further support to a 
recent study conducted in a genetically engineered mouse 
model that mimics early human NSCLC [41]. In this study, 
authors concluded that antioxidants play an important role 
in LC progression by reducing the expression of p53, a 
key tumor suppressor protein.

The increase in creatine levels deserves special 
attention as a chemically related metabolite, creatine 
riboside, was recently associated [42] with NSCLC in a 
urinary metabolomics study. This metabolite was found to 
be elevated in the urine of NSCLC patients and associated 
with poor prognosis. Creatine is transformed into 
phosphocreatine, an energy reservoir, by creatine kinase 
isoenzyme BB, an enzyme that has been shown to exhibit 
high serum levels in NSCLC patients [43, 44]. Therefore, 
the observation of elevated levels of creatine in NSCLC 

Table 4: Clinical and demographic characteristics of the individuals included in the study

 
Training data set                           Validation set
Healthy ES/NSCLC AS/NSCLC Healthy BPD ES/

NSCLC AS/NSCLC
Total number 74 72 70 13 27 20 20
Gender 
Female 13 8 12 2 13 5 7
Male 61 64 58 11 14 15 13
Age ± s.e.ma 56 ± 1.55 63 ± 1.17 63 ± 1.29 47 ± 1.78 52 ± 2.88 68 ± 1.48 61 ± 2.28
Smoking habits 
Ex-smoker 22 25 21 1 8 9 10
Smoker 31 42 20 8 7 8 4
Non-smoker 21 5 5 3 11 3 6
Unknown 24 1 1
Histology 
Adenocarcinoma 24 32 9 16
Large-cell carcinoma 2 4 1 1
Squamous-cell carcinoma 38 27 9
Other or unspecified 8 7 1 3
Stage 
IA 10 5
IB 27 4
IIA 1 5
IIB 17 4
IIIA 17 2
IIIB 18
IV 52 20
Other pathology 
COPD 9
TBC 3
Pneumonia 4
CB 2
Other 9

Abbreviations: ES/NSCLC, early-stage non-small cell lung cancer; AS/NSCLC, advanced-stage non-small cell lung 
cancer; BPD, benign pulmonary diseases; COPD, chronic obstructive pulmonary disease; TBC, tuberculosis; CB, chronic 
bronchitis. 
aAge=mean years at time of sample collection ± s.e.m (standard error of mean).
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patients compared with healthy individuals, as well as 
between different disease stages, could be associated with 
the high metabolic activity of this neoplastic process.

Finally, our metabolomics study reveals that there 
are significant statistical differences between the serum 
metabolic profile of patients diagnosed with BPDs and 
healthy individuals (R2 = 0.963; Q2 = 0.782) or NSCLC 
patients (R2 = 0.972; Q2 = 0.856). Our results are partially 
in agreement with a recent NMR metabolomics study 
carried out using serum samples from NSCLC and 
chronic obstructive pulmonary disease (COPD) patients 
[20]. Thus, Deja et al. reported that the serum metabolic 
profile of NSCLC patients, compared with patients 
diagnosed with COPD, was characterized by higher 
levels of lactate and lower levels of methanol [42]. Our 
results also show that the serum metabolic profile of BPD 
patients, compared with NSCLC patients, is effectively 
characterized by higher levels of methanol and lower 
levels of lactate. In contrast, they observed higher levels 
of choline in serum samples from NSCLC patients, and 
we report lower levels of choline in serum of NSCLC 
patients, our results being in agreement with previous 
results obtained from the analysis of tissue samples from 
LC tumors [45].

Overall, our results show that NSCLC patients, 
compared with healthy individuals and patients diagnosed 
with BPDs, exhibit characteristic serum metabolic profiles, 
and that disease stage has also a significant impact in the 
serum metabolic profile of patients. A specific combination 
of five metabolites, based on a logistic regression analysis, 
is presented, enabling the discrimination between healthy 
individuals, BPD patients and NSCLC patients with a 
77.5% specificity and a 76.9% sensitivity (70% for all non-
cancer samples). The combination of all the metabolites 
involved in the discrimination between healthy individuals 
and NSCLC patients should also be explored as they 
provide a specific signature, both in terms of magnitude 
and change direction, of the metabolic alterations 
responsible for the onset/progression of NSCLC with a 
95% specificity and 92.31% sensitivity (87.50% for all 
non-cancer samples). The strategy described in this work 
provides a sensitive, specific, and minimally invasive 
method that may aid in the early diagnosis and staging of 
NSCLC and the optimization of current risk stratification 
models.

