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1  | INTRODUC TION

In nonobstructive azoospermia (NOA) patients, spermatozoa are not 
present in the ejaculate, and impaired spermatogenesis is the pri-
mary reason for this (Klami et al., 2018). Three testicular histology 
patterns can be present in NOA patients; hypospermatogenesis (HS), 
maturation arrest (MA), and Sertoli- Cell- Only (SCO) syndrome (Seo 
& Ko, 2001). Spermatozoa retrieved after testicular sperm extraction 
(TESE) can be followed by intracytoplasmic sperm injection (ICSI); 
thus, NOA patients can become fathers (Niederberger, 2012). In 
NOA, spermatogenesis is generally found in focal areas in the testi-
cles, and sperm retrieval can often be difficult for these patients (Ald 
et al., 2004). Micro- testicular sperm extraction (micro- TESE) is the 

golden standard sperm retrieval technique to retrieve spermatozoa 
from NOA patients with the use of an operating microscope (Bernie 
et al., 2015; Chen et al., 2010, 2019). However, an objective method 
is still needed to improve the success ratio of sperm retrieval. In 
most cases, multiple biopsies are required for successful sperm re-
trieval, and this could be damaging for the testis (Fedder et al., 2017; 
Schlegel et al., 1997). Although it has been previously shown that 
several factors including; total testicular volume (TTV), hormone 
(follicle- stimulating hormone, inhibin B, anti- Müllerian) levels, age, 
seminiferous tubule diameter and expression of germ cell- specific 
markers may be valuable parameters to predict TESE outcomes 
(Bohring et al., 2002; Toulis et al., 2010; Yang et al., 2015), these 
parameters alone could not indicate the degree of spermatogenesis 
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Abstract
The aim of this study is to investigate the efficiency of elastic light single- scattering 
spectroscopy system, a noninvasive method, to acquire spectra during testicular bi-
opsy from normal and damaged seminiferous tubules with various degrees of germ 
cell loss. Adult control rats and doxorubicin- injected rats to achieve seminiferous 
germ cell loss (for 10 days [10D], 20 days [D20], 30 days [D30], 40 days [D40], and 
50 days [D50]) were used. Spectroscopic measurements were acquired utilising a 
single- fibre optical probe, and histopathology of the biopsied testicular tissue sam-
ples were compared. Time- dependent testicular damage comprising various degrees 
of seminiferous tubule degeneration after doxorubicin- administration was observed. 
In D30, D40 and D50 groups, where significant germ cell loss was identified, elas-
tic light single- scattering spectroscopy system signals were well correlated with 
disturbed spermatogenesis where significant differences in spectral signals were ob-
tained. Our findings indicate that the elastic light single- scattering spectroscopy sys-
tem has the potential to enable instant imaging of spermatogenesis in rats and could 
also be useful in humans for clinical applications, such as to increase sperm recovery 
success during micro- TESE for men with nonobstructive azoospermia.
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in these men. To date, there is no objective prediction method for 
successful sperm retrieval that has been identified for NOA patients. 
The development of a noninvasive method to better predict the suc-
cess rate of sperm presence during micro- TESE is of particular inter-
est in these men to avoid repeating biopsies.

Spectroscopy techniques can distinguish normal and pathologic 
tissues based on changes in scattering and absorption of the light. 
These techniques include; sending visible light to the tissue. Under 
several scattering circumstances, some of the light reaches the de-
tector, and this information is used to estimate the absorption and 
scattering properties of the tissues. In using a single optical fibre 
probe, the same optical fibre delivers the light to the tissue and col-
lects it back after the light scatter. Therefore, the optical path length 
is short, and the tissue absorption contribution on the spectral shape 
is assumed as negligible. A significant portion of the detected light 
is singly scattered (Canpolat & Mourant, 2001); thus, the technique 
is named elastic light single- scattering spectroscopy (ELSSS), and it 
is sensitive more to the size and shape of scatters than absorption 
(Amelink et al., 2003). ELSSS has been used to differentiate between 
cancerous tissues and normal human tissues (Canpolat et al., 2009; 
Denkceken et al., 2013; Sircan- Kucuksayan et al., 2015). ELSSS was 
also used to distinguish between the benign and malignant surgical 
margins of the prostate tissues (Baykara et al., 2014).

