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Abstract: Histopathology of testicular tissue is considered to be the most sensitive tool to detect adverse effects on male reproduction.
When assessing tissue damage, seminiferous epithelium needs to be classiﬁed into different stages to detect certain cell damages; but
stage identiﬁcation is a demanding task. The authors present a method to identify the 12 stages in mink testicular tissue. The staging
system uses Gata-4 immunohistochemistry to visualize acrosome development and proved to be both intraobserver-reproducible and
interobserver-reproducible with a substantial agreement of 83.6% (kappa ¼ 0.81) and 70.5% (kappa ¼ 0.67), respectively. To further
advance and objectify this method, they present a computerized staging system that identiﬁes these 12 stages. This program has an
agreement of 52.8% (kappa 0.47) with the consensus staging by 2 investigators. The authors propose a pooling of the stages into 5 groups
based on morphology, stage transition, and toxicologically important endpoints. The computerized program then reached a substantial
agreement of 76.7% (kappa ¼ 0.69). The computerized staging tool uses local ternary patterns to describe the texture of the tubules and a
support vector machine classiﬁer to learn which textures correspond to which stages. The results have the potential to modernize the
tedious staging process required in toxicological evaluation of testicular tissue, especially if combined with whole-slide imaging and
automated tubular segmentation. Environ Toxicol Chem 2017;36:156–164. # 2016 The Authors. Environmental Toxicology and
Chemistry Published by Wiley Periodicals, Inc. on behalf of SETAC.
Keywords: Male reproductive toxicology
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Studying hundreds of images of tissue manually is very timeconsuming. Staging of testicular tissue also requires years of
experience and is a subjective analysis. Computer-aided
quantitative histomorphometric analysis is an emerging ﬁeld
that uses powerful computing to identify, characterize, and
quantify histological features of tissue in a way that complements human evaluation. In the present study, we used image
analysis techniques on microscopic images of testicular tissue
from mink (Neovision vison). Mink is a semiaquatic top
predator that accumulates certain chemicals and is sensitive to
their toxic effects. It has therefore been suggested as a suitable
sentinel species in environmental monitoring of endocrine
disruptive chemicals [5,6]. Laboratory animals are widely used
to detect adverse effects by single chemicals. But using wild
animals such as the mink gives a better real-life picture of how
the complex mixture of chemicals in the environment affects
reproduction. The latest report on endocrine disruption from the
World Health Organization [1] underlines the importance of
studying how the chemical cocktail in the environment disturbs
reproduction in humans and wildlife and urges more investigation. To assess how mink reproduction is affected, as a model for
both human and wildlife reproduction, there is a need for valid
and reliable methods to analyze mink testicular tissue.
Periodic acid-Schiff has traditionally been used to stain the
acrosomes purple to facilitate the staging. However, periodic
acid-Schiff staining differs between species [7] and cannot be
used when developing a computerized method because of
poor color contrast. An alternative stain has been suggested by
McClusky et al. [8], who proposed immunolocalization of
Gata-4 in rat testis to mark acrosomes and facilitate staging.
Gata-4 has been evaluated in mice, human, pig, mink, and rat,
where it is expressed in Sertoli and Leydig cells in the testis

INTRODUCTION

In recent decades, there has been a growing concern for the
increased frequency of reproductive disturbances seen in both
nonhuman animals and humans. Evidence has accumulated over
the years that the disturbances are linked to environmental
pollutants that can disrupt the action of reproductive
hormones [1]. To detect adverse effects on male reproduction,
histopathology of testicular tissue has been considered the most
sensitive tool [2]. Testicular tissue is a complex structure with
seminiferous tubules where the cells differentiate from
primitive germ cells to spermatozoa. The germ cells pass
through a number of different steps during differentiation.
These steps are combined in 12 stages in the cycle of the
seminiferous epithelium in the mink, deﬁned in detail by
Pelletier [3]. The Society of Toxicological Pathology recommends classifying the testicular epithelium into stages when
assessing tissue damage, because this helps to determine if the
dynamics in the spermatogenic cycle have been disturbed [2]. If
a toxicant affects the testis, it might lead to a new combination of
the cells in a speciﬁc stage. For example, a particular cell type
can be missing or an inappropriate cell type can be present in a
certain stage as a result of exposure to a cytotoxic agent [4].
These changes may be the single morphological sign of toxic
damage and can only be detected by staging [4].
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through adulthood [8–10]. McClusky et al. [8] showed that a
speciﬁc polyclonal Gata-4 antibody stained the developing
acrosome in rat very clearly, with a signiﬁcant contrast between
the stained acrosome in brown and the counterstained nuclei in
blue, which is needed for a computerized staging method.
Generally, a scoring method in histopathology should be
reproducible [11,12]. The aim of the present study was 2-fold:
ﬁrst, to describe a staging method in mink based on the
deﬁnition by Pelletier [3], using Gata-4 to visualize the
development of the acrosome, and to test the reproducibility
of this method; and second, to design and validate a
computerized system that automates this staging. Our goal
with the computerized system is to provide an objective tool for
the assessment of a large number of testicular sections, which
can, ultimately, be adjusted to function for the analysis of tissue
also from other species.
MATERIALS AND METHODS

