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Objective: To evaluate the potential clinical application of Raman spectroscopy (RS) as a tool that may identify spermatogenesis within
human seminiferous tubules.
Design: RS scanning of human testicular tissue at different maturational stages; immunohistochemistry study and metabolomic anal-
ysis of nonobstructive azoospermic/obstructive azoospermic testes.
Setting: State-owned hospital.
Patient(s): Fifty-two patients with clinical indications of nonobstructive azoospermia (NOA) and obstructive azoospermia (OA) who
underwent infertility evaluation and treatment.
Intervention(s): None.
Main Outcome Measurement(s): Raman spectra of seminiferous tubules, thickness of lamina propria (LP), immunohistochemistry of
type I, III, and IV collagens and laminin, metabolites of human testes.
Result(s): Tubules of OA patients had spectral intensities below 2,000 (au), while tubules of NOA patients had higher intensities, de-
pending on the degree of spermatogenesis. RS was able to separate samples of NOA and OA testicular tissue with a sensitivity of 90%
and specificity of 85.71%. The LP of NOA tubules were thickened and had increased deposition of type I and type III collagens. Gas
chromatography-mass spectrometer (GC-MS) detected 12 metabolites that showed significant differences between NOA and OA testes.
Conclusion(s): RS can noninvasively distinguish seminiferous tubules with complete and incomplete spermatogenesis and may
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serve as a novel and potentially useful tool to guide surgeons performing micro-testicular
sperm extraction to improve sperm retrieval. (Fertil Steril� 2014;102:54–60. �2014 by Amer-
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N onobstructive azoospermia
(NOA), which is commonly
characterized by a small testic-

ular volume and increased level of FSH,
affects 10%–15% of all infertile men
and 60% of men with azoospermia (1).
Testicular biopsy is essential for assess-
ment of male factor infertility, but
it merely confirms the incomplete
spermatogenesis, while providing no
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real-time intraoperative assistance during sperm retrieval. In
some cases, focal spermatogenesis is present inmenwith NOA
but may be missed by the routine testicular biopsy. Even if it
can demonstrate the presence of sperm, the sperm stained by
hematoxylin and eosin (H&E) cannot be used for assisted
reproductive technology/intracyoplasmic sperm injection
(ICSI).

Surgical sperm retrieval with micro-testicular sperm
extraction (TESE) coupled with ICSI has become one of
most commonly selected choices of treatment for men with
severely impaired spermatogenesis secondary to NOA (2).
Micro-TESE in expert hands under an operating microscope
is able to detect sperm in 40%–60% of patients (3). However,
a major pitfall of micro-TESE is that the selection of tubules
removed depends purely on subjective assessment of the color
and size of the seminiferous tubules. Furthermore, excessive
tissue may be removed in an effort to survey the entire testis,
which may raise the possibility of postoperative complica-
tions, like vascular injury and decreased serum T level (4, 5).

Therefore, there is clinical utility in searching for a su-
perior and safer way of noninvasively evaluating of sper-
matogenesis. Examination of seminal molecular markers
provides a noninvasive diagnostic approach to predict the
foci of spermatogenesis in NOA testes, but this method
was incapable of evaluating individual seminiferous tubules.
Multiphoton microscopy enables visualization of different
stages of spermatogenesis in rodent seminiferous tubules
and on human testicular biopsies, however, detection of
spermatogenesis in intact human seminiferous tubules has
yet to be reported (6, 7).

Raman spectroscopy is a laser-based optically label-free
technique that provides detailed information about the
chemical composition and molecular structures of living
tissues. Any changes in cellular biochemistry translate
into spectroscopic differences revealed by Raman spectra.
Tissues from different organs have unique spectra, which
have commonly been referred to as a chemical or biological
‘‘fingerprint.’’ Raman spectroscopy is known for its nonin-
vasive and real-time measurements, for which it has been
used clinically, including for tumor detection, cell investi-
gation, and serum analysis (8–11). In reproductive
medicine, Raman spectroscopy has been used to detect
DNA damage and the mitochondrial status of human
sperm (12, 13) and to distinguish sperm that can bind to
zona pellucida (14).

