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Short title:
Evaluation of testicular echotexture in fertile and subfertile stallions

ABSTRACT

This study aimed to assess if Ecotext, a new software for evaluation of testicular echotexture, is a
good method for diagnosis of stallions with testicular dysfunction (TD). Relationships between
Ecotext parameters and sperm motility and production, testicular volume, and testicular blood flow
were also studied. Ecotext provides a total of six echotexture parameters: Ecotext 1 (black pixels), 2
(white pixels) and 3 (grey pixels), and another 3 parameters related to hypoechogenic areas: Ecotext
tubular density (ETD), Ecotext tubular diameter (ETd), and Ecotext tubular area (ETA). Stallions
(n=33) were assessed using proven diagnostic techniques (spermiogram, B-mode and Pulse Doppler
ultrasound), and subsequent analysis with Ecotext. Animals were classified as “control stallions”
(n:21, acceptable semen quality), and “stallions with TD” (n:12, poor semen quality (TM <60%, PM
< 45% and total n° of sperm with PM < 2000 x 10° spz), that were subdivided into “induced TD
group” (immunized, anti-GnRH vaccine) and “acquired TD group”. The acquired TD group showed

differences in all Ecotext parameters in relation to controls (Ecotext 1:0.11+0.17 vs 2.82+2.52,
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Ecotext 2:1584.0+575.8 vs 388+368.2, Ecotext 3:134.2+9.26; ETA: 2.14+0.59 vs 5.40+1.90; ETd:
65.66+6.27 vs 86.93+£10.65 and ETD: 92.35+£11.24 vs 132.10+16.35, p < 0.001). Results suggest
acquired TD stallions were suffering testicular degeneration with loss of architecture and function as
all Ecotext parameters were altered in relation to controls. Induced TD horses only showed a
reduction in ETD (116.2+8.59 vs 132.10£16.35, p < 0.001), despite all sperm parameters being worse.
These findings suggested immunized stallions probably only experience an acute loss of testicular
functionality and parenchyma architecture is likely not affected since differences in Ecotext
parameters with control stallions were not detected. ETD was the best parameter to identify animals
with TD (AUC: 0.84, optimal cut-off value of 124.3 seminiferous tubules/cm?). Correlations were
found between ETD and Doppler indices (PI: 0.60; RI: 0.47 p < 0.001), total testicular volume (r:
0.48; p <0.05) and sperm motility (TM:0.51; and PM:0.54; p < 0.001) and production (r:0.51; p <
0.001). In summary, Ecotext could identify changes in testicular echotexture of stallions with TD.
Results open the possibility for new research focused on establishing the relationship between Ecotext

parameters and histomorphometry features in stallion testes.

Keywords: equine, ultrasonography, testis, testicular blood flow, subfertility, testicular parenchyma,

spermatozoa, computer-assisted pixel analysis

1. Introduction

Testicular dysfunction (TD) is a difficult condition to diagnose in equines, especially in its initial
stages [1]. Unilateral TD could result following conditions such as inguinal hernia or testicular torsion
[2]. However, bilateral TD is more common in geriatric stallions (> 18 years old) as a result of aging.
In adult or young stallions, it has been diagnosed as an acute transient problem after an episode of
hyperthermia or immunization with anti-GnRH vaccines, which temporally suppress testicular
function[3,4]. Depending on the cause and degree of testicular damage, testicular function may
improve, return to normal over a period of months or end in irreversible testicular degeneration. Thus,
monitoring with non-invasive techniques in valuable stallions would allow diagnosis and
identification of early changes and timely administration of treatment [5].

Testicular degeneration is an acquired atrophy of the seminiferous tubules, resulting in a reduction of
testicular size and a decrease in sperm quality and sperm production [2]. However, even though
clinical signs could be evident, histological analysis is necessary to confirm the presence of this

pathology [1]. Stallions with advanced stages of this condition usually have testicles with a palpable



soft texture, but in earlier stages stallions may present testes of normal size and consistency [1]. To
date, testicular biopsy is the only accurate technique to confirm the diagnosis of this pathology.
Despite recent studies having shown that repeated testicular biopsy does not result in detrimental
effects on prospective fertility [6,7], this invasive technique is not widely used among equine
practitioners.

Traditionally, the breeding soundness evaluation of a stallion with reduced fertility included a basic
spermiogram and the ultrasonographic examination of the reproductive tract[8-10]. The most
common parameters used in the diagnosis of testicular dysfunction are sperm quality and production
parameters, the measurement of total testicular volume (TTV), DSOe (expected Daily Sperm Output)
parameters and calculation of spermatogenic efficiency (DSO per milliliter of testis) [1,13]. Testicular
inefficiency might be suspected if total sperm numbers and semen quality is declining progressively
over time, or if a stallion is producing low numbers of sperm relative to testicular volume and DSO
(Daily Sperm Output)[5,12]. Several semen collections (7-10 semen extractions or 2-3 ejaculations
per day for 3-5 days) over consecutive days are required to calculate the DSO of each stallion.
However, these parameters require frequent measurement of the testis and semen analysis at the same
time of the year (seasonal variations) to identify subtle changes indicative of testicular dysfunction.
This practice is difficult to carry out at most stud farms, so a decrease in these indicators is usually
detected in the later stages. Measurement of plasma hormone levels is also performed in cases of
severe testicular dysfunction. These stallions typically present high levels of FSH and LH, as well as
low plasma estradiol[13]. Nonetheless, hormonal levels in plasma may not be a good predictor of
mild to moderate TD[9].