Animals and dissection

Five healthy, sexually mature minks were collected at the
annual culling on a mink farm. No ethical approval was required
because of the use of routinely culled mink from a fur farm. The
commercial fur farm approved the use of the mink for the study.
Transverse tissue slices (approximately 2 mm thick) were cut
from the left testis post mortem and ﬁxed in modiﬁed
Davidson’s ﬂuid for 24 h at 4 8C. Modiﬁed Davidson’s ﬂuid
has been suggested as a superior substitute to Bouin’s [13] and is
recommended by the Society of Toxicological Pathology [2].
The modiﬁed Davidson’s ﬂuid consists of 30% of 37% to 40%
formaldehyde, 15% ethanol, 5% glacial acid, and 50% distilled
water [13]. After rinsing in phosphate buffer, tissue slices were
trimmed, followed by dehydration in increasing concentrations
of ethanol. Samples were then embedded in parafﬁn wax.
Immunohistochemistry

Immunohistochemical localization of Gata-4 was investigated in sections from all 5 mink. Parafﬁn-embedded tissues
were cut into 4-mm–thick sections and mounted on Superfrost
Plus Gold slides (Menzel-Glaser). The slides were deparafﬁnized in xylene, rehydrated in a graded series of ethanol, and
rinsed with phosphate-buffered saline (PBS). Antigen retrieval
was achieved by submerging the slides in 0.01 M sodium citric
buffer (pH 6.0), followed by pressure-heating for 20 min in a
pressure boiler (21100 Retriever; Histolab Products). After
cooling and rinsing in PBS, the endogenous peroxidase activity
was blocked using 0.3% hydrogen peroxide diluted in methanol.
Immunolocalization of Gata-4 antibody was identiﬁed using the
ImmunoCruz goat ABC Staining System (sc-2023; Santa Cruz
Biotechnology). In brief, tissue sections were treated with
blocking goat serum for 30 min, and excess serum was blotted
from the slides. Gata-4 (sc-1237; Santa Cruz Biotechnology)
antibody was diluted 1:50, and the sections were incubated in
the dark for 20 h at 4 8C. The sections were rinsed with PBS
between each of the subsequent steps. Secondary antibody
(donkey antigoat, sc-2023; Santa Cruz Biotechnology) was
applied to each section and incubated for 30 min, followed by
AB enzyme reagent for 30 min. Immunoreactivity was visualized using 3,30 -diaminobenzine tetrahydrochloride (DAB Safe;
Saveen Biotech), to which H2O2 was added to visualize the
bound enzyme activity as a brown color. Sections were ﬁnally
rinsed in H2O, dehydrated, and mounted with Pertex. Negative
controls were run by excluding the primary antibody and by
replacing the primary antibody with nonimmune serum from
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goat (goat immunoglobulin G Sc-2028; Santa Cruz Biotechnology). The slides were counterstained with hematoxylin for 10 s.
Imaging

Digital images of the sections were taken with a Nikon
Eclipse 50i microscope and Nikon Digital Sight DS-2M camera,
using the 20 objective lens. Images were stored as
uncompressed TIFF ﬁles, at 1200  900 pixels and 0.4 mm
per pixel, as red–green–blue images with 8 bits per channel. A
total of 545 tubules were imaged (140, 93, 93, 93, and 126 from
each mink, respectively) in 188 ﬁelds of view.
Manual staging

Two trained investigators (E. Spörndly-Nees and E. Ekstedt)
staged the seminiferous tubules in the images collected 2 times
each. After their individual staging, they discussed all tubules
until a consensus staging was obtained. The A through E staging
was obtained from the consensus staging by mapping each of the
12 original stages to the corresponding A through E stage.
Computerized staging

