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Traditional seminal fluid-based clinical descriptors used to predict infertility and sub-fertility have short-
comings, including lack of insight into the underlying pathology. These methods are also time-consuming
and labor-intensive. To address these limitations, 'H nuclear magnetic resonance (NMR) spectroscopy
was used to identify and classify signature biomarkers. Semen samples collected from 60 healthy, fertile
men and from 125 infertile (normozoospermic and oligozoospermic) patients. Lactate, alanine, choline,
citrate, glycerophosphocholine (GPC), glutamine, tyrosine, histidine, phenylalanine, and uridine were

Iggn Mi,r?;tlji):lasma measured by "H NMR spectroscopy. The sperm concentration, motility, lipid peroxidation, and total pro-
Infertility tein were evaluated with standard laboratory methods in the same samples. NMR-quantified metabolites
NMR spectroscopy and clinical laboratory data were analyzed, separately, through linear multivariate discriminant function

analysis (DFA) to determine the signature descriptors for each group. DFA reveals that alanine, citrate,
GPC, tyrosine, and phenylalanine can be used to determine infertility. DFA-based classification demon-
strated high accuracy (92.4% by NMR and 94.1% by clinical laboratory method) in differentiating healthy
controls from infertile patients. This statistical analysis was also able to accurately classify normozoosper-
mic to oligozoospermic samples (92.9% by NMR and 92.6% by clinical laboratory method). In conclusion,
TH NMR-based metabolic screening appears to be a promising, rapid, and non-invasive approach to
probing infertility that has similar sensitivity and specificity to the tedious laboratory method.

© 2010 Elsevier B.V. All rights reserved.

Discriminant function analysis

1. Introduction

Infertility, defined as the inability of a couple to conceive after
1 year of regular unprotected intercourse, is a global health issue,
affecting 12-15% of couples worldwide [1]. It affects up to one in five
couples during reproductive age [2]. The high rates of infertility in
the developing part of the world have a variety of causative factor,
but in 10-20% of the cases, no definitive cause can be identified,
and the infertility remains unexplained [3].

Although rarely socially acknowledged, male infertility con-
tributes to nearly 50% of all cases worldwide and is often the most
difficult form of infertility to treat [4].

Abbreviations: TSP, tri-methylsilylpropionic acid; CZ, control group; NZ, normo-
zoospermic; OZ, Oligozoospermic.
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The assessment of male infertility has traditionally been based
on the sperm morphology, motility, and concentration [5]. Despite
the availability of advanced diagnostic methods for the diagnosis
and treatment of infertility, the cause of infertility is still unknown
in 10-20% cases. Therefore, there is a need for new signature
biomarkers that offer a rapid, non-invasive, sensitive, accurate, and
unambiguous method for the diagnosis and treatment of infertility
[6-8].

Seminal plasma is a highly complex biological fluid that con-
tains inorganic ions, low molecular weight organic compounds,
peptides, and hormones [9,10]. These organic and inorganic com-
plex mixtures are secreted from different endocrine glands and are
the functional reflective index of the corresponding glands [11,12].
The presence of many of these constituents in seminal plasma is
well established, and few have proven clinical relevance [12,13].

High-resolution nuclear magnetic resonance (NMR) spec-
troscopy has emerged as an important diagnostic technique in
addressing many health problems using different biological fluids
and tissue extracts [13,14]. This technique has made it possible not
only to identify the constituents of seminal fluid but also to provide
qualitative and quantitative metabolic information with reasonable
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Table 1
Absolute concentrations (mg/dl) of NMR-derived metabolites quantified in seminal plasma using homemade computer program with respect to a known concentration of
tri-methylsilylpropionic acid. All results are shown as mean + S.D. GPC, glycerophosphorylcholine.