MATERIALS AND METHODS

Patient cohorts

A total of 296 serum samples were analyzed by 
1H-NMR (Table 4). Samples from NSCLC patients were 
classified into two groups [46]:

- Advanced stage NSCLC: Patients diagnosed 

with advanced NSCLC (stage IIIB with pleural effusion 
or stage IV, non-squamous histologies) with no other 
concomitant malignancies [47, 48]. Samples were 
obtained prior to chemotherapy.

- Early stage NSCLC: Newly diagnosed patients 
with resectable NSCLC (stage IA-IIIA) without prior 
chemotherapy. A pre-surgery serum sample was collected 
from each patient.

Furthermore, the study included two control groups: 
87 serum samples from healthy individuals without any 
acute or chronic inflammatory conditions, and a group 27 
serum samples from patients diagnosed with BPDs in the 
validation set.

Patient recruitment and sampling procedures were 
performed in accordance with the Declaration of Helsinki 
and applicable local regulatory requirements and laws 
and after approval from the Ethics Committees of all 
participating institutions.

Sample preparation and 1H-NMR acquisition

Serum samples were immediately stored at -80ºC 
after collection. At the time of NMR analysis, samples 
were thawed on ice. 300 μL of 10% D2O buffer (5 mM 
TSP, 140 mM Na2HPO4, 0.04% NaN3, pH 7.4) were added 
to 300 μL of serum. 1H-NMR spectra were acquired using 
a Bruker Avance II 600 MHz spectrometer equipped with 
triple resonance cryo-probe with a cooled 13C preamplifier 
(TCI) at 310 K (37ºC) [49, 50]. Metabolites of interest 
were identified using Amix v 3.9.7 in combination 
with the Bruker NMR Metabolic Profiling Database 
BBIOREFCODE 2.0.0 database (Bruker Biospin, 
Rheinstetten, Germany), as well as other existing public 
databases and literature reports [12, 22, 51]. NMR 
experiments for each set were independently acquired at 
two different times.

Multivariate statistical analysis

1H-NMR spectra were binned using Amix 3.9.7 
(Bruker Biospin, Rheinstetten, Germany) over the region 
δ 9.02-0.14 ppm. The water (δ 5.06-4.30 ppm) and urea 
signal (δ 5.85-5.60 ppm) regions were excluded from the 
analysis to avoid interference arising from differences 
in water suppression and variability from urea signal, 
respectively. All bucket intensities were normalized to 
the total area of the corresponding spectra. Bucket tables 
generated were imported into SIMCA-P 12.0 software 
(Umetrics AB, Sweden). Prior to statistical analysis, 
data were Pareto scaled. The ComBat method, included 
in the “sva” R package [52], was applied to compensate 
differences due to batch effects.

PCA was used to examine the intrinsic variability 
within the data set, to observe clustering or separation 
trends and for the identification of outliers. OPLS-DA 
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was applied to minimize the possible contribution of 
inter-group variability and to further improve separation 
between the groups of samples. The default method of 
7-fold internal cross validation was applied, from which 
Q2Y (predictive ability parameter, estimated by cross-
validation) and R2Y (goodness of fit parameter) values 
were extracted. Those parameters, together with the 
corresponding permutation tests (n = 100), were used 
for the evaluation of the quality of the OPLS-DA models 
obtained. SUS-plots were also obtained to evaluate the 
shared (metabolites aligned with the diagonals) and unique 
differences (metabolites aligned with the axes) found 
when comparing two OPLS-DA statistical models.

Quantitative analysis of selected metabolites

The main metabolites contributing to group 
discrimination in each model were integrated using 
Amix 3.9.7. Normality in variable distribution was 
assessed using the Kolmogorov-Smirnov test. Statistical 
significance was assessed using the Mann-Whitney U test. 
A P-value < 0.05 (confidence level 95%) was considered 
statistically significant.