Tubules presented to the computerized staging tool, in the
form of digital images, had to be delineated ﬁrst. A few methods
exist that attempt to delineate tubules automatically [14,15]; but
for the purposes of the present study, we chose to use a
semiautomatic approach that, with quick user intervention,
produced a more consistent result than any known automatic
method [10]. This approach is based on the Livewire
algorithm [16,17] and allowed the user to delineate a tubule
very precisely with only a few clicks.
The computerized staging tool described the Golgi shapes
visible within each tubule using rotation invariant improved
local ternary patterns [18,19]. The improved local ternary
pattern was computed using the red channel of the red–green–
blue color images, by sampling 8 points in a circle of radius
4 pixels (chosen based on the size of nuclei) and using a
threshold of t ¼ 5. Binary codes were grouped if they could be
circularly shifted to the same code. The co-occurrences within
rotation groups were Fourier-transformed, and one-half of the
power spectrum was used as the feature vector [20]. Finally, a
soft linear support vector machine classiﬁer [21,22] was able to
distinguish the stage of a tubule given its feature vector. The
support vector machine was trained on a given set of tubules
with known stages. The slack variable was optimized using a
grid search.
Ten-fold cross-validation [23] was used to assess the
program’s accuracy: the set of tubules was randomly divided
into 10 groups of equal size and stage frequencies. Nine groups
were used to optimize the slack variable and train the classiﬁer,
and the 10th group was used to assess the classiﬁcation result.
The training was repeated 10 times, such that each of the groups
was used once for assessment. The stage assigned to each tubule
during assessment was that recorded for the confusion matrix
and other statistics.
Statistics

We present intraobserver and interobserver agreement as
confusion matrices, which give insight into which stages are
more frequently confused. These matrices are constructed by
taking the 2 stages assigned to each tubule (through 2 different
processes, e.g., by 2 different investigators) and using them as a
row and column index into a matrix. This matrix element is then
increased by 1. The result is a number, Ci,j, at each matrix
element (i, j) that indicates how many tubules were assigned
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stage i by the ﬁrst process and stage j by the second. For display,
each row is normalized to 100, and the numbers are rounded.
This normalization converts the absolute number of tubules into
a relative percentage of tubules, which can then more easily be
compared across experiments.
The confusion matrices, C, are also summarized into
descriptive statistics before the normalization of the rows. We
computed the agreement (accuracy [a])
a¼
where N ¼

P
i;j

1P
Ci;i
N i

ð1Þ

Ci;j , and Cohen’s weighted kappa (K) [24]
1
N

X
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Cohen’s weighted kappa yields the standard, unweighted
Cohen’s kappa. We also used the weights
8
>
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>
:
0;
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to reduce the penalty when disagreement was between
consecutive stages. Note the modulo operation in this last
expression, which we used because stages I and XII are to be
considered consecutive. In the Discussion section, we translate
kappa values to degrees of agreement following Viera and
Garrett [25] and Watson and Petrie [11].
RESULTS

Manual staging in 12 stages

Twelve stages in mink testicular tissue are described by
Pelletier [3] and were adjusted in the present study to light
microscopic evaluation using immunohistochemistry for Gata-4
as described. The 12 stages were based on morphologic
evaluation of the polyclonal Gata-4 antibody staining the
acrosome dark brown and highlighting differences in the shape
of the developing acrosome. The morphology (chromatin
appearance and tail), orientation, and position of the round
and elongated spermatids were studied. The amount of
cytoplasm from the elongated spermatids lining the lumen of
the seminiferous epithelium was also observed. In stages I to VII
(Figures 1 and 2A), 2 layers of spermatids were seen; and after
spermiation in stage VII (Figure 2A), only 1 layer of elongated
spermatids was present in stages VIII to XII (Figure 2B–F).
Stage I (Figure 1A). The Golgi complex formed acrosome
vesicles, marked with brown stain and located next to the
nucleus of the round spermatid (arrow and insert). At the same
time, the acrosome of the elongated spermatids was clearly
stained for Gata-4, and the head had an ellipsoidal shape, which
made it easy to identify (arrowhead). Cytoplasm from the
elongated spermatids occupied the border of the seminiferous
lumen (star).