The introduction of ultrasound examination into the breeding soundness evaluation has improved the
diagnosis of fertility problems in this species[14]. Moreover, Doppler ultrasound has improved the
early diagnosis of testicular dysfunction [15-17]. However, the evaluation of testicular blood flow
requires some practitioner experience and ultrasound equipment with the Pulse Doppler modality.
Therefore, the incorporation of new affordable non-invasive technigues into the breeding soundness
assessment, providing a simple and fast diagnosis of testicular dysfunction in field conditions is
necessary. B-mode ultrasound is one of the techniques most extensively used in the diagnosis of
different conditions in stallions. This ultrasonographic modality allows a visual evaluation of the
anatomical structures of the testis and the identification of gross lesions, as well as prediction of the
efficiency of sperm production by calculating testicular volume and subsequent estimation of Daily
Sperm Output (DSOe)[11,12]. However, this technique is of limited diagnostic value as most
pathological conditions do not produce any change in testicular echogenicity that can be detected

visually [18]. Even stallions with advanced stages of testicular degeneration present an apparently



normal testicular echotexture [5]. Currently, computer-assisted pixel analysis of testicular
ultrasonograms has been used to quantify the echotexture of testicular parenchyma as an alternative
method to the evaluation of testicular tissue structure in several species [19-25]. Most of these
algorithms are based on the detection of changes in pixel intensity (mean numerical pixel) and pixel
heterogeneity (pixel standard deviation) in ultrasonograms of the testis[23,25-27]. Changes in these
parameters have been linked to variations in the histomorphology of testicular tissue[24,26,27].
Recently, a new specific software for testicular echotexture analysis has been designed by HUMECO
in collaboration with ECM (Ecotext software, Humeco, Spain) [28,29]. This software has been tested
in rams and boars, but not in stallions[28,29]. Ecotext was created to be used with EXAGO ultrasound
scanners and provides a quick method for evaluation of testicular function and structure. Each pixel
of the image obtained reflects the testicular parenchyma, whose intensity can be measured according
to the different shades of gray, black and white. This procedure allows the identification of subtle
variations, which cannot be appreciated with the naked eye, to be measured and identified. According
to the manufacturer, Ecotext provides the user with a total of six different parameters: three
parameters at normal resolution: Ecotext 1, Ecotext 2 and Ecotext 3, related to the number of black,
white, and grey pixels respectively, and three parameters at high resolution related to hypoechogenic
areas: Ecotext tubular density (density of hypoechogenic areas), Ecotext tubular diameter (mean
diameter of hypoechogenic areas) and Ecotext tubular area (total percentage of hypoechogenic area).
Thus, we hypothesized that Ecotext could be an easy to use, valuable non-invasive tool to identify
stallions with testicular dysfunction in field conditions.

The aims of this study were to investigate whether Ecotext is a good method for diagnosis of stallions
with testicular dysfunction and to study the relationship between Ecotext parameters and those of
sperm quality and sperm production, testicular volume, and testicular blood flow used normally in

the diagnosis of this condition.
2. Materials and methods
2.1 Experimental design
The present work aims to investigate whether Ecotext parameters are good markers of testicular
dysfunction in equines. For this purpose, 21 control stallions with good seminal characteristics, 9

immunized stallions with anti-GnRH vaccine (induced TD) and 3 stallions with acquired TD were

used. The relationship between Ecotext parameters, and the parameters commonly used in the



diagnosis of fertility problems (those of sperm motility and sperm production, TTV, and testicular

blood flow), were also investigated by correlations.

2.2 Animals

A total of 33 stallions of various breeds (Pure Spanish Horse, Spanish Arabian, Anglo Arabian and
Spanish Sport Horse) and ages (4-19 years old) were included in this study (Table 1). Horses were
classified into groups of 21 control stallions with normal testicular functionality (acceptable semen
quality, based on established minimum standard values of semen quality recommended by the Society
for Theriogenology stallion BSE Manual (Total motility (TM) > 60%; Progressive motility (PM)>
45% and total n° of sperm with progressive motility > 2000 x 10°) [8-10], and 12 stallions with
testicular dysfunction (induced TD and acquired TD) with poor semen quality (TM < 60 and < 45%
and low sperm production with a total n® of sperm with progressive motility < 2000 X 10° spz)[8,10].
A complete clinical history was taken for all stallions included in this study, since testicular
degeneration (acquired condition) and hypoplasia (congenital condition) are indistinguishable
clinically and histologically.

The control stallions were horses used as breeders at the Veterinary Teaching Hospital of the
University of Extremadura, with a proven fertility (10 stallions); stallions that came to the hospital
for semen freezing (6 stallions) and a pre-purchase reproductive examination (5 stallions) (Table 1).
All stallions with testicular dysfunction were stallions referred to the Veterinary Teaching Hospital
for acquired fertility problems and poor semen quality. Nine (4-6 years old) of the twelve horses had
been previously immunized (primary and booster) with anti GnRH vaccine (Improvac®, Zoetis,
Spain) in a time frame of 2-8 months prior to the study, showing induced testicular dysfunction
(subfertile stallions 1-9). Stallion number 10 had an acquired idiopathic testicular dysfunction, and
the last two stallions were diagnosed with acquired testicular dysfunction associated with age
(stallions 11-12) (Table 1). All of them had seminal parameters below the minimum standard values
for sperm quality recommended by the Society for Theriogenology stallion [8,10]. The study was
carried out during the 2019-2021 breeding seasons by the Reproduction Service of the Veterinary
Teaching Hospital of the University of Extremadura. The animals were kept and handled according
to the standards established by European Union (Law 6/2913 June 11 and European Directive
2010/63/EUV), and they were all vaccinated and dewormed.

2.3 Semen collection and evaluation



Ejaculates were collected with a prewarmed (45-50 °C) Missouri model artificial vagina (IMV,
France), lubricated with non-spermicidal gel and an inline filter to eliminate the gel fraction. Stallions
were stimulated with a mare in estrous and semen was collected using a phantom. Semen was

immediately transported to the laboratory for evaluation and processing.