Logistic regression

Logistic regression analysis was performed using the 
“stats” R package [53]. Univariate logistic regression was 
carried out with the Introduction method, and the Forward 
stepwise regression method was used for the multivariate 
logistic regression. Odds ratio (OR) values were calculated 
for all the variables included in the equation. A P-value < 
0.05 (confidence level 95%) was considered statistically 
significant.

ACKNOWLEDGMENTS

The authors thank Mr Jacobo Martínez (Red 
de Biobancos de Valencia) for his involvement in the 
selection of healthy volunteers and sample collection, 
and the Centro de Investigación Biomédica en Red de 
Enfermedades Respiratorias (CIBERES) for providing 
serum samples from patients diagnosed with benign 
pulmonary diseases. We also thank Umetrics support for 
technical advice.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

GRANT SUPPORT

This study was supported by grants from the 
Spanish Ministerio de Economía y Competitividad 

(SAF2014-53977-R, RD12/0036/0025), the Red Temática 
de Investigación Cooperativa en Cáncer (RTICC), the 
Instituto de Salud Carlos III (ISCIII), and Fundación 
Mutua Madrileña.

REFERENCES

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers 
C, Rebelo M, Parkin DM, Forman D and Bray F. Cancer 
incidence and mortality worldwide: sources, methods and 
major patterns in GLOBOCAN 2012. International journal 
of cancer Journal international du cancer. 2015; 136:E359-
386.

2. Goldstraw P, Crowley J, Chansky K, Giroux DJ, Groome 
PA, Rami-Porta R, Postmus PE, Rusch V, Sobin L, 
International Association for the Study of Lung Cancer 
International Staging C and Participating I. The IASLC 
Lung Cancer Staging Project: proposals for the revision 
of the TNM stage groupings in the forthcoming (seventh) 
edition of the TNM Classification of malignant tumours. 
Journal of thoracic oncology : official publication of the 
International Association for the Study of Lung Cancer. 
2007; 2:706-714.

3. National Lung Screening Trial Research T, Aberle DR, 
Adams AM, Berg CD, Black WC, Clapp JD, Fagerstrom 
RM, Gareen IF, Gatsonis C, Marcus PM and Sicks JD. 
Reduced lung-cancer mortality with low-dose computed 
tomographic screening. The New England journal of 
medicine. 2011; 365:395-409.

4. Jantus-lewintre E, Usó, M., Sanmartín, E., & Camps, C. 
Update on biomarkers for the detection of lung cancer. 
Lung Cancer: Targets and Therapy. 2012; :1-9.

5. Holmes E, Wilson ID and Nicholson JK. Metabolic 
phenotyping in health and disease. Cell. 2008; 134:714-717.

6. Puchades-Carrasco L and Pineda-Lucena A. Metabolomics 
in pharmaceutical research and development. Curr Opin 
Biotechnol. 2015; 35:73-77.

7. Kobayashi T, Nishiumi S, Ikeda A, Yoshie T, Sakai A, 
Matsubara A, Izumi Y, Tsumura H, Tsuda M, Nishisaki H, 
Hayashi N, Kawano S, Fujiwara Y, Minami H, Takenawa 
T, Azuma T, et al. A novel serum metabolomics-based 
diagnostic approach to pancreatic cancer. Cancer 
epidemiology, biomarkers & prevention : a publication 
of the American Association for Cancer Research, 
cosponsored by the American Society of Preventive 
Oncology. 2013; 22:571-579.

8. Kind T, Tolstikov V, Fiehn O and Weiss RH. A 
comprehensive urinary metabolomic approach for 
identifying kidney cancer. Analytical biochemistry. 2007; 
363:185-195.

9. Kim K, Aronov P, Zakharkin SO, Anderson D, Perroud B, 
Thompson IM and Weiss RH. Urine metabolomics analysis 
for kidney cancer detection and biomarker discovery. 
Molecular & cellular proteomics : MCP. 2009; 8:558-570.



Oncotarget12www.impactjournals.com/oncotarget

10. Zhu J, Djukovic D, Deng L, Gu H, Himmati F, Chiorean EG 
and Raftery D. Colorectal cancer detection using targeted 
serum metabolic profiling. Journal of proteome research. 
2014; 13:4120-4130.