This study aims to investigate whether the extent of testicular 
tissue damage is correlated with signals from a single- fibre optical 
probe ELSSS system via acquiring spectra from seminiferous tubules 
during TESE in rats.

2  | MATERIAL S AND METHODS

2.1 | Animals and groups

Eight- week- old Wistar male rats (n = 36) were kept under a con-
trolled cycle of 12 hr light and 12 hr dark with ad libitum access to 
food and used in the study. The Animal Research Ethical Committee 
approved the experimental protocol of Akdeniz University by proto-
col number 2012.08.04. Six groups were established; control group 
rats (n = 6) were given intraperitoneal (i.p.) injections of saline (the 
solvent for doxorubicin [DOX] [Sigma, Cat No: D1515]). In order to 
create various degrees of testicular damage, rats were injected DOX 
(consecutive i.p. DOX injections 3 mg/kg every following 2 days –  an 
accumulated dose of 9 mg/kg), and their testes were removed on 
day 10 (n = 6), day 20 (n = 6), day 30 (n = 6), day 40 (n = 6), and on 
day 50 (n = 6) after the first DOX- injection. Before removing the tes-
tes, spectral data acquisitions were performed from the left testes 
of rats under anaesthesia from all groups. Body weights and testes 
weights of rats were obtained. After spectroscopic examination, ani-
mals were sacrificed, and from each rat, right testicular tissues were 
fixed in Bouin's fixative, dehydrated in ethanol, and embedded in 
paraffin wax for histopathological evaluation. Right testicular tissue 
sections were stained with haematoxylin and eosin for histopatho-
logical evaluations. Seminiferous tubule structure and testis tissue 

histology were evaluated for tissue damage, and results were com-
pared with the signals obtained from the ELSSS system.

2.2 | Germ cell loss scoring

Histological analysis was used to assess defects in 
spermatogenesis(Gungor- Ordueri et al., 2014). Changes were scored 
by examining approximately 103 randomly selected cross sections 
of stage VI– VIII tubules from a rat testis, and a total of six rats were 
examined. A total of approximately 618 stage VI– VIII tubules were 
scored. We referred to a study that determined the optimum num-
ber of tubules to be counted per testis cross section, and the number 
of animals per treatment group, when changes in stage frequencies 
in the cycle of the seminiferous epithelium are criteria for assessing 
effects of treatment (in this case it is doxorubicin) on spermatogen-
esis (Hess et al., 1990). According to this reference; when individual 
stages are examined using 10 animals per group, only Stage VII has 
80% or greater power of test (a = 0.05) to detect a frequency differ-
ence and pooling stages into 3– 4 groups is recommended to improve 
the power of detecting a treatment difference. Thus, we have evalu-
ated tubules at Stage VI– VIII together. Moreover, we picked to evalu-
ate Stage VI– VIII tubules since the aim of this study was to correlate 
the efficacy of the ELSSS system to predict presence of spermatozoa 
and/or thickness of the epithelium.

Data were compared with control testes, and changes were ex-
pressed as a percentage of total scored tubules in treatment versus 
control groups. As evaluated from the basement membrane of the 
seminiferous tubules, tubules with any of the two germ cell lines 
(mostly likely presence of spermatogonia and primary spermato-
cyte or round spermatid or elongating spermatid) were accepted as 
tubules with germ cell loss. Final numbers were optimised to 1 as 
control by using arbitrary units. Elastic light single- scattering system 
measurements.