Metabolite name Control (n=60)

Normozoospermic (n=65) Oligozoospermic (n=60)

Lactate 114 £ 37
Alanine 72 + 45
Citrate 480 + 74
Choline 207 + 64
GPC 217 + 77
Glutamine 42 + 12
Tyrosine 134 + 48
Histidine 110 +£ 73
Phenylalanine 28 + 14
Uridine 34 + 16

119 + 67 107 + 37
49 + 27 65 + 25%
361 + 84~ 315+ 20"

184 + 78 199 £+ 59
107 + 50 114 + 47
39+ 11 44 + 15

145 + 68 153 £ 55
85 + 40 84 + 32
43 £ 87 37 £ 127
35+20 41 £ 20

" p<0.05 as compared to the control.
" p<0.01 as compared to the control.
™ p<0.001 as compared to the control.
$ p<0.05 as compared to the normozoospermic.

time and clinically relevant means of measuring concentrations
(M range) [15,16]. Importantly, the information obtained can be
used to identify infertility [12,13,17]. It has been used to distin-
guish between spermatogenic failure and obstructive azoospermia
as well as different forms of spermatogenic failure on the basis
of glycerophosphorylcholine (GPC)/choline ratio [12]. The relative
amount of GPC, choline and other metabolites are typically reported
in experimental and clinical NMR studies because it is measured
in a single NMR acquisition, provides important metabolic profile
of seminal plasma in healthy men, and is perturbed by patho-
logical conditions [12,13,17]. However, the ratio GPC, choline and
other metabolites does not provide a complete picture of the
metabolic profile of infertility. The aim of this study was to quan-
titatively measure the absolute concentration of metabolites using
NMR spectroscopy and to determine the signature biomarkers and
descriptors of infertility using linear discriminant function analysis
(DFA). This approach may provide a rapid, precise, simple, sensitive,
and comprehensive diagnostic method for the differential diagno-
sis of different classes of infertility. Further, use of this technique
may contribute toward better understanding of the vital biologi-
cal causes of infertility, an essential step for improving its clinical
management.

2. Materials and methods
2.1. Patients and sample collection

The institutional review board and ethical committee of Chha-
trapati Shahuji Maharaj Medical University, Lucknow, approved
this study. Participants were recruited from couples attending
the infertility clinic of the Department of Obstetrics and Gynecol-
ogy, and the Department of Urology, Chhatrapati Shahuji Maharaj
Medical University. The study population included 22-45 years-
old men who were healthy fertile male (n=60) and infertile
(n=125). Infertile men, were either normozoospermic (n=65) or
oligozoospermic (n=60). Written informed consent was obtained
from all participants before enrollment in the study. Exclusion

Table 2

criteria included: infections of accessory grand, smoking, stress,
diabetes, hypertension, arthritis, malignancies, tuberculosis, HIV,
urinary tract infections, endocrine disorders, drug abuse, and
other conditions known to influence sperm physiology and male
fertility.

The control group comprised healthy males who had previ-
ously initiated at least one pregnancy and exhibited a normal
semen profile (>20 x 106 spermatozoa/ml; >40% motility and >40%
normal morphology). The patient group consisted of two sub-
groups. The first included normozoospermic infertile males who
had a normal semen profile (>20 x 106 spermatozoa/ml; >40%
motility; and >40% normal morphology) and fertile female part-
ners who had undergone extensive infertility evaluation without
showing any detectable gynecological abnormality. The second
subgroup included oligozoospermic males who had a sperm
concentration <20 x 108 mI~!, >40% motility, and >40% normal
morphology.

A semen sample profile was constructed according to the pro-
cedures described by WHO [18]. Semen samples were collected by
masturbation after 3-4 days of abstinence and divided into two
parts. In one part, the semen was liquefied, and an aliquot was
taken to assess sperm concentration and motility. In second part,
after liquefaction semen sample was centrifuged at 1200 x g for
20 min for separation of seminal plasma. The supernatant (semi-
nal plasma) was centrifuged at 10,000 x g for 30 min to remove all
possible contaminating cells and rapidly frozen in liquid nitrogen.