2.3.1 Sperm production (DSOa: actual Daily Sperm Output)

To calculate the DSOa, the extragonadal sperm reserves were depleted. For this purpose, semen was
collected from each stallion for 7-10 consecutive days until the total number of sperm collected and
sperm quality become more constant[12]. Afterwards, three consecutive ejaculates per stallion were
used to assess semen quality and sperm production. To calculate the total number of sperm (TNS),
the volume of the filtered ejaculate (gel free fraction) was measured in a measuring beaker and sperm
concentration (fluid density) was assessed using a spectrophotometer (Spermacue®, Minitube
Ibérica, La Selva del Camp, Spain). The TNS at DSO (TNS: volume x concentration) was calculated

for each stallion[12].

2.3.2 Sperm motility

Sperm motility was assessed using a computer-assisted sperm analysis (CASA) system (ISAS V.1.2,
Proiser, Valencia, Spain) according to the standard protocols used at our center[30]. Semen was
loaded into a 20 um deep Leja chamber (Leja, Amsterdam, The Netherlands) and placed on a warmed
stage at 38°C. Analysis was based on evaluation of 60 consecutive digitalized images obtained using
a 10X negative phase-contrast objective (Olympus CX 41). At least three different fields were
recorded to ensure that at least 500 spermatozoa were analyzed per sample. Spermatozoa with a VAP
(average velocity) < 15 um/s were considered immotile, while only spermatozoa with a VAP > 35
um/s were considered motile. Spermatozoa deviating <45% from a straight line (STR) were classified
as linearly motile[30]. The percentage of total motility (TM) and progressive motility (PM) (STR>
45% and VAP> 35 pum/s) was calculated in all ejaculates.

2.4 Ultrasound examination of the testes

Firstly, the testes were examined by visual inspection and palpation, and following this they were

evaluated using B-mode ultrasonography. The ultrasound equipment used in this study was a



Mylab™ Seven (Esaote, Spain) with two different probes: 1-8 MHz convex transducer (AC2541®)
and 6-13 MHz linear traducer (SL3323®).

2.4.1 B-mode ultrasound evaluation:

The B-mode ultrasound modality was used to measure the testicular volume (TV: 0.053 x height x
length x width) and calculate the total testicular volume (TTV: TV left+ TV right). Then, the
estimated Daily Sperm Output (DSOe: [0.024 x TTV]- 0.76) was calculated. The spermatogenic
efficiency (DSO per milliliter of testis) was also calculated by dividing the TNS in the ejaculate at
DSO by the total testicular volume(TTV) [11,12,31,32].

2.4.2 Pulse Doppler ultrasound evaluation:

Testicular spectral analysis was carried out according to the method described by Ortiz-Rodriguez et
al [17]. During the examination, the stallions were restrained in stocks and sedated with xylazine (0.5
mg/kg intravenous) immediately prior to performing the testicular blood flow exam[18]. Blood flow
assessment did not take more than 15-20 minutes per stallion.

The Doppler parameters were obtained from the marginal branch of the testicular artery (capsular
artery). The parameters measured in this study were the Peak Systolic Velocity (PSV), End Diastolic
Velocity (EDV), Time Average Maximum Velocity (TAMV). The Resistive Index (RI: PSV-
EDV/PSV) and Pulsatility Index (Pl: PSV-EDV/TAMV) were also automatically calculated by the

ultrasound equipment. A total of four cardiac cycles (waveform) were recorded per testicle.

The diameter of the testicular artery of each testicle was also measured at the epididymal edge of the
testicle, close to the tail of the epididymis (capsular artery (CA))[15,18]. Color Doppler was first
applied to identify the capsular artery. Following this, a longitudinal section of this artery in each

testis was frozen in B-mode to measure the arterial diameter.

2.4.3 Evaluation of ecotexture of the testicular parenchyma

The echotexture of the testicular parenchyma was assessed using B-mode ultrasounography with an
EXAGO® ultrasound machine (ECM, Angouleme, France), connected to a 7.5 MHz linear rectal
probe. Each ultrasound image of the testis in B-mode was later evaluated using a specific image
analysis software (Ecotext®, Humeco, Huesca, Spain). Briefly, three transverse cross sections of the
middle of the testis (cranial to the central vein) were taken per testicle. Three 124-frame videos of
each testicle were recorded and downloaded to a computer for further analysis with Ecotext®.

Lubricant gel was used as a coupling material between the transducer and the scrotum and minimum



pressure was applied to obtain the images. The echographic videos were analysed using algorithms,
selecting a region of interest (ROI) and obtaining the average from the 3 videos for the following
parameters: Ecotext 1 (black pixel), Ecotext 2 (white pixel) and Ecotext 3 (gray pixels). Ecotext
tubular density (density of hypoechogenic areas (density of tubules/cm?), Ecotext tubular area
(percentage of hypoechogenic areas in the total area of the ROI) and Ecotext tubular diameter (mean

diameter of hypoechogenic areas of the lumen of the seminiferous tubules (um)[28]. (Fig. 1)

2.7 Statistical analysis

Statistical analysis was carried out using GraphPad Prism version 9.00 for Mac, La Jolla California
USA, (www.graphpad.com). The data were first examined using a Shapiro-Wilk test and D'Agostino
& Pearson omnibus to test the distribution of the data. A Levene’s test was used to assess the
homogeneity of variances for the variables calculated. Paired t-tests were used with parameters with
a normal distribution and those parameters with a non-Gaussian distribution were assessed with a
Mann Whitney U test. Differences between control and TD stallions were considered statistically
significant with a p <0.05. All data are displayed as mean + SD.

Receiver operating characteristic (ROC) curves and Youden’s J statistics were used to investigate the
value of the proposed variables as indicators of TD and cut-off values were also established. Receiver
operating characteristics (ROC) analyses were used expressing prognostic value as area under curve
(AUC) with a 95% confidence interval (Cl) and significance test.

The correlation between Ecotext parameters and the other parameters evaluated in the study were
investigated using a Pearson and Spearman’s correlation test. Significant correlations were identified

when p < 0.05.