In this study, we performed Raman scanning of human
seminiferous tubules from testicular tissues from obstructive
azoospermic (OA) and NOA patients to determine whether
Raman spectroscopy can distinguish seminiferous tubules
containing sperm.
MATERIALS AND METHODS
Patients

This study was approved by the Reproductive Ethics Commit-
tee of Shanghai Ren Ji Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine. The Institutional Review Board
number was no. 2013111905. All subjects were informed of
the aim of this study, and all patients signed the consent form.
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Testicular tissues were obtained from 52 patients second-
ary to NOA and OA. All patients enrolled in this study had
complete clinical data; consent forms, including personal in-
formation; ultrasound of testis, epididymis, vas deferens, and
seminal vesicles; serum hormone evaluation; and chromo-
somal evaluation. For NOA, we studied only idiopathic infer-
tile patients in this study. Men with Klinefelter's syndrome,
cryptorchidism, hypogonadotropic hypogonadism, or mesh
hernia were excluded from our cohort.
Sample Collection

Fresh testicular specimens were collected immediately after
excision in the operating room and brought to the laboratory
for Raman spectroscopy. The testicular tissue was stored in a
1.5-mL Eppendorf tubule filled with phosphate-buffered sa-
line (PBS) solution at room temperature. Each specimen was
carefully labeled with a hospital registration number.
Raman Spectroscopy

Raman spectroscopy (Senterra, Bruker Optics) consists of a
spectrometer and a microscope. The microscope (model-
BX51, Olympus) is equipped with a digital video camera
that enables visualization of samples. The spectrometer is
equipped with lasers of three different excitation wave-
lengths and a thermoelectrically cooled, charge-coupled
CCD detector. For Raman scanning, samples are placed on
a motorized sample stage. Via a single-mode optical fiber,
the laser (532 nm/10 mW in this study) is coupled with
the microscope and focuses on the samples. Through two
pass filters, the scattered Raman signals are detected by
CCD detector and recorded and displayed on a personal
computer.

In this study, the interval time between excision of fresh
testicular specimens in the operating room and Raman
measurement was restricted to less than 30 minutes in effort
to decrease tissue denaturation. A single seminiferous tubule
was placed at the center of a glass-bottomed dish and hydrat-
ed with PBS solution. Linear equidistant points (a total of 10
points with the interval of 5 mm) at the midline were scanned
for each tubule with a 10-second period per point. Each
testicular sample had 10 randomly selected tubules scanned
(Fig. 1).
H&E Staining and Evaluation of Testicular Lamina
Propria (LP) Thickness

After completion of Raman scanning, the testicular tissue
was immediately fixed in Bouin's solution and stored in
70% ethanol, embedded in paraffin, sectioned at 5 mm,
and stained by H&E. Two pathologists performed a blinded
assessment to determine the mean Johnsen Score (JS) of
each sample, according to which the 52 samples were clas-
sified into three groups: Sertoli cell–only (SCO) tubules, tu-
bules with maturational arrest (MA), and tubules with
spermatogenesis. Then the histological diagnosis was
correlated with the results of Raman scanning. Meanwhile,
the thickness of testicular LP was also measured using
55



FIGURE 1

(A) Actual setup of Raman spectroscopy. (a) video camera; (b) binocular; (c) laser selector knob; (d) DF (dark-field)-BF (bright-field) slider; (e)
microscope module; (f) sample stage; (g) LED display of spectrometer module; (h) ND filter knob; (i) brightness adjustment knob; (j) revalving
nose piece of objectives; (k) cables connecting Raman spectroscopy to computer. (B) Raman spectroscopy working system. S: spectrometer with
a CCD detector. DC: digital video camera. PC: computer. (C) Image of single seminiferous tubule under Raman microscope. A linear
equidistant point (a total of 10 points with an interval of 5 mm) at the midline was scanned.
Liu. Raman detection of spermatogenic status. Fertil Steril 2014.
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VS-ASW software (Olympus); the method has been
described previously by Pop et al. (15).
Immunohistochemical Staining