11. Urayama S, Zou W, Brooks K and Tolstikov V. 
Comprehensive mass spectrometry based metabolic 
profiling of blood plasma reveals potent discriminatory 
classifiers of pancreatic cancer. Rapid communications in 
mass spectrometry : RCM. 2010; 24:613-620.

12. Guan W, Zhou M, Hampton CY, Benigno BB, Walker 
LD, Gray A, McDonald JF and Fernandez FM. Ovarian 
cancer detection from metabolomic liquid chromatography/
mass spectrometry data by support vector machines. BMC 
bioinformatics. 2009; 10:259.

13. Odunsi K, Wollman RM, Ambrosone CB, Hutson A, 
McCann SE, Tammela J, Geisler JP, Miller G, Sellers T, 
Cliby W, Qian F, Keitz B, Intengan M, Lele S and Alderfer 
JL. Detection of epithelial ovarian cancer using 1H-NMR-
based metabonomics. International journal of cancer Journal 
international du cancer. 2005; 113:782-788.

14. Tiziani S, Lopes V and Gunther UL. Early stage diagnosis 
of oral cancer using 1H NMR-based metabolomics. 
Neoplasia. 2009; 11:269-276, 264p following 269.

15. MacIntyre DA, Jimenez B, Lewintre EJ, Martin CR, Schafer 
H, Ballesteros CG, Mayans JR, Spraul M, Garcia-Conde 
J and Pineda-Lucena A. Serum metabolome analysis by 
1H-NMR reveals differences between chronic lymphocytic 
leukaemia molecular subgroups. Leukemia. 2010; 24:788-
797.

16. Puchades-Carrasco L, Lecumberri R, Martinez-Lopez 
J, Lahuerta JJ, Mateos MV, Prosper F, San-Miguel JF 
and Pineda-Lucena A. Multiple myeloma patients have 
a specific serum metabolomic profile that changes after 
achieving complete remission. Clinical cancer research : 
an official journal of the American Association for Cancer 
Research. 2013; 19:4770-4779.

17. Nobakht MGBF, Aliannejad R, Rezaei-Tavirani M, Taheri 
S and Oskouie AA. The metabolomics of airway diseases, 
including COPD, asthma and cystic fibrosis. Biomarkers 
: biochemical indicators of exposure, response, and 
susceptibility to chemicals. 2015; 20:5-16.

18. Rocha CM, Carrola J, Barros AS, Gil AM, Goodfellow 
BJ, Carreira IM, Bernardo J, Gomes A, Sousa V, Carvalho 
L and Duarte IF. Metabolic signatures of lung cancer in 
biofluids: NMR-based metabonomics of blood plasma. 
Journal of proteome research. 2011; 10:4314-4324.

19. Carrola J, Rocha CM, Barros AS, Gil AM, Goodfellow 
BJ, Carreira IM, Bernardo J, Gomes A, Sousa V, Carvalho 
L and Duarte IF. Metabolic signatures of lung cancer in 
biofluids: NMR-based metabonomics of urine. Journal of 
proteome research. 2011; 10:221-230.

20. Deja S, Porebska I, Kowal A, Zabek A, Barg W, Pawelczyk 
K, Stanimirova I, Daszykowski M, Korzeniewska A, 
Jankowska R and Mlynarz P. Metabolomics provide 
new insights on lung cancer staging and discrimination 

from chronic obstructive pulmonary disease. Journal of 
pharmaceutical and biomedical analysis. 2014; 100:369-
380.

21. Jordan KW, Adkins CB, Su L, Halpern EF, Mark EJ, 
Christiani DC and Cheng LL. Comparison of squamous cell 
carcinoma and adenocarcinoma of the lung by metabolomic 
analysis of tissue-serum pairs. Lung cancer. 2010; 68:44-50.

22. Wang L, Tang Y, Liu S, Mao S, Ling Y, Liu D, He X 
and Wang X. Metabonomic profiling of serum and urine 
by (1)H NMR-based spectroscopy discriminates patients 
with chronic obstructive pulmonary disease and healthy 
individuals. PloS one. 2013; 8:e65675.

23. Johnson WE, Li C and Rabinovic A. Adjusting batch 
effects in microarray expression data using empirical Bayes 
methods. Biostatistics. 2007; 8:118-127.