3. Results

3.1 Sperm production

Stallions with TD (induced and acquired) had a lower sperm production at DSO (1891 + 1409 x
10%spz) than stallions with normal testicular functionality (5843 + 1699 x 10%spz) (p < 0.0001).
However, when both groups were analyzed separately, stallions with induced TD had a lower number
of total sperm at DSO than stallions with an acquired testicular inefficiency (1230 = 867 vs 3874 +
215) (p <0.05) (Table 2).

3.2 Sperm motility



Stallions with TD in this study presented values of TM and PM below minimum standard values of
seminal quality recommended by the Society for Theriogenology stallion BSE Manual and the cut-
off values used in our center[8,10,33] (TM: 32.41 £+ 16.89; PM: 16.18 £ 10.82) [34]. Significant
differences were observed between control stallions and stallions with induced TD (TM: 84.79 %
5.61vs51.22 +18.68; PM: 61.30 £ 10.29 vs 12.03 £ 4.04) (» <0.0001) and acquired TD (TM: 84.79
+ 5.61 vs 26.14 + 11.31 ; PM: 61.30 + 10.29 vs 29.44 + 15.40) (Fig.2). Mean values of individual
data for TM, PM and total n° of sperm with PM for each stallion included in the study are showed as

supplementary data.

3.3 B-Mode Ultrasonographic assessment

Expected DSO and TTV were also lower in stallions with TD than in control stallions (DSOe: 2933
+ 2026 vs 5832 + 1650; TTV: 175 £ 80.96 vs 295 + 68.8 ) (p < 0.0001). However, when stallions
were grouped together based on induced and acquired dysfunction, only stallions vaccinated with
Improvac (induced) showed a significant decrease in expected DSO and TTV compared with stallions
with normal testicular functionality (DSOe: 2041 + 1097 vs 5832 + 1650; TTV: 143.4 £ 48.61 vs 295
+68.8) (p <0.0001) (Table 2). Stallions with acquired TD did not show significant differences in
these parameters compared with the control group (Table 2). DSO per milliliter of testis was also
lower in the TD stallion group (10.56 + 5.68) than in stallions with normal testicular functionality
(19.86 * 3.48)(p <0.0001)(table 2). Mean values of individual data for TTV, DSO/ml of the testis,

DSOe and DSOa of each stallion included in the study are shown in the supplementary data.

Testicular artery diameters were significantly smaller in the TD stallion group than in control stallions
(2.22 £0.42 vs 3.02 £ 0.38 mm) (p <0.0001) (Table 3). However, when stallions were divided into
stallions with induced and acquired TD, testicular artery diameters in stallions with acquired testicular

dysfunction did not show significant differences from those of normal stallions (Table 3).
3.4 Evaluation of testicular blood flow

Despite the small size of the testicles of some stallions, all Doppler parameters could be obtained
from the capsular artery in all animals included in the study. Stallions with acquired TD had higher
values for Pl and R1 than stallions with normal testicular functionality (p <0.05) (Table 4). In contrast,
immunized stallions (induced TD) showed a significant decrease in both indices compared with
normal stallions. (Pl: 0.83 £ 0.18 vs 1.15 + 0.24; and RI: 0.51 £ 0.07 vs 0.63 + 0.08) (p < 0.0001)
(Table 3).



Conversely, all Doppler velocities were significantly lower in stallions with TD than in control horses
(p <0.0001) (PSV: 13.58 £ 5.59 vs 21.23 + 6.30; EDV: 5.63 £ 2.05 vs 7.89 + 2.93; TAMV: 7.97 +
3.04 vs 12.02 £ 4.01, (p < 0.0001). However, when a separate assessment was performed in those
horses with TD, differences between normal stallions and stallions with acquired TD were not found
(Figure 4).

3.5 Evaluation of testicular echotexture

Stallions with TD were found to have significantly lower values for Ecotext 1 (2.82 + 3.54 vs 1.65 £
3.09, p <0.05), Ecotext tubular area (5.40 + 1.90 vs 4.07 £ 1.54, p < 0.01) and Ecotext tubular density
(132.1 £ 16.35vs 110.2 = 13.91, p < 0.0001) parameters than control stallions (Figure 5). However,
when stallions with poor semen were subclassified into stallions with induced or acquired testicular
dysfunction, only the later presented significant differences in all Ecotext parameters (Table 5).
Stallions with acquired TD were found to have alterations in all Ecotext parameters compared with
the control group. Ecotext 2 (white pixels) and Ecotext 3 (grey pixels) were significantly increased
in the acquired TD group compared with the control group (Ecotext 2: 1584.0 + 575.8 vs 388 + 368.2
and Ecotext 3: 134.2 £9.26: (p <0.0001). However, Ecotext 1 (black pixels) were increased in control
stallions. Ecotext tubular area, Ecotext tubular diameter and Ecotext tubular density were lower in
stallions with acquired TD than in the control group (p < 0.0001). All mean values and standard
deviations are shown in Table 5 for each group of stallions. Only immunized stallions had lower

values for Ecotext tubular density in relation to controls (» <0.0001).

3.6 Predictive values of Ecotext parameters in the diagnosis of testicular dysfunction in stallions

using ROC curves

Parameters that showed differences between stallions with normal testicular functionality and TD
stallions were further investigated constructing ROC curves and Youden’s J index statistics to
determine their prognostic value as markers of testicular degeneration. Ecotext tubular density was
the best Ecotext parameter to differentiate normal stallions from stallions with TD, with an area under
curve (AUC) of 0.84; p <0.0001. The optimal cut-off value for this parameter was 124.3 seminiferous
tubules/cm?. In general, stallions with TD reliably fell below this cut-off value. Ecotext tubular area
had a lower predictive value (AUC: 0.69; p <0.01).