Variations of peritubular tissues between NOA and OA testes
were studied by immunohistochemistry. Briefly, 5-mm frozen
sections of fresh and nonfixed testicular tissues were made,
and specific antibodies against human type I, III, IV collagens
and laminin were used. The precise procedures are outlined as
follows (16): tissue samples were cut in the cryostat in 5-mm
thick slices, and endogenous peroxidase was blocked by incu-
bating sections with fresh 3% H2O2 for 20 minutes. After
rinsing 3 times in PBS, sections were incubated with primary
antibodies: anti-Col I antibody (1:100), anti-Col III antibody
(1:100), anti-Col IV antibody (1:100), anti-laminin antibody
(1:100) at 37�C for 2 hours. Goat antimouse g-globulin was
used as a secondary antibody at 37�C for 60 minutes. In con-
trols, primary antibodies were omitted. Peroxidase activity
was detected by diaminobenzidine peroxidase after incu-
bating sections in streptavidin-biotin-peroxidase complex
for 5 minutes. Sections were counterstained with methyl
green, dehydrated in ethanol, and examined under light
microscope.
Gas Chromatography-mass Spectrometer (GC-MS)

To explore the effects of the altered condition of peritubular
tissues upon spermatogenesis in NOA testes, we compared
the metabolites—the spermatogenetic microenvironment be-
tween NOA and OA testes. Six fresh testicular tissues of com-
plete spermatogenesis and six testicular tissues of SCO
syndrome were tested and compared by GC-MS in this study.
56
All samples were kept at�80�C before measurement. The pro-
cedures for tissue preparation were outlined as follows: [1]
100 mg testicular tissue was placed into a 2-mL centrifuge
tube, and 50 mL L-2-chlorophenylalanine was added and sub-
sequently centrifuged; [2] 0.35 mL methyl alcohol was added
then centrifuged (70 Hz, 5 minutes) and pulverized by
Grinding Mill (70�C, 10 minutes). [3] The sample was then
centrifuged at 12,000 rpm (4�C, 10 minutes), and the 0.4 mL
supernatant was transferred into a 2-mL silylated glass bottle.
[4] The extractive was dehydrated in vacuum concentrator by
adding 80 mL oxygen methyl amine salt reagents (diluted by
pyridine, 20 mg/mL), and then the mixture was mixed gently
before placing it into the incubator (37�C, 2 hours). [5] One
hundred microliters of BSTFA (involved 1% TCMS, v/v) was
added to each sample, and the mixture was incubated at
70�C for 1 hour. [6] The sample was cooled to room tempera-
ture before GC-MS analysis.

GC/TOFMS analysis was performed using an Agilent
7890 gas chromatograph system coupled with a Pegasus
four dimensional time-of-flight mass spectrometer. The sys-
tem used a DB-5MS capillary column coated with a 5% di-
phenyl cross-linked to 95% dimethylpolysiloxane
(30 m � 250-mm inner diameter, 0.25-mm film thickness;
J&W Scientific). A 1-mL aliquot of the analyte was injected
in a splitless mode. Helium was used as the carrier gas with
an inlet purge flow of 3 mL min�1, and the gas flow rate
through the column was 1 mL min�1. The initial temperature
was kept at 90�C for 0.25 minutes and then raised to 180�C at
a rate of 10�Cmin�1, then to 240�C at a rate of 5�Cmin�1 and
finally to 285�C at a rate of 20�C min�1 for 11.5 minutes. The
injection, transfer line, and ion source temperatures were
280�C, 250�C, and 220�C, respectively. The energy was
�70 eV in electron impact mode. The mass spectrometry
VOL. 102 NO. 1 / JULY 2014
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data were acquired in full-scan mode with the m/z range of
20–600 at a rate of 100 spectra per second after a solvent
delay of 492 seconds.
Statistical Analysis

Raman spectra were acquired automatically by OPUS 6.5 soft-
ware. The mean spectrum of each tubule was obtained by
averaging the spectra of 10 scanning points; accordingly,
the mean spectrum of each testis was acquired by averaging
the spectra of 10 tubules. Real-time Raman spectra were
compared among different groups. Qualitative analysis was
also undertaken by comparing the mean spectra of all NOA
with all OA testes, and peaks that showed obvious differences
were marked by Pick Assignment. To further test the ability of
Raman spectroscopy to distinguish tubules of different
groups, the spectral data were then loaded in the Matlab plat-
form, and k-means cluster analysis was used to classify the
spectra and predict the histological diagnosis for each spec-
trum, in such a way that differences within each cluster
were minimized, while simultaneously maximizing the differ-
ence between clusters.