Stage II (Figure 1B). The acrosome vesicles were more
clearly stained with Gata-4 and could be seen as a pronounced
brown dot at the nuclear membrane pole of the round spermatid
in Golgi phase (arrow and insert). The elongated spermatids
started to lose their ellipsoid shape and became ﬂatter and
thinner (arrowhead). Cytoplasm from the elongated spermatids
occupied the border of the seminiferous lumen (star).
Stage III (Figure 1C). The acrosome vesicles at the nuclei of
the round spermatids were more heavily marked with brown
stain (arrow and insert). The acrosome made contact with the
nucleus and caused a transient impression. At the same time, the
head of the elongated spermatids changed from ellipsoid to
more slender, which made them much less visible (arrowhead).
An increased amount of cytoplasm from the elongated
spermatids occupied the border of the seminiferous lumen
(star).
Stage IV (Figure 1D). At this stage, the stained acrosome
became more ﬂattened and started to spread further over the
nucleus of the round spermatid (arrow and insert), and the small
impression disappeared. The round spermatid now entered early
cap phase. The elongated spermatids were thin and slender and
therefore less visible (arrowhead). An increased amount of
cytoplasm from the elongated spermatids occupied the border of
the seminiferous lumen (star).
Stage V (Figure 1E). The spermatids were in cap phase, and
the Gata-4–stained acrosome continued to spread and covered
approximately one-third of the nucleus of the round spermatid
(arrow and insert). The elongated spermatids were slender and
less visible. The border lumen of the seminiferous tubule was
still occupied by cytoplasm from the elongated spermatid (star).
Stage VI (Figure 1F). The acrosome of the round spermatids
showed strong staining and now covered approximately onehalf of the nucleus (arrow and insert). The elongated spermatids
had started to back out toward the lumen, and some tails were
clearly visible in the lumen (arrowhead). The cytoplasm lining
the lumen was absorbed by the Sertoli cells.
Stage VII (Figure 2A). The acrosome covered more than
one-half of the nucleus of the round spermatids in late cap phase,
and the acrosomes were intensely stained (arrow and insert).
Elongated spermatids ready to leave line the border of the
seminiferous lumen (arrowhead).
Stage VIII (Figure 2B). The transition from cap phase to
acrosome phase was characterized by movement and reorientation of the spermatid nucleus and acrosome toward the basement
membrane (arrow and insert). The elongated mature spermatids
had left, and the lumen of the seminiferous tubule was empty.
Stage IX (Figure 2C). Round spermatids entered acrosome
phase and started to spire. Elongation and ﬂattening of the
nucleus of the round spermatid was seen, and the stained
acrosome proceeded into a pear shape (arrow and insert). The
spermatid rostral pole pointed toward the basement membrane.
Stage X (Figure 2D). The spermatids were more tapered and
narrow and had a conical shape. Progressive chromatin
condensation appeared at the rostral pole of the nucleus and
all along the nuclear membrane (arrow and insert). The
elongated spermatids were directed toward the basement
membrane. They stared to cluster and move toward the
basement membrane.
Stage XI (Figure 2E). The spermatids were further
elongated and tapered. The acrosome had a conical shape,
and the rostral end of the elongated spermatid appeared dropshaped (arrow and insert). The chromatin condensation
proceeded during the differentiation of the elongated spermatid.
Elongated spermatids were directed toward the basement
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Figures 1. Stages I to VI in mink seminiferous tubules showing Gata-4 immunolabeled acrosome development as brown staining. Round spermatids are seen in
Golgi phase at stages I to III (A–C), and the acrosome vesicles are seen as a brown dot (arrow). The round spermatids then enter the cap phase in stages IV to VII,
and the acrosomes are seen as u-shaped brown structures (D–F, arrow; see Figure 2A for stage VII), followed by a release of the elongated spermatids into the
lumen at stage VIII (see Figure 2B). The arrow indicates the acrosome development in the round spermatocyte, and the arrowhead shows the acrosome in the
elongated spermatids. Weak hematoxylin counterstain, bar ¼ 50 mm. Insets show spermatids in stages I to VI, bar ¼ 5 mm.

membrane. They clustered toward the basement membrane even
more.
Stage XII (Figure 2F). The spermatids were now more
slender with an ellipsoid shape (arrow and insert), and the rostral
poles were pointed. There was meiotic division of primary
spermatocytes to secondary spermatocytes, and meiotic ﬁgures
were present (red arrow).
In total, 545 tubules were staged manually by 2 investigators
(E. Spörndly-Nees and E. Ekstedt), using the critera described;
each investigator staged all tubules twice. Next, the 2 investigators examined all cases and obtained a consensus staging for
each tubule. The 12 stages were distributed in the 5 mink, as
seen in Table 1.
From the 4 independent stagings, 2 from each investigator,
we determined intraobserver and interobserver agreement. The
confusion matrix for intraobserver agreement (Figure 3) was
computed by averaging together the confusion matrices for the 2
investigators. Agreement was 83.6%, Cohen’s kappa was 0.81,
and Cohen’s weighted kappa [24] was 0.89 (Table 2). Cohen’s
weighted kappa counts an error between consecutive stages
as half an error; note that stages I and XII are considered
consecutive.