3.7 Correlation between Ecotext parameters, Doppler parameters, and sperm production

Correlations between Ecotext parameters and the different parameters used in this study were



evaluated using a Pearson’s test and Spearman’s test. (Table 5). Correlations between tubular density
with the other parameters from the study were evaluated using a Pearson’s test. (Table 5). Significant
positive correlations were found between Ecotext tubular density and Doppler indices (PI: 0.52; RI:
0.40 p <0.0001), total testicular volume (0.42; p < 0.05) and sperm motility parameters (TM: 0.49;
and PM: 0.54; p <0.001).

Ecotext 2 (white pixels) (parameter increased in stallions with acquired TD) was correlated with both
Doppler indices (RI (r: 0.53; p <0.01), P1 (r: 0.52; p <0.05)) and Doppler velocities (PSV (r: 0.66; p
<0.001) and TAMV (r: 0.63; p <0.05)). Moreover, negative correlations were observed between this
parameter and spermatogenic efficiency (DSO/ml of the testis: -0.50; p < 0.05). Ecotext tubular area
was negatively correlated with RI (r: -0.65; p < 0.001), Pl (r: -0.69; p < 0.001), PSV (r: -0.70; p <
0.001) and TAMV (r: -0.54; p <0.01). Ecotext tubular diameters was also negatively correlated with
Doppler indices and TAMV (Table 5).

4. Discussion

This study was conducted to investigate whether the use of a specific software for analysis of
testicular echotexture may be a suitable tool for diagnosis of stallions with declining testicular
function in field conditions. Reference values for the six Ecotext parameters were established for the
first time in normal stallions and stallions with induced and acquired TD in the present study. As
would be expected, visual echotexture dissimilarities could not be appreciated in the B-mode images
when they were compared with those from the control stallions. Nevertheless, Ecotext software was
able to identify changes in the testicular echotexture of stallions with testicular inefficiency. These
stallions had lower Ecotext 1(black pixels) (p < 0.05), Ecotext tubular area (percentage of
hypoechogenic areas in the total area of the ROI) (p <0.001) and Ecotext tubular density (density of
hypoechogenic areas (density of tubules/cm?)( p < 0.0001) values than stallions in the control group.
Previous research has indicated that during puberty testicular echogenicity (pixel intensity) increases,
due to the growth and expansion of the seminiferous tubules, Sertoli cell differentiation, increased
seminiferous tubule diameter and lumen size, and rapid development of the population of all germ
cell types that lead to initiation of spermatogenesis [25,26,29,35]. Differences in testicular
echotexture (pixel intensity) have already been described in prepubertal horses in a previous report
[36]. However, in this study the authors did not find differences in echotexture among adult stallions.
This could be because they used different software (Image J program) and the number of adult
stallions analyzed was small and non-pathological, and therefore probably had a very homogeneous
echotexture.



In the present study, when echotexture parameters were evaluated separately in stallions with induced
and acquired TD, we found interesting results. Stallions with acquired TD showed differences in all
Ecotext parameters with respect to the controls. Ecotext 1, Ecotext tubular area, Ecotext tubular
diameter and Ecotext tubular density were lower in these stallions than in controls (p < 0.0001),
despite both groups having similar values of DSOe and TTV. In consensus with our results, previous
research looking at germ cell loss rates showed that it is likely that testicular degeneration is present
in stallions before there is any appreciable reduction in testicular size which is clinically
significant[37]. The stallions included in this group were two geriatric stallions and one stallion with
chronic idiopathic subfertility (all of them with chronic TD). Ecotext parameters are related to
hypoechogenic areas of the testicular parenchyma detected on ultrasonography, not with
histomorphometric parameters obtained from histological sections. However, our results suggest that
it is likely that these stallions were developing a degenerative testicular process with a loss of
testicular architecture and function, since all Ecotext parameters were altered compared to controls.
To date, testicular biopsy is the only accurate technique to confirm a diagnosis of testicular
degeneration [5]. Unfortunately, histopathological studies could not be performed on these stallions
and thus, we cannot confirm it. The most common histological finding in testes with degeneration is
a loss of the normal architecture of the seminiferous epithelium, with a reduced diameter of these
tubules due to a loss of germ cells [1]. In addition, testicular degeneration is also commonly
characterized by increased echogenicity (due to fibrosis) [38]. In accordance with this, the stallions
with acquired TD in our study had also a significant increase in Ecotext 2 (white pixels) and Ecotext
3 (grey pixels) parameters in relation to the control group (Ecotext 2: 1584.0 + 575.8 vs 388 + 368.2
and Ecotext 3: 134.2 £ 9.26: (p < 0.0001), which once again supports our hypothesis.

In contrast, horses with induced TD (Improvac™) only showed a significant reduction in the Ecotext
tubular density (116.2 £ 8.59 vs 132.10 = 16.35, p <0.001), despite the fact that all sperm production
and quality parameters were notably worse in this group. Similarly, to our results, in a recent report,
boars immunized with Improvac also showed a reduction in testicular size and sperm production, but
they did not exhibit differences in the histopathologic parameters such as seminiferous tubule
diameters, tubule area and interstitial area in relation to controls[39]. They only showed Sertoli and
Leydig cell atrophy with reductions in cytoplasmic volume and very few spermatids. The stallions
with induced TD were vaccinated within a timeframe of 2-8 months before the study, and although
we could not obtain previous data from these stallions, all of them had a significant decrease in all
parameters evaluated in relation to control stallions. Therefore, a possible explanation for our results
is that immunized stallions experience a transient and acute loss of testicular functionality due to a

reduction in testosterone production. However, the architecture of the testicular parenchyma may not



be affected since differences in Ecotext parameters with control stallions were not detected.
Moreover, several studies have demonstrated that the effect of immunization against gonadotrophin
releasing hormone (GnRH) is reversible [40,41] . Therefore, it is probably that GhnRH immunization
only temporarily affects testicular function and not the architecture of the seminiferous tubules. This
finding suggest that Ecotext may be a suitable tool to identify immunized stallions from those with
acquired chronic TD. However, additional studies with a greater number of animals would be

necessary.