The first measurement was acquired for calibration by placing 
the probe 2 mm close to a reflectance standard in water (Spectralon, 
Ocean Optics), then the tip of the probe located on the seminif-
erous tubules where tunica albuginea was cut. Eight ELSS spectra 
were acquired from each location on the testis, and seven different 
locations were analysed. Thus, for each group, a total of 56 spec-
tra were obtained between the wavelength of 450– 750 nm. After 
the spectral correction, average spectral slopes of the testis tissue 
specimens were calculated. A small piece of testis biopsy, similar to 
micro- TESE, was taken precisely from where spectra were obtained 
and processed for transmission electron microscopy. The spectra 
were acquired by locating the probe randomly on the tissue sur-
face between successive measurements. The spectroscopic system 
consists of a spectrometer (USB2000, Ocean Optics), a tungsten 
halogen light source, while a single- fibre optical probe was used to 
acquire ESSS of seminiferous tubules. The probe was used to send 
and pick up back- reflected light to and from the tissue (Figure 1). 
The probe was a 1 × 2 fibre optical coupler with a splitting ratio of 
50%. One end of the probe was connected to the light source, and 
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the other was to the spectrometer. The diameter of the fibre at the 
probe side was 100 μm with a numerical aperture of 0.22.

2.3 | Optical measurements and analysis

Elastic light single- scattering data were measured by random sam-
pling on the seminiferous tubules of the testis tissue. First, two spec-
tra were acquired for calibration purposes then the spectra were 
obtained from each tissue sample. The first calibration spectrum 
was acquired in pure water to get the background spectrum. The 
second one was acquired to obtain the spectrum of the light source 
by locating the probe nearly 1 mm above the reflectance standard. 
The corrected spectrum is.

where RST (λ) is the spectrum of the seminiferous tubule, RS (λ) the spec-
trum of Spectralon and RB(λ) is the background spectrum from pure 
water in a black container. The acquired spectra from seminiferous tu-
bules were corrected for the wavelength dependence of system com-
ponents and specular reflection using Equation (1).

At each location, eight ELSSS spectra were acquired then aver-
age spectral slopes of the spectra between wavelengths of 600– 
750 nm were calculated.

2.4 | Evaluation of semi- thin sections of 
seminiferous tubules

Preparation methods for semi- thin section analysis were per-
formed as described previously by Celik- Ozenci et al. (Celik- Ozenci 
et al., 2006) Testicular biopsies fixed in 2.5% glutaraldehyde was 
prepared in 0.1 M cacodylate buffer (pH 7.4) for 4 hr at room temper-
ature. After dehydrating the biopsies in increasing ethanol concen-
trations and embedded in epoxy resin, 2 hours of post- fixation was 
performed in 1% osmium tetroxide in phosphate buffer. Germinal 
epithelium of the seminiferous tubules in all groups was evaluated in 
toluidine blue- stained semi- thin sections.

2.5 | Statistical analysis

Data were analysed with Kruskal– Wallis variance analysis and 
Mann– Whitney U tests to address any differences between the 
groups. Statistical analysis was performed by SPSS (version 21.0) 
package program. Mean ± SD values are given, and p <.05 was con-
sidered statistically significant.

(1)R (�) =
RST (�) − RB (� )

RS (�) − RB (� )

F I G U R E  1   The scheme represents the experimental set- up for 
the elastic light single- scattering spectroscopy system (ELSSS)

F I G U R E  2   Corrected elastic light single- scattering spectroscopy spectra (ELSSS) of control and doxorubicin- administrated groups *p <.05
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3  | RESULTS

3.1 | Spectral analysis

A significant difference was found between the corrected spec-
tra of the control and doxorubicin- administrated groups (Figure 2). 
As seen in Figure 2, all groups' corrected spectra have a negative 
slope, and spectral slopes of doxorubicin- administrated groups are 
greater than the control group. The difference between the control 
group's spectra and the doxorubicin- administrated 50- day group is 
shown (Figure 3). The value of spectral slope increased significantly 
in doxorubicin- administrated groups when compared to the control 
group (p <.05) (Figure 4), and there was a significant difference be-
tween the spectral slope of all doxorubicin- administrated groups.