2.2. NMR experiments

The frozen seminal plasma samples were thawed and 500 .1 of
each sample was taken separately in 5 mm NMR tubes. For field-
frequency-lock and quantitative measurements of metabolites, a
sealed reusable capillary containing 25 pl of 0.375% sodium salt of
tri-methylsilylpropionic acid (TSP) in deuterium oxide was inserted
into the tube, and the spectra were obtained. For all samples, one-
dimensional "TH NMR experiments were performed on a Bruker
Avance 400 MHz spectrometer at 22 °C using one-pulse sequence

The clinical variables; sperm concentration (million/ml), sperm motility (%), LPO (nmolMDA/ml) and total protein (mg/dl) as observed in control and infertile patient groups.

All results are shown as mean +S.D.

Clinical parameters Control (n=60)

Normozoospermic (n=65) Oligozoospermic (n=60)

Sperm concentration 76 £ 16
Motility 73+£9
LPO 1.7 £ 0.2
Protein 29+3

63 £+ 30 36 L 297558
72 £12 38 £ 157999
26+03" 23 +047%%8
26 +2" 25+47

™" p<0.001 as compared to the control.
$8$ p<0.001 as compared to the normozoospermic.
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with suppression of the water resonance by pre-saturation. The
acquisition parameters were spectral width, 8000 Hz; time domain
points, 32K; relaxation delay, 20s; pulse angle, 90°; number of
scans, 128; spectrum size, 32K. The spectra were processed with
line broadening: 0.3 Hz. Metabolites were quantified with an in-
house custom program based on the integration area of identified
metabolites relative to the area of the reference signal from TSP
[17].

2.3. Statistical analysis

The results obtained for the NMR-based quantified metabo-
lites (mg/dl) are expressed as mean=S.D. (Table 1). The clinical
laboratory variables comprising the sperm concentration (mil-
lion/ml), sperm motility (in percentage), lipid peroxides (LPO)
(nmolMDA/ml), and total protein (mg/dl) content information
(Table 2) are also given.

2.3.1. Univariate analysis
The statistical significance for the quantified metabolites and
clinical variables were determined by one-way ANOVA followed

Cho

by a post hoc Student-Newman-Keuls multiple comparisons test,
carried out with the Graph Pad INSTAT 3.0 software. A probability p-
value of less than 0.05 was taken to indicate statistical significance.

2.3.2. Multivariate analysis

The data were subjected to multivariate linear DFA to define
important variables for differentiation of infertile patients from
controls, followed by discrimination of the two types of infer-
tility. For DFA, 10 NMR-based observed metabolites (Table 1)
and all four clinical laboratory variables (Table 2) were used,
and the analysis were carried out by Statistical Package for the
Social Sciences (SPSS version 11.0, SPSS Inc., Chicago, IL). The
discriminant functional scores were obtained by summing the
independent variable value (from either the NMR data or the
clinical variables such as citrate, sperm concentration etc.) and
its corresponding discriminant function-based coefficient/weights
value.

To develop a comprehensive DFA for infertility, a stepwise for-
ward variable selection procedure was adapted to determine the
best set of predictors of infertility using DFA-based discriminant
scores. The jack-knife cross-validation (leave-one-out) method of

/Cho Arg+Spe

T T
3.0 25 20 15 10 ppm

Fig. 1. Typical '"H NMR spectra of human seminal plasma from different groups viz: (A) control subjects, (B) normozoospermic, (C) oligozoospermic. Key: Val, valine; Ile,
isoleucine; Leu, leucine; Lac, lactate; Lys, lysine; Ala, alanine; Arg, arginine; Spe, spermine; Glu, glutamate; Gln, glutamine; Cit, citrate; Cho, choline; Gly, glycine; Tyr, tyrosine;

Uri, uridine; His, histidine; Phe, phenylalanine.
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Lachenbruch [19] was used in all calculations to derive optimized
discriminant scores. In this method, one subject was removed, and
DFA was carried out on the remaining subjects. The resulting dis-
criminant function equation was then applied to the data from the
removed subject to predict the group to which the subject belongs.
This analysis was performed sequentially on each subject, and the
prediction was compared with the actual group. This method pro-
vides a relatively unbiased estimate of the error rate of DFA [19].
The receiver-operating characteristic (ROC) plots were also con-
structed by using the discriminant function score to determine the
cutoff values between the groups. Statistical significance of the dif-
ferences between the ROC curves was evaluated by comparing the
area under the curves.