Pulse Doppler ultrasound is a suitable tool for the diagnosis of testicular dysfunction in equines since
a proper vascular perfusion is necessary for adequate functionality of the testis. Recent studies have
demonstrated that evaluation of vascularization of the testis has been used as a predictor of
spermatogenesis and as an indicator of testicular dysfunction[16,42,43]. Moreover, males with TD
show an increase in Doppler indices due to higher vascular resistance in the vessels[16,17,44]. To the
contrary, we did not find significant differences in any Doppler parameters (Doppler indices and
velocities) obtained from stallions with TD in relation to control stallions. Moreover, stallions with
TD presented a non-significant decrease in the values of both Doppler indexes (Pl and RI).
Nevertheless, when we analyzed Doppler parameters in stallions with induced and acquired TD
separately, we observed completely different results in both groups. Pulsed Doppler ultrasound
revealed a lower vascular supply in the testicles with an acquired TD, characterized by an increase in
Doppler indices (PI: 1.83 £ 0.17 vs 1.15 £ 0.24; RI: 0.78 £ 0.03 vs 0.63 £ 0.08, p < 0.0001) compared
with the control group. Instead, the stallions with induced TD had lower Doppler indices (PI: 0.83 +
0.18vs 1.15+0.24; R1: 0.51 £ 0.07 vs 0.63 £ 0.08, p < 0.0001) than controls. Unfortunately, we were
unable to record Doppler indices and obtain data from immunized stallions prior to the administration
of the vaccine. Therefore, we cannot determine whether these stallions already had lower Doppler
indices before immunization or whether anti-GnRH immunization and its hormonal effects may cause
any changes to testicular blood flow. Therefore, more studies are needed to verify these findings. In
this study, interesting correlations were also found among Ecotext and Doppler parameters in stallions
with TD. Positive correlations were found between Ecotext 2 and Ecotext 3 (parameter increased in
stallions with acquired TD) and Doppler indices (Pl and RI) and Doppler velocities (PSV and
TAMV). In addition, negative correlations were observed between Ecotext 2 (white pixels) and

spermatogenic efficiency (DSO/ml of testis: -0.50; p < 0.05).

Another interesting finding in this study was that stallions with induced TD presented smaller
testicular artery diameters compared with healthy stallions (2.05 £ 0.32 vs 3.02 £ 0.38 mm; p <

0.0001). However, we did not detect differences in testicular artery diameters between acquired TD



stallions and the control group. A possible cause of this is that the TTV in immunized stallions was
significantly reduced, unlike in the group of stallions with acquired TD. In addition, the reduced
number of animals included in the group with acquired TD was also taken into account. Several
studies have observed that the testicular artery diameter can be affected by different factors such as
the season, pentoxifylline or TD[16,18,45,46]. However, findings from our study suggested that the
larger the testicular size, the greater the vascular requirements are likely to be since only stallions

with a significant reduction in testicular volume had a significantly smaller testicular artery diameter.

The parameters that presented the best prognostic values, using the area under the ROC curve, for
differentiation from stallions with normal testicular function from those with TD were Ecotext tubular
density (AUC values of 0.84; p < 0.0001) and Ecotext tubular area (AUC values of 0.69; p < 0.05).
According to this statistical method, Ecotext tubular density is a “good indicator” for the diagnosis
of stallions with testicular dysfunction. The optimal cut-off value of tubular density to diagnose horses
with TD was 124.3 seminiferous tubules/cm?. In general, stallions with testicular dysfunction reliably
fell below this cut-off value. Interestingly, Ecotext tubular density presented a high correlation with
sperm production (DSOr: 0.51; p <0.05) and sperm motility (TM: 0.51, PM: 0.54 p <0.05). All these
results strongly suggest that the computer-assisted pixel analysis of testicular ultrasonograms could

be a good predictor of testicular functionality.

Ecotext may be a helpful tool for the diagnosis of stallions with TD. These results also open the
possibility for new research focused on identifying the relationship between Ecotext parameters and

histomorphometric characteristics in stallion testes.

Conclusion

Ecotext software is a simple and fast method of analysis that could enhance the diagnostic power of
testicular ultrasonography in clinical practice and provide a non-invasive diagnosis of testicular
dysfunction in stallions. Ecotext was able to identify changes in the testicular echotexture in stallions
with TD in relation to controls. Moreover, this technique may be a suitable tool to identify vaccinated
stallions from those with acquired chronic TD. The Ecotext image analysis software has a promising
future as a non-invasive diagnostic technique for testicular pathologies, in view of this initial research,

further studies involving more animals are warranted.
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Tables

individual stallions included in the study.