24. Hassanein M, Callison JC, Callaway-Lane C, Aldrich 
MC, Grogan EL and Massion PP. The state of molecular 
biomarkers for the early detection of lung cancer. Cancer 
prevention research. 2012; 5:992-1006.

25. Body JJ. Metabolic sequelae of cancers (excluding bone 
marrow transplantation). Curr Opin Clin Nutr Metab Care. 
1999; 2:339-344.

26. Muntoni S, Atzori L, Mereu R, Satta G, Macis MD, Congia 
M, Tedde A, Desogus A and Muntoni S. Serum lipoproteins 
and cancer. Nutrition, metabolism, and cardiovascular 
diseases : NMCD. 2009; 19:218-225.

27. Banez-Coronel M, Ramirez de Molina A, Rodriguez-
Gonzalez A, Sarmentero J, Ramos MA, Garcia-Cabezas 
MA, Garcia-Oroz L and Lacal JC. Choline kinase alpha 
depletion selectively kills tumoral cells. Current cancer drug 
targets. 2008; 8:709-719.

28. Gallego-Ortega D, Ramirez de Molina A, Ramos MA, 
Valdes-Mora F, Barderas MG, Sarmentero-Estrada J and 
Lacal JC. Differential role of human choline kinase alpha 
and beta enzymes in lipid metabolism: implications in 
cancer onset and treatment. PloS one. 2009; 4:e7819.

29. Chan EC, Koh PK, Mal M, Cheah PY, Eu KW, Backshall 
A, Cavill R, Nicholson JK and Keun HC. Metabolic 
profiling of human colorectal cancer using high-resolution 
magic angle spinning nuclear magnetic resonance (HR-
MAS NMR) spectroscopy and gas chromatography mass 
spectrometry (GC/MS). Journal of proteome research. 2009; 
8:352-361.

30. Yang Y, Li C, Nie X, Feng X, Chen W, Yue Y, Tang H 
and Deng F. Metabonomic studies of human hepatocellular 
carcinoma using high-resolution magic-angle spinning 1H 
NMR spectroscopy in conjunction with multivariate data 
analysis. Journal of proteome research. 2007; 6:2605-2614.

31. Warburg O. On the origin of cancer cells. Science. 1956; 
123:309-314.

32. Lai HS, Lee JC, Lee PH, Wang ST and Chen WJ. Plasma 
free amino acid profile in cancer patients. Seminars in 
cancer biology. 2005; 15:267-276.

33. Maeda J, Higashiyama M, Imaizumi A, Nakayama T, 



Oncotarget13www.impactjournals.com/oncotarget

Yamamoto H, Daimon T, Yamakado M, Imamura F and 
Kodama K. Possibility of multivariate function composed 
of plasma amino acid profiles as a novel screening index 
for non-small cell lung cancer: a case control study. BMC 
cancer. 2010; 10:690.

34. Pisters PW and Pearlstone DB. Protein and amino acid 
metabolism in cancer cachexia: investigative techniques 
and therapeutic interventions. Critical reviews in clinical 
laboratory sciences. 1993; 30:223-272.

35. Zhang WC, Shyh-Chang N, Yang H, Rai A, Umashankar 
S, Ma S, Soh BS, Sun LL, Tai BC, Nga ME, Bhakoo KK, 
Jayapal SR, Nichane M, Yu Q, Ahmed DA, Tan C, et al. 
Glycine decarboxylase activity drives non-small cell lung 
cancer tumor-initiating cells and tumorigenesis. Cell. 2012; 
148:259-272.

36. Long F, Su JH, Liang B, Su LL and Jiang SJ. Identification 
of Gene Biomarkers for Distinguishing Small-Cell Lung 
Cancer from Non-Small-Cell Lung Cancer Using a 
Network-Based Approach. BioMed research international. 
2015; 2015:685303.

37. Gao H, Dong B, Liu X, Xuan H, Huang Y and Lin D. 
Metabonomic profiling of renal cell carcinoma: high-
resolution proton nuclear magnetic resonance spectroscopy 
of human serum with multivariate data analysis. Analytica 
chimica acta. 2008; 624:269-277.