The observed predictors were appraised further by re-
substitution and prospective test data methods that provide
accuracy of the performance of the DFA model between the chosen
categories of infertility. The re-substitution method, which was car-
ried out as part of the external validation process, involved feeding
the same infertile and control data into the DFA model to ensure the
accurate classifications based on the discriminant function weights
of each variable. The prospective test data methods comprised a
re-assessment of the prediction possibility by treating 75% of each
group of infertility data as training sets and examining the remain-
ing 25% of the data as test sets, which were obtained based on the
Random Numbers Table by Fisher and Yates. This method provides a
validation of the model built based on DFA comprising four separate
training sets, viz. (1) CZ vs. NZ+0Z, (2) CZ vs.NZ, (3) CZvs. OZ, and
(4) NZ vs. OZ (where CZ is a control subject, NZ is normozoosper-
mic, and OZ is oligozoospermic) and evaluating the classifications
of the remaining 25% of the infertile patient’s data treated as test
sets.

3. Results

Fig. 1 shows the typical 'H NMR spectra of a complete metabolic
profile and chemical shift assignments of different resonances in
seminal plasma from the three different groups. Resonance signals
of various metabolites in seminal plasma were assigned by using
known chemical shift and coupling constant parameters [10,12,13].
Several metabolite resonances emerged in the complex pattern.
Valine, leucine, isoleucine, arginine, glutamate, and lysine were
not quantified because of overlapping of resonance assignments.
Ten metabolites (lactate, alanine, glutamine, citrate, choline, GPC,
tyrosine, histidine, phenylalanine, and uridine) were unequivocally
and ubiquitously present in all samples, and their quantities were
estimated from their respective resonances (viz., 1.33, 1.47, 2.37,
2.55,3.21, 3.23,6.88, 7.01, 7.30-7.44 and 7.84 ppm) and subjected
to univariate and multivariate statistical analysis.

3.1. Univariate statistical analysis

Table 1 reveals that the concentrations of citrate, GPC, and
phenylalanine were significantly different in the infertile groups
thanin the control group. The concentration of alanine also was able
to differentiate between NZ and OZ as well as NZ and CZ. The other
measured metabolites were not significantly different among the
three groups. As shownin Table 2 the clinical variables also revealed
significant differences between the infertile and control groups.
However, compared to multivariate statistical analysis, univariate
analysis lacked the ability to provide expedient, sensitive, specific,
and discriminant predictive probability for differential diagnosis of
each class of infertility.

Table 3

DFA-based classification of individual category of patient from respective controls.

CZvs.0Z NZ vs. 0Z

CZvs.NZ

CZvs.NZ+0Z

Variables taken for DFA

p-Value

Fratio
2.29

*Spe. Fratio p-Value *Sen. *Spe. Fratio p-Value *Sen. *Spe. Fratio p-Value *Sen. *Spe.
2.58 09

*Sen.

<0.0001
<0.0001
0.025

93%
90%
95%

98%
96%
94%

<0.001

98%

95%
95%
95%

<0.0001
<0.0001
0.002

96%
98%
96%

99%
99%
95%

<0.0001

96% 31

99%
95%

95%

NMR variables

3.78

<0.0001
<0.0001

08
42

4.

<0.0003
<0.0001

Selected MR variables?
Clinical variables

3.12

3.

CZ, control subject; NZ, normozoospermic; OZ, oligozoospermic; *Sen., sensitivity; *Spe., specificity.