In addition, logistic linear regression analysis was per-
formed to determine the relationship between spectral inten-
sities and the JS as well as the LP thickness.

For GC-MS, raw data was preprocessed with missing
value simulation, noisy data filtration, and normalization.
Then, SIMCA-Pþ software (ver. 11.0, Umetrics AB) was used
to perform partial least-squares discriminant analysis (PLS-
DA) and orthogonal to partial least-squares discriminant
analysis (OPLS-DA) of NOA and OA testes. The variable
importance in the projection (VIP) value of the first principal
component in the OPLS model and the P value were calcu-
lated using the Student's t-test to evaluate the differences of
metabolites between two groups. Finally, metabolites were
identified by comparing the spectra that followed the stan-
dard protocol of the National Institute of Standard and Tech-
nology library.
RESULTS
Raman Spectroscopy Distinguishes Seminiferous
Tubules with or without Active Spermatogenesis

Fifty-two testes according to their JS were classified as fol-
lows: 18 SCO samples, 24 MA samples, and 10 samples with
spermatogenesis. Detailed clinical data about the NOA and
OA patients are shown in Supplemental Table 1. The NOA
and OA testes had a similar Raman spectral profile but
differed in intensities. A negative correlation (Pearson corre-
lation coefficient of�0.729, P< .01) was found between spec-
tral intensities and spermatogenesis using their JS: the
tubules with spermatogenesis had the lowest spectra, while
the SCO tubules had the highest spectra. The approximate
ranges of Raman intensities for each group were >8,000
(au) for SCO tubules, 2,000–10,000 (au) for MA tubules, and
<2,000 (au) for tubules with spermatogenesis. The baseline-
corrected Raman spectra showed that seminiferous tubules
had peaks at 745 cm�1, 1,001 cm�1, 1,152 cm�1,
1,441 cm�1, 1,515 cm�1, 1,658 cm�1, and 2,935 cm�1. And
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NOA tubules had significantly higher intensities at
1,001 cm�1, 1,152 cm�1, 1,515 cm�1, and 1,658 cm�1 (Fig. 2).

For k-means cluster analysis, the clustering center of each
group was first determined. Each Raman spectrum was as-
signed to a cluster based on the minimum distance to each
clustering center. Supplemental Table 2 shows the confirmed
histological diagnosis for each spectrum measured and its
algorithm-predicted diagnosis. The prediction power of the
algorithm is best demonstrated with a bar graph chart, the
large columns along the diagonal row corresponding to the
correct prediction, while the others present misdiagnoses.
Lastly, a scatter plot was given to separate NOA and OA testes
using this algorithm. Using this modeling, we found a sensi-
tivity of 90.0% (9/10) and a specificity of 85.71% (36/42). The
positive predictive value was 60% (9/15), and our negative
predictive value was 97.30% (36/37; Fig. 2).
Differences of LP Thickness

The thickness of LP showed obvious differences among the
three groups: 12.61 � 2.95 mm for SCO tubules,
7.40 � 2.15 mm for MA tubules, and 4.42 � 0.74 mm for tu-
bules with spermatogenesis. A positive correlation was found
between the thickness of LP and Raman signal intensities
(r ¼ 0.746, P< .01).
Immunohistochemical Staining

In OA tubules, the testicular LP was positive for type IV
collagen and laminin but negative for type I and type III col-
lagens. The type IV collagen and laminin were detected in the
whole layer of LP. In NOA tubules, the type IV collagen and
laminin were more intensely stained but differently from
OA tubules; the expression of type I and type III collagens
was also detected, especially in the basement membrane. In
addition, the lumens of NOA tubules were also stained (Fig. 3).
Differences of Metabolism between NOA and OA
Testes