The confusion matrix for interobserver agreement (Figure 4)
was computed by averaging together 4 confusion matrices; each
compared 1 of the stagings to the consensus staging. Agreement
was 70.5%, Cohen’s kappa was 0.67, and Cohen’s weighted
kappa was 0.80 (Table 2).
Computerized staging of 12 stages

The computerized staging tool was applied on the same 545
seminiferous tubules. These tubules were randomly divided into
10 equal-sized groups, such that each group had the same
proportion of stages as the whole set. The program was trained
using 9 groups, using the consensus staging, and then used to
stage the 10th group. This training was repeated 10 times,
using different combinations of groups, such that each of the
10 groups was staged once by the program. This staging was
summarized in a confusion matrix (Figure 5). Agreement was
52.8%, Cohen’s kappa was 0.47, and Cohen’s weighted kappa
was 0.61 (Table 2).
Pooling stages into 5 groups based on morphology (A–E)

The 12 stages described were pooled in 5 groups according to
morphologic criteria based on the formation of the acrosome in
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Figure 2. Stages VII to XII in mink seminiferous tubules showing Gata-4 immunolabeled acrosome development as brown staining. The round spermatids enter
the cap phase in stages IV to VII, and the acrosomes are seen as u-shaped brown structures (A, arrow; see Figure 1D–F for stages IV, V, and VI), followed by a
release of the elongated spermatids into the lumen at stage VIII (B). In stages VIII to XII, a new generation of elongated spermatids is seen in acrosome phase, and
the acrosomes are seen as a brown-stained, pear-shaped to elongated structures (B–F, arrow). The arrow indicates the acrosome development in the round
spermatocyte, the arrowhead shows the acrosome in the elongated spermatids, and the red arrow shows the meiotic ﬁgure. Weak hematoxylin counterstain,
bar ¼ 50 mm. Insets show spermatids in stages VII to XII, bar ¼ 5 mm.

the round spermatid and if the seminiferous epithelium
consisted of 1 or 2 layers of spermatids. Stages important in
toxicological evaluation were also considered when grouping
the 12 stages into 5 groups. The main Gata-4 characteristics of
the acrosome development are described in the 5 pooled groups.

Table 1. Distribution of tubular stages within the data set
Stage

No. of tubules

Percent of tubules

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII

73
39
46
35
34
96
77
63
25
10
18
29

13
7
8
6
6
18
14
12
5
2
3
5

Group A includes stages I, II, and III. The round spermatids
were in Golgi phase with acrosomes seen as a brown dot
(Figure 1A–C).
Group B includes stages IV and V. The round spermatids had
entered cap phase, and the acrosomes were seen as triangular, ushaped brown structures covering up to one-third of the nuclear
pole (Figure 1D,E).
Group C includes stages VI and VII. The brown-stained
acrosomes continued to spread over the nuclei of the round
spermatids and covered approximately one-half of the nuclear
envelope (Figures 1F and 2A).
Group D includes stages VIII and IX. The pear-shaped
spermatids were oriented toward the basement membrane and
had entered acrosome phase with brown-stained acrosomes
covering more than one-half of the nuclear membrane
(Figure 2B,C).
Group E includes stages X, XI, and XII. The elongated
spermatids became more tapered and narrow and changed from
conical to more elongated and slender (Figure 2D–F).
Applying this pooling of stages to the 545 tubules resulted in
a more even distribution of the stages, as seen in Table 3,

Computerized staging of mink testicular tissue

Environ Toxicol Chem 36, 2017

161

Figure 3. Confusion matrix for intraobserver agreement. Numbers indicate
how many tubules were assigned to stage Y (row number) in 1 staging and to
stage X (column number) in another staging by the same investigator, as a
percentage of all tubules assigned to stage Y. Thus, each row adds up to
100%. Along the diagonal, coded yellow (0%) to green (100%), are the
tubules staged identically in both stagings by the same investigator. Other
boxes, coded yellow (0%) to red (100%), are tubules where the investigator
disagreed with herself. Empty boxes indicate 0%. Percentages are averaged
for the 2 investigators. To the right of the matrix are the total number of
tubules assigned to stage Y, which can be used to turn percentages into
number of tubules. These numbers add up to double the number of tubules.
Note that stages I and XII are to be considered consecutive.