2 For control vs. all infertile patients, alanine, citrate, GPC, tyrosine, and phenylalanine; For control vs. normozoospermic patients, GPC, tyrosine, alanine, lactate and phenylalanine; For control vs. oligozoospermic patients,

GPC, citrate, tyrosine, alanine, histidine and phenylalanine; For normozoospermic vs. oligozoospermic patients, lactate, alanine, phenylalanine, histidine, citrate, and uridine.

109
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3.2. Multivariate statistical analysis

In the array of multivariate analysis, data shownin Tables 1 and 2
were considered for evaluating their effect and revealing the
key descriptor variables for the classification of each group. The
correlation matrix observations suggest the intra-relationship of
spectroscopic and clinical variables separately, and that allowed
selection of a set of few variables for correct classification of each
group. Table 3 elucidates the classification of infertility as compared
to the respective control groups. Step 1: on the basis of DFA, when
NZ+OZ (all infertile) cases were compared with CZ, 10 metabolites
could successfully classify 96.6% of cases with 99% sensitivity and
96% specificity (Fratio, 2.31; p<0.0001). Step 2: of these 10 metabo-
lites, when only alanine, citrate, GPC, tyrosine, and phenylalanine
were chosen based on their discriminant function coefficients, and
DFA was performed again, overall 93.2% of infertile cases (NZ + 0Z)
were effectively classified with 95% sensitivity and 93% specificity
(F ratio 2.29; p<0.0003). Similarly, for clinical variables (step 3),
DFA revealed that overall 95% of NZ+OZ cases were successfully
classified with a sensitivity of 95% and a specificity of 95% with CZ
cases (F ratio, 3.67; p<0.0001). Based on the observed correlation
matrix of clinical variables, all variables were considered for build-
ing the DFA model. We observed that NMR spectroscopic data and
clinical variables provide almost the same grade of classification.

When the NZ cases were compared to CZ, 10 metabolites could
successfully classify 97% of NZ cases with 99% sensitivity and 96%
specificity (F ratio, 2.58; p<0.0001). Of these 10 metabolites, GPC,
tyrosine, alanine, lactate, and phenylalanine were chosen based on
their discriminant function coefficients. DFA was performed again
with the chosen metabolites, and the result showed 98.7% classifi-
cation of NZ cases with 99% sensitivity and 98.2% specificity (F ratio,
4.08; p<0.0001). For clinical variables, overall 96% of NZ cases were
successfully classified with 95% sensitivity and 96.4% specificity
(F ratio, 3.42; p<0.002) when compared to CZ. The observations
suggest that only few NMR-observed metabolites were accurately
differentiated between NZ and CZ cases.

Similarly, when OZ cases were compared with CZ, all measured
metabolites could successfully classify 96.8% of OZ cases with a sen-
sitivity of 95% and a specificity of 97.6% (Fratio, 2.09; p < 0.001). GPC,
citrate, tyrosine, alanine, histidine, and phenylalanine were chosen
based on their discriminant function coefficients. DFA was per-
formed again, and the results showed that 96.8% of OZ cases were
classified with 95.0% sensitivity and 97.6% specificity (F ratio, 3.41;
p<0.0001). Thus, the selected metabolites played crucial roles in
segregating OZ cases from CZ. Analysis of clinical variables revealed
that 93.5% of OZ cases were successfully classified with 95% sensi-
tivity and 92.9% specificity (F ratio, 3.28; p <0.0001). Therefore, the
NMR-based variables were better in distinguishing OZ cases from
CZ

In the same way, when NZ cases were pooled with 0Z, all
NMR-measured metabolites could successfully classify 95.9% of
cases with 98.2% sensitivity and 92.9% specificity (F ratio, 2.29;
p<0.0001). On the basis of discriminant function coefficient values,
when lactate, alanine, phenylalanine, histidine, citrate, and uridine
were chosen and DFA was performed again, the result showed that
93.8% of NZ cases were classified with 96.4% sensitivity and 90.5%
specificity (F ratio, 3.78; p<0.0001). Thus, the selected metabo-
lites are important for distinguishing the NZ cases from OZ cases.
With clinical variables, 94.8% of NZ cases were successfully classi-
fied with a sensitivity of 94.5% and a specificity of 95.2% (F ratio,
3.12; p=0.025). The results suggest that the NMR-based data and
the clinical variables provide similar results for classification of NZ
and OZ.