Three hundred fifty-nine testicular metabolites were detected
by GC-MS, and 12 of them showed significant differences be-
tween the NOA and OA groups (VIP>1, P< .05). In NOA
testes, cis-Phytol and glutamine increased and 10 other com-
ponents decreased, including oxalic acid, hydroxybutanoic
acid, hydroxybutyric acid, S-carboxymethylcysteine, acetan-
ilide, fructose, shikimic acid, L-threose, arachidonic acid, and
one undeterminedmaterial. For PLS-DA, the model resolution
was 100%, the model predictability was 99.8%, and 92.3%
variables can be explained using this model. The scores plot
of PLS-DA and OPLS-DA clearly distinguished the NOA and
OA groups (Fig. 4).
DISCUSSION
Conventionally, the evaluation of spermatogenesis relies on
testicular biopsy. In this report, we first proved that Raman
spectroscopy may be used as a tool to identify spermatogen-
esis noninvasively without using extrinsic labels. We
observed that the OA tubules had spectral intensities below
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FIGURE 2

Raman spectra of seminiferous tubules at different maturational stages (A, C, E) and followed by its corresponding histological diagnosis by H&E (B,
D, F). (A, B) Tubules with spermatogenesis had Raman intensities <2,000 (au), as indicated by the blue spectra. (C, D) MA tubules had Raman
intensities at 2,000–10,000 (au), as indicated by the red spectra. (E, F) SCO tubules had Raman intensities at >8,000 (au), as indicated by the
black spectra. (G) The clustering center of each group. (H) Bar chart demonstrating the prediction power of the diagnostic algorithm. (I) Scatter
plot demonstrating the sensitivity and specificity of the diagnostic algorithm. (J) Comparison of baseline corrected Raman spectra between
NOA (blue line) and OA (red line) tubules. NOA tubules had significantly increased intensities at 1,001 cm�1, 1,152 cm�1, 1,515 cm�1, and
1,658 cm�1 compared with OA tubules.
Liu. Raman detection of spermatogenic status. Fertil Steril 2014.
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2,000 (au), while NOA tubules had intensities above it, corre-
sponding to different levels of testicular dysgenesis. Although
the exact reason for this change was unclear, we hypothesized
that it may relate tomorphological alterations of testicular LP.
Previous studies have demonstrated that thickened LP of NOA
testes are due to increased accumulation of extracellular ma-
trix (ECM) (17–19). Based on these reports, we also confirmed
that the LP was thickened in NOA tubules with increased
deposition of collagen fibers and that the thickness
FIGURE 3

The immunohistochemical staining of NOA testes and OA testes.
Liu. Raman detection of spermatogenic status. Fertil Steril 2014.
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correlated negatively with spermatogenesis. When the
scattered Raman laser was focused on the tubules of NOA
testes, the Raman signal intensified.

Materials corresponding to Raman peaks of seminiferous
tubules have been reported by previous studies (20–22): ring
breathing mode of thymine bases for 745 cm�1;
phenylalanine for 1,001 cm�1; C-C and C-N stretching of
proteins for 1,152 cm�1; lipids for 1,441 cm�1; tyrosine
band for 1,515 cm�1; and amide I for 1,658 cm�1. NOA
VOL. 102 NO. 1 / JULY 2014



FIGURE 4

GC-MS spotted 12 components that showed significant differences between NOA and OA testes. Based on the retention time, no. 4 and no. 6
represented cis-Phytol and glutamine that increased in NOA testes and the other 10 numbers represented components that decreased in NOA
testes: oxalic acid (0.635-fold change), hydroxybutanoic acid (0.433-fold change), hydroxybutyric acid (0.613-fold change),
S-carboxymethylcysteine (0.910-fold change), acetanilide (0.080-fold change), fructose (0.134-fold change), shikimic acid (0.327-fold change),
L-threose (0.207-fold change), arachidonic acid (0.532-fold change), and one undetermined material.
Liu. Raman detection of spermatogenic status. Fertil Steril 2014.
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tubules had significantly increased intensities at 1,001 cm�1,
1,152 cm�1, 1,515 cm�1, and 1,658 cm�1 over OA tubules,
and these peaks are all assigned to proteins, indicating that
the NOA tubules have higher amounts of proteins, probably
as a result of thickened LP, including increased
accumulation of ECM and collagen deposition.