Figure 4. Confusion matrix for interobserver agreement. Numbers indicate
how many tubules were assigned to stage Y (row number) in the consensus
staging (when both investigators staged the tubules together) and to stage X
(column number) by an investigator, as a percentage of all tubules assigned
to stage Y. Thus, each row adds up to 100%. Along the diagonal, coded
yellow (0%) to green (100%), are the tubules staged identically by both
investigator and consensus. Other boxes, coded yellow (0%) to red (100%),
are tubules where the investigators disagreed. Empty boxes indicate 0%.
Percentages are averaged over 4 repetitions (2 stagings per investigator, 2
investigators). To the right of the matrix are the number of tubules assigned
to stage Y (consensus), which can be used to turn percentages into number of
tubules. Note that stages I and XII are to be considered consecutive.

although there is still a 3-fold difference between the largest
group (C) and the smallest (E). We also translated the investigators’ stagings into the A through E groups and recomputed
intraobserver and interobserver agreement (Table 4).

agreement studies regarding staging of seminiferous tubules in
any species, but many studies have been published on similarly
difﬁcult pathological tasks. For example, Allsbrook et al. [26]
involved 40 pathologists for Gleason grading of prostate cancer

Computerized staging of the 5 groups (A–E)

The computerized staging tool was applied on the same 545
seminiferous tubules, following the same procedure but training
the tool to stage tubules into the 5 groups (AE). Figure 6 shows
the confusion matrix obtained for the 5 groups. Agreement was
76.7%, Cohen’s kappa was 0.69, and Cohen’s weighted kappa
was 0.77 (Table 4).
DISCUSSION

The suggested staging system was reproducible

The increased frequency of reproductive disturbances in
humans and other animals and the linkage to endocrinedisrupting chemicals urge us to ﬁnd new methods in mink to
evaluate the testicular tissue for disrupted reproduction. We
present a staging system of mink testicular tissue using Gata-4
antibody as an acrosome marker. The overall interobserver
agreement was 70.5% with a kappa value of 0.67, which is
considered substantial, and an intraobserver agreement of
83.6% with a kappa value of 0.81, which is considered almost
perfect [11,25]. We found no intraobserver and interobserver
Table 2. Summary statistics for investigator and computer staging

Intraobserver
Interobserver
Computer

Agreement (%)

Kappa

Weighted kappa

83.6
70.5
52.8

0.81
0.67
0.47

0.89
0.80
0.61

Figure 5. Confusion matrix for the computerized staging method with 12
stages. Numbers indicate how many tubules were assigned to stage Y (row
number) in the consensus staging (when both investigators staged the
tubules together) and to stage X (column number) by the computerized
staging tool, as a percentage of all tubules manually assigned to stage Y.
Thus, each row adds up to 100%. Along the diagonal, coded yellow (0%) to
green (100%), are the tubules staged identically in the consensus and by the
computer program. Other boxes, coded yellow (0%) to red (100%), are
tubules where the program did not agree with the consensus. Empty boxes
indicate 0%. To the right of the matrix are the number of tubules assigned to
stage Y (consensus), which can be used to turn percentages into number of
tubules. Note that stages I and XII are to be considered consecutive.
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Table 3. Grouping of tubular stages and their distribution within data set
Group
A
B
C
D
E

Stages

No. of tubules

Percent of tubules

I–III
IV and V
VI and VII
VIII and IX
X–XII

158
69
173
88
57

29
13
32
16
10

into 4 classes. The pathologists agreed moderately (kappa
¼ 0.435) with a consensus diagnostic in 60% of the cases on
average. In the present study, the interobserver agreement and
kappa value were better, but only 2 investigators did the staging
compared with the 40 pathologists seeking agreement in
Allsbrook et al. [26]. To advance the suggested method for
staging further in terms of objectivity and reproducibility, we
designed a computerized staging system. The computer
program is deterministic and, thus, always yields the same
result given the same input.
In the present study, stages IV to V, X to XI, and II to III were
the most commonly misclassiﬁed by both investigators and
by the computerized staging tool (see Figures 3–5). Since
spermatogenesis is a transitional process, a clear-cut boundary
between stages is sometimes difﬁcult. Hess [27] describes
stages IV, V, VII, XI, and XII to be frequently found in
transition in rat, either early or late. Even though it is difﬁcult to
compare stages between animal species, these stages correspond
well to the stages that were frequently misclassiﬁed in the
present study.
The texture pattern of Gata-4 stain was key to the computer
program

Different techniques have been used to facilitate staging;
periodic acid-Schiff is probably the most commonly used.
However, the low color contrast of periodic acid-Schiff puts
high requirements on the microscopic illumination and
calibration for a computer program to reliably differentiate
the colors. A staining protocol that yields high contrast and more
obvious color differences signiﬁcantly simpliﬁes the image
acquisition protocol and the computer program. Osuru et al. [28]
describe a staging method to show acrosome development in
mice. Muciaccia et al. [29] suggest a stage classiﬁcation in
humans based on the acrosome development visible by
immunohistochemistry for (pro) acrosin, and McClusky
et al. [8] propose immunolocalization of Gata-4 in rat testis
to mark acrosomes and facilitate staging. In the present study,
Gata-4 expressed a very distinctive dark brown stain of
acrosome development in mink, with a high contrast to the
counterstained blue nuclei, which proved to be the key to the
computer program for staging in mink testicular tissue.
We have evaluated many different algorithms that can be
used for the purpose of staging, including nucleus-based bag-ofwords models, Gabor ﬁlters, and local ternary pattern as texture
descriptors and random forests, AdaBoost, and support vector
Table 4. Summary statistics for investigator and computer staging (A–E
staging)