Fig. 2 shows the ROC curves of discriminant predicted probabil-
ity with sensitivity and 1-specificity of different groups with their
respective controls. The area under the ROC curves of discrimi-

Table 4

Comparisons of area under the receiver’s operating characteristic curve based on discriminant predicted probability of NMR and clinical variables for different classifications.

Discriminant predicted probability of clinical method

Discriminant predicted probability of NMR method

Test result classification

Asymptotic 95% confidence

interval

Asymptotic

Standard
error?

Area

Asymptotic 95% confidence

interval

Asymptotic significance®

Standard error?

Area

significance®

Upper bound

1.015

Lower bound

0.887

Upper bound
1.003
1.007
1.006
1.003

Lower bound

0.000
0.000
0.000
0.000

0.033

0.951

0.000 0.975

0.007

0.989

CZvs.NZ+0Z
CZ vs.NZ
CZvs. 0Z

1.011

0.874
0.967
0.904

0.035

0.943
0.987

0.980

0.000

0.007

0.994
0.993

1.007
0.999

0.010

0.980

0.000

0.007

0.024

0.951

0.987

0.000

0.004

0.995

NZ vs. 0Z

CZ, control subject; NZ, normozoospermic; OZ, oligozoospermic.

2 Under the nonparametric assumption.

b Null hypothesis: true area

=0.5.
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Fig. 2. Comparisons of receiver’s operating characteristic (ROC) curves showing the diagnostic accuracy based on discriminant predicted probability of NMR and clinical
variables for different groups. (A) ROC curves of CZvs.NZ + 0Z, (C) CZvs.NZ, (E) CZvs. 0Z,(G) NZ vs. OZ using predicted probability of NMR variables and (B) ROC curves of CZ vs.
NZ+0Z, (D) CZvs.NZ, (F) CZvs. 0Z, (H) NZ vs. OZ using predicted probability of clinical variables (here CZ: control subject; NZ: normozoospermic; and OZ: oligozoospermic).
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nant predicted probability of NMR and clinical variables for each
classification is compared in Table 4.

4. Discussion

The seminal fluid-based clinical descriptor variables are inef-
ficient for predicting infertility [7]. Sperm morphology appears
to be the most important characteristic, but none of the mea-
sures alone or together can accurately diagnose infertility and
sub-fertility [5,7]. Moreover, clinical variables may not be the sole
differentiating markers for infertility and sub-fertility, possibly
because of some reported pitfalls [7]. Several studies have demon-
strated the potential use of NMR in the identification of seminal
plasma constituents and have attempted to use the ratio of dif-
ferent metabolites in the diagnosis of infertility [10,12,13,20]. To
circumvent the shortcomings of the traditional clinical method
and expand the use of NMR-based quantitative analysis, this study
judiciously selected a few absolute-quantified metabolites from
seminal plasma and subsequently, analyzed if, they had any effect
on the classification of infertility and sub-fertility. Given our results,
the NMR spectroscopic information can be used as a predictive
model for differential diagnosis of infertility. The data can be used
to provide better treatment for infertility, reduce its incidence, and
improve its clinical management.

Univariate statistical analysis of the NMR data revealed that
citrate, GPC, and phenylalanine metabolites could be used as
biomarkers to identify control and the infertile groups. Alanine
was able to differentiate normozoospermic from control and oligo-
zoopsermic cases. Similarly, the clinical variables were able to
differentiate among the multiple groups.

However, univariate analysis lacks sensitivity, specificity, and
predictive probability of the differential diagnosis of the sub-
groups of infertility. Therefore, we carried out multivariate analysis.
This consequential analysis allowed us to construct a sensitive,
non-invasive, accurate, and unambiguous identification and clas-
sification method of infertility. Hence, a DFA-based systematic
approach was performed on the classified data set, followed by a
complete cross-validation of data that engaged in comparing each
category of infertility with respective controls.