Among the 12 materials that showed significant differ-
ences between NOA and OA testes by GC-MS, cis-Phytol
and glutamine were found to be increased in NOA testes.
However, the reasons for this are still unknown. The 10 mate-
rials that were decreased in NOA testes were mainly saccha-
rides and amino acids, which can be explained by the fact
that NOA testes have a lower level of metabolism. But it is un-
clear whether the disordered metabolism leads to germ cell
depletion or vice versa.

In this study, we used Raman spectroscopy to distinguish
ex vivo seminiferous tubules with and without sperm. How-
ever, we realize that there are obstacles and limitations of
this study that must be considered before any clinical applica-
tions. [1] The safety of Raman spectroscopy still needs strict
investigation. Further studies must be done to ensure that
the Raman scanning will not cause any DNA damage to the
dedicated testicular tissue or germ cells. Ramasamy et al.
demonstrated that 125 mW may be the ideal laser intensity
range for Multiphoton to acquire acceptable images of rat
seminiferous tubules with nonobvious sperm DNA fragmen-
tation in their animal studies, however, when the laser inten-
sity increased beyond to 250 mW, DNA damage was found in
10% of sperm (6). With Raman, the appropriate the range of
laser power and wavelength that permits tubule analysis
without nonsignificant damage is yet to be determined. [2]
Another limitation that relates to study design is that patients
VOL. 102 NO. 1 / JULY 2014
with complete spermatogenesis all had pathologically proven
reproductive tract obstruction, while specimens of completely
normal men were absent. The reasons associated with the
scarcity of normal testicular specimens were due to the diffi-
culty of getting approval from the Reproductive Ethics Com-
mittee and the Institutional Review Board for studying
specimens using normal men's testicular tissue. Therefore,
the tubules with complete spermatogenesis that was demon-
strated by H&E staining could be used as controls.

Raman spectroscopy may have a potential role in
enhancing the search of the seminiferous tubules with active
spermatogenesis during micro-TESE. Currently, a handheld
probe of Raman spectroscopy called SpectroPen is used for tu-
mor detections (23). The SpectroPen connects a handheld
Raman probe to a desktop spectrometer via a fiber-optic ca-
ble. When the probe emits the laser light onto the sample,
the signal is transmitted through the fiber and recorded by
the spectrometer. The SpectroPen has been used for in vivo
and intraoperative tumor detection in animal models and
was proven to have as high a sensitivity and accuracy as stan-
dard Raman spectroscopy. The concept of developing a hand-
held real-time probe of Raman spectroscopy may be used
adjunctively with micro-TESE to distinguish human seminif-
erous tubules with and without sperm in the future.

In this preliminary study, we have provided the first
report of the use of Raman spectroscopy to distinguish human
seminiferous tubules with and without spermatogenesis.
Compared with conventional testicular biopsy, Raman can
noninvasively evaluate spermatogenesis without adding
extrinsic labeling agents. The notion of a Raman-guided mi-
cro-TESE could have the potential to improve sperm retrieval
rates. However, the clinical application of Raman
59
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spectroscopy needs a strict safety evaluation, and further in-
vestigations are imperative. Furthermore, we compared the
spermatogenetic microenvironment between NOA and OA
testes, and their differences in metabolism should be further
studied for an explanation of the mechanism of incomplete
spermatogenesis.
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manuscript.
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SUPPLEMENTAL TABLE 1

Clinical data of NOA and OA patients.

NOA OA

Age (y) 28.1 � 3.46 30.3 � 4.13
Height (cm) 175.3 � 4.95 173.7 � 4.22
Weight (kg) 72.3 � 7.67 69.7 � 8.54
Right testicular volume (mL) 6.71 � 2.11 16.57 � 3.48
Left testicular volume (mL) 6.61 � 2.16 14.87 � 3.19
FSH (mIU/mL) 25.94 � 13.14 3.81 � 2.19
LH (mIU/mL) 9.52 � 6.31 3.62 � 1.43
T (ng/mL) 9.16 � 5.45 7.62 � 6.03
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SUPPLEMENTAL TABLE 2

Histological diagnosis against the diagnosis predicted by the
algorithm.

Histological diagnosis

Algorithm prediction

SCO MA Spermatogenesis

SCO 13 4 1
MA 5 14 5
Spermatogenesis 0 1 9
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