Intraobserver
Interobserver
Computer

Agreement (%)

Kappa

Weighted kappa

93.2
89.4
76.7

0.91
0.86
0.69

0.94
0.91
0.77

Figure 6. Confusion matrix for the computerized staging method with 5
groups (A–E). Numbers indicate how many tubules were assigned to group
Y (row number) in the consensus staging (when both investigators staged
the tubules together) and to stage X (column number) by the computerized
staging tool, as a percentage of all tubules manually assigned to group Y.
Thus, each row adds up to 100%. Along the diagonal, coded yellow (0%) to
green (100%), are the tubules staged identically in the consensus and by the
computer program. Other boxes, coded yellow (0%) to red (100%), are
tubules where the program did not agree with the consensus. Empty
boxes indicate 0%. To the right of the matrix are the numbers of tubules
assigned to stage Y (consensus), which can be used to turn percentages into
number of tubules. Group A corresponds to stages I to III, group B to stages
IV to V, group C to stages VI to VII, group D to stages VIII to IX, and group
E to stages X to XII. Note that stages A and E are to be considered
consecutive.

machines as classiﬁers [30]. The combination of local ternary
pattern with a support vector machine performed best. The
reason some algorithms work better than others on speciﬁc
problems is difﬁcult to discern. The local ternary pattern texture
descriptor we used looks at the epithelium cross-section as
a textured pattern, not relying on correct identiﬁcation of
nuclei or Golgi. The shapes of the high-contrast Gata-4 stain
across a tubule were encoded by the local ternary pattern into a
numeric descriptor that could be compared to those of other
tubules. Local ternary patterns have not been used in histology
previously, but local binary patterns, from which the local
ternary pattern was derived, have been shown to work well in
histological tissue preparations [31–33]. The support vector
machine classiﬁer used in the present study has also been
shown to work well in a wide variety of histological
applications [34–36]. Furthermore, it is one of the few classiﬁers
that does not suffer from a poor ratio of training examples to
feature dimensionality (what is commonly referred to as the
“curse of dimensionality”). The present study had relatively few
training samples per stage, compared with the 652 features
produced by the local ternary pattern; thus, the support vector
machine was one of the very few classiﬁers that we could use.
The validity of the computerized method is enhanced by pooling

The validity of the computerized staging method in the
present study deﬁning the 12 stages was moderate with an
agreement of 52.8% and a kappa value of 0.47 between
consensus and the computer program. Both the investigators
and the computerized staging tool confused consecutive stages
much more frequently than more distant stages (Figures 3–5).
This was expected because the development of spermatids is a
continuous process that has been split into stages. Consecutive
stages are most similar, and their boundary is fuzzy. The ﬁner
the division into stages, the more likely it is that a tubule is close
to the boundary between stages and may be confused with
neighboring stages.
Twelve different stages were initially identiﬁed, a high
number in relation to staging, for example, cancer, which often
includes 3 to 4 classes [26,37,38]. We suggested a pooling of the
12 stages in mink into 5 different groups (A–E). The pooling
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raised the agreement between the consensus staging and the
computer to a substantial 76.7% with a kappa value of 0.69.
Pooling also raised the intraobserver and interobserver
agreement. Pooling of stages is not new. In rat, McClusky
et al. [39] pooled the stages into 7 different groups based on the
14 stages deﬁned by Leblond and Clermont [40]. Hess
et al. [41], on the other hand, pooled the 14 stages of the rat
into 4 groups. If the stages were pooled into even fewer groups,
the kappa value would probably be higher; but this would also
lead to a marked reduction of information transmitted, as
discussed in the review by Cross [42].
Another reason why the 5-group classiﬁcation was easier for
the computer program was that the grouping of tubules resulted
in more example tubules for each category. This led to a better
generalization of these examples by the classiﬁer. Kappa is
dependent on the prevalence of the condition [11]. This was
seen in the present study where tubules used for training were
imbalanced between stages: some stages were heavily represented, such as stage VI with 18% of all tubules, whereas
other stages were scarce, such as stage X with only 2% of all
tubules. This is problematic because the classiﬁer does not
take this imbalance into account and is likely to be biased toward
the more populous stages. The more examples for a stage, the
better the program was at identifying that stage (Figure 5).
However, the difference in prevalence of stages did not pose a
problem in the manual staging system, where stage X showed
intraobserver and interobserver agreement of 84% and 85%,
respectively.
How to use the method in evaluation of toxicological damage