Stallion Breed Weight Motive for consultation
Stallion 1 10 Arabian 380 kg Breeder
Stallion 2 11 Pure Spanish Horse 420 kg Breeder
Stallion 3 8 Pure Spanish Horse 580 kg Breeder
Stallion 4 6 Pure Spanish Horse 620 kg Freezing semen
Stallion 5 12 Pure Spanish Horse 530 kg Freezing semen
Stallion 6 12 Anglo arabian 520 kg Breeder
Stallion 7 11 Pure Spanish Horse 490 kg Breeder
Stallion 8 8 Pure Spanish Horse 540 kg Freezing semen
Stallion 9 9 Anglo arabian 430 kg Breeder
. . Stallion 10 4 Pure Spanish Horse 350 kg Pre-purchase reproductive examination
Normal testicular function . d R
{control) Stall!on 11 5 Spanish {\rablan 410 kg Breeder
Stallion 12 5 Pure Spanish Horse 510 kg Breeder
Stallion 13 4 Pure Spanish Horse 490 kg Breeder
Stallion 14 15 Pure Spanish Horse 630 kg Freezing semen
Stallion 15 18 Pure Spanish Horse 420 kg Breeder
Stallion 16 6 Pure Spanish Horse 450 kg Pre-purchase reproductive examination
Stallion 17 12 Pure Spanish Horse 590 kg Pre-purchase reproductive examination
Stallion 18 7 Pure Spanish Horse 460 kg Pre-purchase reproductive examination
Stallion 19 13 Pure Spanish Horse 600 kg Pre-purchase reproductive examination
Stallion 20 6 Pure Spanish Horse 470 kg Freezing semen
Stallion 21 12 Pure Spanish Horse 590 kg Freezing semen
Subfertile stallion 1 2 Pure Spanish Horse 430kg Acute transient problem (2 months from first immunization with
Improvac)
Subfertile stallion 2 A e e (e 460kg Acute transient problem (2 months from first immunization with
Improvac)
Subfertile stallion 3 5 Spanish Arabian 420kg Acute transient problem (2 months from first immunization with
Improvac)
subfertile stallion 4 a RS e 410 kg Acute transient problem (2 months from first immunization with
Improvac)
Induced testicular dysfunction  Subfertile stallion 5 4 Pure Spanish Horse 450 kg Acute transient problem (3 Irr:‘;rrttch)mm first immunization with
Subfertile stallion 6 5 Aot 410kg Acute transient problem (4 months from first immunization with
Improvac)
Subfertile stallion 7 2 Pure Spanish Horse 500 kg Acute transient problem (6 months from first immunization with
Improvac)
subfertile stallion 8 6 Pure Spanish Horse 450kg Acute transient problem (6 months from first immunization with
Improvac)
Subfertile stallion 9 " Pure Spanish Horse 470kg Acute transient problem (8 months from first immunization with
Improvac)
Acquired testicular Subfertile stallion 10 8 Pure Spanish Horse 520 kg Idiopathic chronic problem (poor semen quality from 3 years ago)
dysfunction Subfertile stallion 11 18 Pure Spanish Horse 490 kg Aging (poor semen quality from 1 years ago)
Subfertile stallion 12 19 Spanish Sport Horse 450 kg Aging (poor semen guality from 2 years ago)

TABLE 1: Summary table with data including age, breed, weight, and motive for consultation of



Control stallions TD stallions Induced TD Acquired TD

Sperm (induced + acquired) stallions stallions
production i o o o
Mean + SD Imum-— prean + SD mimum-— g rean + 5D mimum- tean + SD inimum-
maximum maximum maximum maximum

DSOa (x 10° spz) 5843 +1699° 4129-10505 1891 +1409° 398-4110 1230+ 867°° 308-2868 3874 +215% 3687-4110
DSOe (x 10° spz) 5832 £ 1650° 3549-10560 2933 +2026° 694-7720 2041+1097° 694-3996 5612 + 1849 4264-7720

TTV (cm3) 295+68.772  200-492 175+80.96% 81-374 143.4 +48.61° 81-228 272.3+88.93 209-374

DSO/ml of testis ;g . 3 45

14.65-27.8 10.56 +5.680 2.09-18.31 9.00 £5.28» 2.09-16.67 15.24 +4.68¢ 9.85-18.31
(x106 spz/ml )

TABLE 2: Measurement of actual Daily Sperm Output (DSOa), expected Daily Sperm Output
(DSOe), total testicular volume (TTV) and spermatogenic efficiency (total n° of sperm at DSO/ml of
the testis) in control stallions (stallions with normal testicular functionality and acceptable semen
characteristics), stallions with testicular dysfunction (TD stallions (induced and acquired)), induced
testicular dysfunction stallions (Induced TD stallions)(stallions immunized with anti-GnRH vaccine
and with acute TD) and acquired testicular dysfunction stallions (acquired chronic TD stallions) .
Values are presented as mean +standard deviation of the mean (SD) and minimum and
maximum. DSO were expressed in millions of spermatozoa and TTV was expressed in cm?® and
spermatogenic efficiency was expressed in millions of spermatozoa per ml of testis. Values with
different superscripts differ between groups (a, b; p <0.0001; a,c; p <0.001; a, d; p <0.05; ¢, f; p <
0.05).

Control . Induced TD  Acquired TD
. TD stallions . .
stallions stallions stallions
A’ter‘::r':)m‘*te" 3.02+0.38° 2.22+0.42° 2.05+0.32 2.74+0.18
Pl 1.15+0.24° 1.08+ 0.48 0.83 +0.18" 1.58 + 0.41°
RI 0.63+0.082 0.58+0.14 0.51+0.07° 0.78 £ 0.03"

TABLE 3: Testicular artery diameters and Doppler indexes (PI: pulsatility index and RE: resistive
index) obtained in controls stallions, stallions with testicular dysfunction (TD), stallions with induced
TD (immunized with Improvac) and acquired TD stallions (mean values + standard deviation (SD).
Values with different superscripts differ between groups (a, b; p < 0.001).



Ecotext

Control stallions

Induce TD stallions

Acquire TD stallions

pa rameters Mean + SD Mean + 5D Mean + 5D
Ecotext 1 2.82+2.52° 217 +3.44 0.110.17°
Ecotext 2 388.00 * 368.2° 320.9+£359.7 1584.0 + 575.8°
Ecotext 3 109.50 * 9.56° 106.8 + 11.62 134.2 + 9.26°
Tubular Density 132.10 + 16.35° 116.2 + 8.59" 92.35 + 11.24°
Tubular Diameter 86.93 * 10.65° 86.77 £9.47 65.66 * 6.27°
Tubular Area 5.40 £ 1.90° 471+1.17 2.1410.59"

TABLE 4: Ecotext parameters obtained in control stallion, induced testicular dysfunction (TD)
stallions (horses immunized with Improvac) and acquired testicular dysfunction (TD) stallions (mean
values + standard deviation (SD)): Ecotext 1 (black pixels), Ecotext 2 (white pixels) and Ecotext 3
(gray pixels). Tubular density (density of hypoechogenic areas (density of tubules/cm?), tubular area
(percentage of hypoechogenic areas in the total area of the ROI) and tubular diameter (mean diameter
of hypoechogenic areas (um)). Values with different superscripts differ between groups (a, b; p <
0.001; a,c; p <0.05).