3.2 | Ultrastructural evaluation of the 
seminiferous tubules

Seminiferous tubule tissue pieces were removed from control and 
DOX- administrated groups (D10, D20, D30, D40, D50), where their 
spectrums were measured by probe before they were obtained. For 
electron microscopical evaluation, semi- thin sections of the semi-
niferous tubule morphology were analysed, and the seminiferous 
tubule ultrastructure was compared with spectroscopic measure-
ments. In accordance with the spectroscopic findings, there was 
apparent germ cell loss on days 30, 40 and 50 after doxorubicin- 
administration (Figure 5). In control semi- thin sections, we observed 
that the organisation of germ cells and Sertoli cells were typical 
(Figure 5a). On day 10 after doxorubicin- administration, there were 
still germ cells in the seminiferous tubules (Figure 5b). On day 20, 
after doxorubicin- administration, even their numbers decreased, 
there were still germ cells with normal localisation in the seminifer-
ous tubules (Figure 5c). On day 30, after doxorubicin- administration, 
germ cell loss and vacuoles between the cells were present, and the 
thickness of seminiferous tubules decreased (Figure 5d). On day 
40 and day 50, after doxorubicin- administration, the thickness of 

seminiferous tubules epithelium decreased significantly, and some 
tubules contained only Sertoli cells (Figure 5e– f).

3.3 | Histopathological analysis

In addition to ultrastructure evaluation, we performed haematoxylin– 
eosin staining to evaluate testis histology. Histopathological evalua-
tions were well correlated with ultrastructural evaluation (Figure 6a). 
To standardise our evaluations, we evaluated stage VI– VIII seminif-
erous tubules in all groups. In the control group, the seminiferous tu-
bules' integrity was normal, and there were different types of germ 
cells. Ten days after doxorubicin- administration, the seminiferous 
tubule histology was similar to the control group, although germ cell 
organisation was slightly disturbed. On day 20, after doxorubicin- 
administration, there were still germ cells and Sertoli cells with their 
normal localisations similar to day 10. On day 30, 40 and 50, after 
doxorubicin- administration, seminiferous tubule damage was sig-
nificant. The number of germ cells and the seminiferous epithelium's 
thickness decreased significantly when compared to control (p <.05) 
(Figure 6b).

4  | DISCUSSION

Sperm retrieval from testicular tissue is the first- line treatment for 
NOA patients. It is based on the selection of seminiferous tubule 
pieces based on their morphological appearance by the surgeon. 
So far, there is no successful objective method to predict the pres-
ence of spermatozoa in the testicular biopsy that could be useful 
for NOA patients undergoing micro- TESE. Recently, it has been 
found that in various tissues, ELSSS provides scattering spectral 
data with respect to the tissue structure, cellular morphology 
and biochemical composition of the tissue (Baykara et al., 2014; 
Canpolat et al., ,,2009, 2012; Denkceken et al., 2013). Based on 
this idea, in the present study, we investigated whether seminifer-
ous tubules with various degrees of germ cell loss could also have 

F I G U R E  3   Corrected elastic light single- scattering spectroscopy 
spectra (ELSSS) of control and doxorubicin- administrated group on 
day 50 *p <.05