Staging is the approach recommended by the Society of
Toxicologic Pathology and the regulatory guidelines when
analyzing testicular tissue to detect adverse effects of drugs and
chemicals on reproduction and fertility [2]. The purpose of
staging, according to the recommendation, is to evaluate
morphological changes in tubules of speciﬁc stages. Thus, the
recommendation does not include collecting statistics on the
distribution of tubules across stages. One reason for this might
be the large number of tubules and animals that need to be
examined to obtain a sufﬁciently precise estimate of the stage
distribution for comparative statistics [27]. Computerized
staging, as suggested in the present study, would remove the
main barrier to obtain a sufﬁciently precise estimate, enabling a
new, less labor-intensive method of toxicological analysis.
Stage frequency can be altered by endocrine-disrupting
chemicals, which support the importance of this endpoint [39,43]. The frequency of the different stages in mink
in the present study has, to our knowledge, not previously been
reported. The number of stages differs between species. In
mink, 12 stages are deﬁned by Pelletier [3]. This description
was based on the changes in the development of the acrosome
in the spermatid, in accordance with the method proposed
by Leblond and Clermont [40], who deﬁned the 14 stages in
rats. The frequency of stages is proportional to their duration.
Stage VII, the most frequent stage in the rat, lasts for
58 h [7,41]; with a spermatogenic cycle of 12.9 d, 58 h
corresponds to 18.7% of tubules. This frequency corresponds
well to ﬁndings in the present study in mink, where the
corresponding stage VI was found to be the most prevalent with
18% of tubules.
The association of cells, deﬁning the stages, can also be
disrupted if animals are exposed to chemicals affecting
reproduction. Knowledge of staging is required to identify
cell-speciﬁc and stage-speciﬁc effects [44]. Currently,
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toxicological pathology of the testis involves searching for
tubules in speciﬁc stages [2]. There are numerous stage-speciﬁc
chemical effects described [2,44]. For example, it is recommended to check tubules in stage VII for degenerated pachytene
spermatocytes and round spermatids since decreased testosterone levels will lead to increased rate of degeneration of these
cells in this stage [2]. It is time-consuming to manually ﬁnd
sufﬁcient tubules of a certain stage. However, even if only onehalf of the tubules marked by the program as stage VII are
actually of that stage (Figure 5), the pathologist will have to
review many fewer tubules to ﬁnd a sufﬁcient number of the
desired stage. If the stages are pooled, group C will include
stages VI and VII, which is found correctly by the computerized
staging tool in 84% of cases (Figure 6). Another important
endpoint that requires staging to be detected is sperm retention,
where spermatids do not exit into the tubular lumen as normal
during stage VII (or stage VIII in rat) [44]. To detect sperm
retention, it is recommended to observe tubules in stages IX to
XI in the rat (corresponds to stages VIII–IX in mink) to ensure
that they only contain 1 population of elongated spermatids by
the lumen. This would correspond to group D in the pooled
staging system described in the present study.
The future use and enhancement of the computerized staging tool

The computerized staging tool proposed in the present study
can ﬁnd applications in the new world of digital pathology and
whole-slide imaging [45,46]. With whole-slide imaging and
automated tubule segmentation in place, the tool can be used to
efﬁciently direct the investigator to tubules of the required stage.
Increasing the number of example tubules for classiﬁer training
would signiﬁcantly improve staging accuracy. This is something that could be accomplished as the tool is used: tubules
identiﬁed by the investigator as wrongly staged can be added to
the training set, steadily improving the computerized staging
tool.
Immunohistochemical localization with polyclonal antibody
Gata-4 shows a similar pattern marking the acrosome
development in rats as in the present study [8], and the
computerized staging tool would likely work on rats, after
retraining with rat-speciﬁc data.
CONCLUSIONS

The presented staging method deﬁning the 12 stages in mink
testicular tissue using Gata-4 to visualize acrosome development proved to be both intraobserver-reproducible and
interobserver-reproducible. To further advance and objectify
this method, we propose a computerized staging system in
which the 12 stages were pooled into 5 groups with an almost
perfect agreement with the consensus staging by 2 investigators.
These results have the potential to modernize the tedious staging
process required in toxicological evaluation of testicular tissue,
especially if combined with whole-slide imaging and automated
tubular segmentation.
Furthermore, a computerized method facilitates the handling
of large amounts of data and collaboration between research
groups.
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