38. Zira AN, Theocharis SE, Mitropoulos D, Migdalis V and 
Mikros E. (1)H NMR metabonomic analysis in renal cell 
carcinoma: a possible diagnostic tool. Journal of proteome 
research. 2010; 9:4038-4044.

39. Eigenbrodt E, Kallinowski F, Ott M, Mazurek S and Vaupel 
P. Pyruvate kinase and the interaction of amino acid and 
carbohydrate metabolism in solid tumors. Anticancer 
research. 1998; 18:3267-3274.

40. Zhou W, Capello M, Fredolini C, Racanicchi L, Piemonti L, 
Liotta LA, Novelli F and Petricoin EF. Proteomic analysis 
reveals Warburg effect and anomalous metabolism of 
glutamine in pancreatic cancer cells. Journal of proteome 
research. 2012; 11:554-563.

41. Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl 
P and Bergo MO. Antioxidants accelerate lung cancer 
progression in mice. Sci Transl Med. 2014; 6:221ra215.

42. Mathe EA, Patterson AD, Haznadar M, Manna SK, Krausz 
KW, Bowman ED, Shields PG, Idle JR, Smith PB, Anami 
K, Kazandjian DG, Hatzakis E, Gonzalez FJ and Harris 
CC. Noninvasive urinary metabolomic profiling identifies 
diagnostic and prognostic markers in lung cancer. Cancer 
research. 2014; 74:3259-3270.

43. Neri B, Bartalucci S, Gemelli MT, Tommasi M and Bacalli 
S. Creatine kinase isoenzyme BB: a lung cancer associated 
marker. Int J Biol Markers. 1988; 3:19-22.

44. Gazdar AF, Zweig MH, Carney DN, Van Steirteghen AC, 
Baylin SB and Minna JD. Levels of creatine kinase and 
its BB isoenzyme in lung cancer specimens and cultures. 
Cancer research. 1981; 41:2773-2777.

45. Rocha CM, Barros AS, Gil AM, Goodfellow BJ, Humpfer 
E, Spraul M, Carreira IM, Melo JB, Bernardo J, Gomes A, 
Sousa V, Carvalho L and Duarte IF. Metabolic profiling 
of human lung cancer tissue by 1H high resolution magic 
angle spinning (HRMAS) NMR spectroscopy. Journal of 
proteome research. 2010; 9:319-332.

46. Greene FL, Page D.L, Fleming I.D, Fritz A.G, Balch C.M, 
Haller D.G, Morrow, M. (2003). AJCC Cancer Staging 
Manual, 6th edition. (Philadelphia: Lippincott Raven 
Publishers).

47. Iranzo V, Sirera R, Bremnes RM, Blasco A, Jantus-
Lewintre E, Taron M, Berrocal A, Blasco S, Caballero 
C, Del Pozo N, Rosell R and Camps C. Chemotherapy-
induced neutropenia does not correlate with DNA repair 
gene polymorphisms and treatment efficacy in advanced 
non-small-cell lung cancer patients. Clinical lung cancer. 
2011; 12:224-230.

48. Jantus-Lewintre E, Sirera R, Cabrera A, Blasco A, 
Caballero C, Iranzo V, Rosell R and Camps C. Analysis 
of the prognostic value of soluble epidermal growth factor 
receptor plasma concentration in advanced non-small-cell 
lung cancer patients. Clinical lung cancer. 2011; 12:320-
327.

49. Meiboom S GD. Modified spin-echo method for measuring 
nuclear relaxation times. The Review of scientific 
instruments. 1958; 29:688-701.

50. Nicholson JK, Foxall PJ, Spraul M, Farrant RD and Lindon 
JC. 750 MHz 1H and 1H-13C NMR spectroscopy of human 
blood plasma. Analytical chemistry. 1995; 67:793-811.

51. Lindon JC TG, Koppenaal D. (2010). Encyclopedia of 
spectroscopy and spectrometry. (London: Academic Press).

52. Leek JT, Johnson WE, Parker HS, Jaffe AE and Storey 
JD. The sva package for removing batch effects and 
other unwanted variation in high-throughput experiments. 
Bioinformatics. 2012; 28:882-883.

53. R Core Team. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, 
Vienna, Austria. 2013; http://www.R-project.org/