F I G U R E  4   Levels of spectral slopes for control and doxorubicin- 
administrated groups *p <.05
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specific scattering spectral signatures. Thus, we mimicked a micro- 
TESE operation in rats. Before removing seminiferous tubule 
pieces for histopathological analysis, we performed spectral anal-
ysis from that seminiferous tubule piece surface to independently 
evaluate germ cell loss. We used a doxorubicin- administrated rat 
model to create seminiferous tubule damage in a time- dependent 
manner. After 30 days of doxorubicin treatment, which coincides 
with almost one full spermatogenic wave in rats, spectral signals 
were negative. This was well correlated with significant germ cell 
loss in seminiferous tubules. Thus, our findings from an animal 
model suggest that a noninvasive ELSSS system is useful to fore-
see the degree of germ cell loss during micro- TESE. The ELSSS 
system can analyse the presence of germ cells both on the surface 
of the testis and in seminiferous tubules deep inside the testis. 
Thus, this may be useful in identifying the areas in the testis for 
micro- TESE procedure during clinical applications. Moreover, m- 
TESE is often performed in patients showing Sertoli cell only in the 
majority of their testicular tissue (e.g. men with Klinefelter's syn-
drome). Therefore, it may be difficult to distinguish between men 
with complete Sertoli- Cell- Only and men with small foci showing 
spermatogenesis in testicles dominated by a Sertoli cell only pat-
tern with the ELSSS system. Clinical studies including relevant 
patients had to be performed before the predictive value of the 
ELSSS method can be finally evaluated.

A few recent studies regarding the evaluation of impaired rat and 
human seminiferous tubules by noninvasive techniques are present 
in the literature (Ramasamy et al., ,2011, 2012; Najari et al., 2012; 
Ramkumar, Lal, Paduch, & Schlegel, 2009, 2010; Smith et al., 2012). 
In two studies, Ramkumar et al. have developed an ultrasonically ac-
tuated silicon- microprobe testicular tubule assay where they have 
demonstrated the ability to visualise larger seminiferous tubules 
using calculated expression analytics measured by a microprobe 
in rats (Ramkumar et al., 2009, 2010). They could differentiate the 
seminiferous tubules with and without spermatozoa, potentially 
eliminating the big incision during TESE. In another study, Ramasamy 
et al. have created a Sertoli- cell- only model in adult rats, and testic-
ular tissue biopsies were imaged with a full- field optical coherence 
tomography (FFOCT) system, and the images were correlated with 
histological evaluation (Ramasamy et al., 2012). With this technol-
ogy, they were able to visualise spermatogenesis in real- time during 
micro- TESE. Another technology, such as multiphoton microscopy, 
can differentiate spermatogenesis between neonatal, pubertal and 
adult rat testis (Ramasamy et al., 2011). Smith RP et al. found that 
fibre optic confocal fluorescent microscopy was feasible during 
micro- TESE in an azoospermic mouse model to identify fluorescently 
labelled sperm in vivo (Smith et al., 2012).

Moreover, a pilot study demonstrated a relationship between 
multiphoton tomography with the histology of ex vivo human testis 

F I G U R E  5   Ultrastructural analysis of 
the same seminiferous tubule biopsies 
that spectral analysis was obtained in 
control and doxorubicin- administrated 
groups. (a) Control (b) day 10 (10 d), (c) day 
20 (20 d), (d) day 30 (30 d), (e) day 40 (40 
d) and (f) day 50 (50 d)
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(Najari et al., 2012). A recent study using six- fold magnifying loops 
found that sperm retrieval rates can be increased in NOA patients 
(Bouker et al., 2019). All the above methods that are used to visu-
alise spermatozoa in humans during micro- TESE are expensive. An 

experienced surgeon is also needed to utilise these technologies, 
which makes them less useful during surgery. On the other hand, 
the ELSSS system is easy to use and provides information about 
spermatogenesis based on the single scattered photon's distribu-
tion within a visible wavelength range. The unique advantage of the 
ELSSS technique is that visible light is used, which is not harmful to 
the tissues. Thus, the concern for the safety of laser intensity that 
has been indicated in previous studies will be dismissed when car-
ried to a clinical setting. The power of the delivered light to the tissue 
by a single optical fibre probe is less than 0.1 mW; thus, the ELSSS 
system is safe and has the potential to be used in vivo and real- time 
in humans and translation to the clinical setting could decrease op-
erative time and improve the sperm harvest rate.
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