In the linear DFA, the individual infertile category could be
efficiently distinguished from the respective control group with
excellent sensitivity, specificity, and extremely significant p-values
(Table 3). This DFA reveals that the control group could be segre-
gated from the infertile group by determining concentrations of
alanine, citrate, GPC, tyrosine, and phenylalanine. These spectro-
scopic metabolites are remarkable descriptors for infertility, which
is consistent with an earlier report [12]; however in that study, the
ratios of GPC/choline and citrate/lactate were explored, and these
ratios provide an inexact description of infertility [12]. The abso-
lute concentration of metabolites is technically more promising to
measurement of ratios with other metabolites, as it can uncover
perturbations in metabolite pool size and help for correct classifi-
cation and prediction of infertility, as we observed in this study. The
area under the ROC curves (Fig. 2A and B and Table 4) of discrimi-
nant predicted probability through these NMR variables is much
better when compared to clinical variables. However, the NMR
method is fast, sensitive, and non-invasive when compared to the
time-consuming, labor-intensive and sample-destructive clinical
method.

DFA reveals that GPC, tyrosine, alanine, lactate, and pheny-
lalanine could act as vital descriptors for the segregation of
normozoospermic patients from the control group. Furthermore,
concentrations of lactate, alanine, phenylalanine, histidine, citrate,
and uridine could distinguish normozoospermia from oligo-
zoospermia. Some of these spectroscopic metabolites have been
reported previously to identify infertility [12,20], and investiga-

tors have attempted to use the different ratios of citrate, glycine,
lactate, GPC, and choline to predict different forms of infertility
[12]. However, the ratio of metabolites does not provide an accu-
rate measure of the different forms of infertility. Instead of using
metabolites ratios, the absolute quantification of metabolites is
more rewarding, as it can detect changes in metabolite pool size
and support accurate predictions of infertility. Moreover, in addi-
tion to other metabolites, the phenylalanine, and tyrosine can be
used as key variables to distinguish normozoospermic cases from
controls; and phenylalanine and histidine can be used to discrim-
inate normozoospermia and oligozoospermia. Alanine and lactate
are products of alanine aminotransferase and lactate dehydroge-
nase, respectively. The activities of both enzymes were shown to
be significantly decreased in the seminal plasma of infertile patients
[21], a finding that supports the outcome of our study. Phenylala-
nine, tyrosine, and histidine or their derivatives are known to be
precursors of catecholamines or neurotransmitters [22,23]. Studies
indicate that heightened sexual interest may be linked with ele-
vated levels of the brain neurotransmitter, dopamine. Conversely,
low dopamine levels correlate with depression and a loss of inter-
est in sex. Hence, dopamine therapy showed improvement in the
fertility of oligozoospermic patients [24]. In addition, the neu-
rotransmitter, norepinephrine, directly stimulates the brain’s sex
center in the hypothalamus and is considered one of the body’s
natural prosexual chemicals [22,23,25]. Fibrotic thickening of the
testicular peritubular region is a common observation in infertile
patients and parallels the increased numbers of activated testic-
ular mast cells in these regions. The mast cells, via their major
secretory product histamine, are crucially and causally involved
in these events and closely associated with male infertility [26]. In
mammals, the only source of histamine is histidine, and it is synthe-
sized through histidine decarboxylase (HDC). HDCis localized in the
acrosomes of spermatids and spermatozoa. A substantial amount
of histamine and HDC activity has been detected in the testis, epi-
didymis, and spermatozoa [27]. W/WV mice, known to lack most
of their germ cells in the seminiferous tubules, were found to lack
HDC protein expression as well as HDC activity in the testis [27].
These reports support the decreased amount of histidine in semi-
nal plasma of infertile patients in our study. The area under the ROC
curves of CZvs. NZ (Fig. 2C and D and Table 4) and NZ vs. OZ (Fig. 2G
and H and Table 4) of discriminant predicted probability of NMR
variables are much better as compared to clinical variables. How-
ever, the former method is a fast, sensitive, and non-destructive
as compared to the latter time-consuming, labor-intensive, and
sample-destructive clinical method.