Arterial DSO/ml

Correlations . Pl RI PSV  TAMV . ™ PM DSOa DSOe
diameter testis
ECOTEXT 1 -0.57**  -0.54** -0.47* -0.44*
ECOTEXT 2 0.53**  0.52** 0.66%** 0.63** -0.50*
ECOTEXT 3 0.62**  0.59** 0.56*
Tubular density 0.44*  -0.60*** -0.47** -0.43* 0.48**  0.51** 0.54** 0.51** 0.44%*
Tubular area -0.69*** -0.65%** -0.70*** -0.54** -0.41*
Tubular diameter -0.68*** -0.63*** -0.52**

TABLE 5: Correlation obtained by Spearman’s test between Ecotext parameters and those from the
Doppler evaluation, seminal characteristics, and sperm production. PI: pulsatility index, RI: resistive
index, PSV: Peak systolic velocity; TAMV: Time average maximum velocity, spermatogenic
efficiency (Daily sperm output (DSO)/ml of the testis), TTV: total testicular volume, TM: Total
motility, PM: progressive motility, DSOa: actual daily sperm output and DSOe: expected daily sperm
output.* p <0.05, **p <0.001, ***p <0.001 and ****p <0.0001
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FIGURE 1: Screen capture of ECOTEXT software, showing the analysis of the left testicle of a
stallion. To the left, a frame from a raw ultrasound video, with the area of the parenchyma analyzed
(yellow square). To the right, a scaled image of the area analyzed (top) and another image with a

binary mask of the hypoechogenic areas (bottom).
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FIGURE 2: Graphs showing sperm motility (TM: total motility and PM: progressive motility) in
control stallions, induced testicular dysfunction (TD) stallions and acquired testicular dysfunction
(TD) stallions groups. Data for sperm motility and progressive motility are shown in a scatter plot

(mean with standard deviation). The data are expressed in percentages (****; p < 0.0001; *; p <

0.05).
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FIGURE 3: Doppler velocity parameters (PSV: peak systolic velocity, EDV: end diastolic velocity
and TAMV: time average maximum velocity) from control stallions, induced testicular dysfunction
(TD) stallions and acquired testicular dysfunction (TD) stallions are shown in a violin plot (mean
with standard deviation). The values are expressed in cm/second. Differences between controls and
induced TD group were ****: p <0.0001 and ***; p <0.001.
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FIGURE 4: Ecotext parameters (Ecotext 1(black pixels), Ecotext 2(white pixels), Ecotext 3(grey
pixels), Ecotext tubular area (percentage of hypoechogenic areas), Ecotext tubular diameter
(micrometers)and Ecotext tubular density (density of hypoechogenic areas/cm?) from control
stallions and testicular dysfunction (TD) stallions are shown in a violin plot (mean with standard

deviation). Differences between both groups were ****: p <0.0001, **; p <0.01 and *; p <0.05.
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FIGURE 5: Receiver operating characteristic (ROC) curves for the tubular density and tubular area.

AUC: Area under the curve. Cut-off value calculated with Youden's J statistics.

Appendix A. Supplementary data

The following is the supplementary data to this article:

o
Groups Stallion TTV (ml) DSO/ml testis DSOe DSOa TM (%) PM (%) N P'I":tal
Stallion 1 236 18,15 4401 4283 87 71 3041,17
Stallion 2 301 15,75 5968 4740 91 75 3555,00
Stallion 3 284 18,48 5545 5249 82 43 2256,93
Stallion 4 269 17,63 5193 4744 94 70 332057
Stallion 5 274 15,07 5310 4129 72 49 2023,05
Stallion 6 273 17,79 5291 4857 92 79 3837,29
Stallion 7 383 14,65 7926 5609 80 61 3421,69
Stallion 8 319 15,54 6387 4956 83 70 3469,43
Stallion 9 263 22,28 5047 5859 83 72 4218,48
Norial teiticular Stallion 10 234 18,16 4351 4249 93 64 2719,57
; Stallion 11 298 18,53 5902 5522 89 65 3589,08
function Stallion 12 271 20,18 5255 5468 83 65 3554,42
Stallion 13 366 19,63 7513 7186 78 48 344928
Stallion 14 200 27,81 3549 5561 88 60 3336,80
Stallion 15 284 19,79 5552 5621 89 71 3990,91
Stallion 16 201 21,51 3564 4323 85 62 2680,47
Stallion 17 314 2237 6272 7024 77 55 3863,38
Stallion 18 268 22,71 5175 5087 86 ) 3591,13
Stallion 19 405 24,48 8466 9915 86 51 5056,48
Stallion 20 271 2518 5245 6823 82 45 3070,50
Stallion 21 492 21,35 10560 10505 80 52 5462,77
Subfertile stallion 1 172 16,67 3368 2868 20 10 298 27
Subfertile stallion 2 198 11,36 3996 2249 25 13 283,96
Subfertile stallion 3 108 12,38 1503 1337 51 19 254,20
Induced testicular |Subfertile stallion 4 106 12,18 1991 1291 34 16 209,09
Subfertile stallion 5 110 12,60 1802 1386 19 8 113,19
dysfunction Subfertile stallion 6 81 7,99 694 647 18 8 51,76
Subfertile stallion 7 228 2,09 2493 477 13 7 35,46
subfertile stallion 8 156 2,55 1402 398 30 15 50,83
Subfertile stallion 9 132 316 2400 417 27 11 47,50