This study also comprised and compared the ability of the
metabolites to predict cases of oligozoospermia. The result
explained that GPC, citrate, tyrosine, alanine, histidine and pheny-
lalanine to be key descriptors for classification of oligozoospermic
and control cases. The role of citrate metabolite, with the ratio
of citrate/lactate and choline/citrate, was earlier reported for the
prediction of different forms of infertility [12]. Rather the mea-
surement of the ratio of citrate with other metabolites, the absolute
concentration of citrate provides a better picture to determine pro-
found cause of infertility. The role of alanine is already explained
above. Effect of catecholamines precursors; tyrosine, histidine and
phenylalanine, on infertility are explained above. Histidine is nec-
essary for purine synthesis and tyrosine formed by hydroxylation
of phenylalanine. Interestingly, phenylalanine is the precursor of
dopamine, which has been used successfully as a therapeutic
agent for oligozoospermia [24]. The outcome of our study and the
irrefutable results from the literature reveal that these amino acids
can have either a direct or indirect impact on infertility. The area
under the ROC curves (Fig. 2E and F and Table 4) of discriminant
predicted probability using NMR variables is superior if compared
to clinical variables.
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In order to check the accuracy of the prediction of this model
using the random numbers of Fisher and Yates method, the pre-
diction possibility of the classifications, based on the discriminant
functions obtained by NMR variables, was assessed with a 75/25
data split, by using 75% of the data in each category as training sets
and the remaining 25% as test sets. The classifications of 84.7, 86.7,
85.9, and 84.8% were obtained for the test set groups containing CZ
vs.NZ+0Z,CZvs.NZ,CZvs.0Z,and NZ vs. OZ, respectively, followed
by classifications of 92.4, 95.2, 96.0, and 92.9% for the training set
groups, respectively. Similarly, the clinical variables reveal the clas-
sifications of 84.4, 85.6, 86.9, and 85% for the test and 94.1,94.6,92.2
and 92.6% for the training set groups. This evaluation supported
that the prediction accuracy of the NMR variables is more or less
the same with results obtained through clinical variables.

The advantage of measuring the amino acids - alanine, histidine,
phenylalanine, and tyrosine by NMR spectroscopy is that they can
be quantified specifically and separately with well-resolved spec-
tra. By other means, such as calorimetric method, either aromatic
amino acids or others p-amino acids cannot be quantified individ-
ually because all aromatic amino acids or other p-amino acids are
assessed simultaneously with color formation reaction. Moreover,
other methods are tedious with a small but significant probability
of error. NMR spectroscopy is a rapid, non-invasive approach that,
once established, can be used to significantly improve the therapeu-
tic interventions of infertile patients. The NMR technique may add
to the diagnostic accuracy in the differentiation of pathospermias
and contribute to the understanding of fertility and sub-fertility
caused at a molecular level.

In essence, because alterations of inner metabolites com-
monly precede the onset of infertility, NMR spectroscopic semen
metabolic profile may contribute as a surrogate technique to rou-
tine clinical methods and it may serve as the preeminent diagnostic
method for the differential diagnosis of infertility and the improve-
ment of its clinical management. Furthermore, the application
of semen metabolic profiles in infertility diagnosis is limited by
complexity of dataset, the development of multivariate statistical
method seems to be very crucial to solve this problem. Adaption
of this technique may open new windows for the differential diag-
nosis of infertility that can be used for making decisions before the
recommendation of an assisted reproductive technology as well as
for the new drug development because it is clear that NMR spec-
troscopy has the requisite sensitivity and specificity to detect subtle
changes at clinically relevant means of measuring concentrations
of the endogenous metabolites.
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