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Abstract
Spermatogenesis is a complex differentiation process that takes place in the seminiferous tubules. A specific organization of spermatogenic cells 
within the seminiferous epithelium enables a synchronous progress of germ cells at certain steps of differentiation on the spermatogenic 
pathway. This can be observed in testis cross-sections where seminiferous tubules can be classified into distinct stages of constant cellular 
composition (12 stages in the mouse). For a detailed analysis of spermatogenesis, these stages have to be individually observed from testis 
cross-sections. However, the recognition of stages requires special training and expertise. Furthermore, the manual scoring is laborious 
considering the high number of tubule cross-sections that have to be analyzed. To facilitate the analysis of spermatogenesis, we have 
developed a convolutional deep neural network-based approach named “STAGETOOL.” STAGETOOL analyses histological images of 4′,6- 
diamidine-2′-phenylindole dihydrochloride (DAPI)-stained mouse testis cross-sections at ×400 magnification, and very accurately classifies 
tubule cross-sections into 5 stage classes and cells into 9 categories. STAGETOOL classification accuracy for stage classes of seminiferous 
tubules of a whole-testis cross-section is 99.1%. For cellular level analysis the F1 score for 9 seminiferous epithelial cell types ranges from 
0.80 to 0.98. Furthermore, we show that STAGETOOL can be applied for the analysis of knockout mouse models with spermatogenic 
defects, as well as for automated profiling of protein expression patterns. STAGETOOL is the first fluorescent labeling–based automated 
method for mouse testis histological analysis that enables both stage and cell-type recognition. While STAGETOOL qualitatively parallels an 
experienced human histologist, it outperforms humans time-wise, therefore representing a major advancement in male reproductive biology 
research.
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Sperm production in male mammals is highly efficient, with 
tens to hundreds of millions of spermatozoa produced every 
day. Spermatogenesis—male germ cell differentiation—oc
curs in the long convoluted seminiferous tubules inside the tes
tis. The epithelium of seminiferous tubules contains several 
layers of differentiating germ cells and a lumen, where sperm
atozoa are released. Spermatogenesis is a complex mechan
ism, which starts with the propagation of spermatogonia via 
mitotic divisions, followed by meiosis of spermatocytes that 
generate haploid round spermatids (RS) with unique genomes, 
ending in the subsequent cellular differentiation into elon
gated spermatids. The spermatogenic cells spermatogonia, 

spermatocytes, and spermatids can be further divided into sev
eral subgroups based on their developmental phase. In con
trast, Sertoli cells are the only somatic cell type within the 
seminiferous epithelium, and their primary function is to 
nurse and support the spermatogenic cells (1).

The fact that differentiation of 4 to 5 hierarchical genera
tions of germ cells is synchronous and temporally controlled 
is a key to understanding testicular histology (2, 3). In many 
mammalian species, including the mouse, germ cells form con
centric layers within a cross-section of a seminiferous tubule. 
The layer composition is predictable, and spermatids at a giv
en developmental step are always found with particular types 
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of spermatocytes and spermatogonia (Fig. 1). These cell asso
ciations are known as stages of the seminiferous epithelial 
cycle. In most mammalian species, including the mouse and 
human, 12 (I-XII) epithelial stages (Fig. 1) can be identified 
(4–7). The stages continuously cycle over time and form the 
wave of spermatogenesis along the seminiferous tubule. In 
the mouse, the stages are organized segmentally and can be 
identified easily, whereas in the human, the stages follow 
each other spirally, which complicates stage recognition in hu
man testicular cross-sections.

Identification of the epithelial stage is essential for the ana
lysis of spermatogenesis and male fertility. Most 
spermatogenesis-associated genes have a temporally restricted 
(i.e., stage- and cell-type dependent) pattern of expression be
cause the proteins they encode are needed at (a) specific step(s) 
of spermatogenic differentiation. Furthermore, Sertoli cells 
also function in a stage-dependent manner, because the needs 
of different germ cell combinations are distinct (3). 
Combining the knowledge of the spermatogenic cell type 
and the epithelial stage, where a protein is expressed, are the 
prerequisites to bring individual findings into a broader per
spective. Moreover, only a stage-oriented approach can pro
vide the means to comprehend the histopathology of 
infertile mouse models and aid in the analysis of the under
lying causes and mechanisms. Given the constant decline of 

semen quality globally, there is an increasing demand for 
knowledge about the contributing factors (8) that basic re
search is able to reveal.

Stage recognition is primarily based on characteristics of 
postmeiotic elongating spermatids in any particular cross- 
section: namely their nuclear morphology, intraepithelial lo
calization, and bundling (2, 6, 7). Changes in the morphology 
of spermatogenic cells across stages are gradual and subtle; 
thus the identity of a germ cell may be very hard or impossible 
to know if it is taken out of its context, that is, outside the 
cross-section where it is found. Given the fact that the stages 
are constantly progressing, stage recognition can also some
times be complicated by the occurrence of tubule cross- 
sections in transition between 2 stages (9). Moreover, most 
staining techniques or sample quality do not allow visualiza
tion of subtle differences in cellular structures unique to a par
ticular spermatogenic cell type; therefore, identification is 
based on association. More precisely, the presence of certain 
meiotic (spermatocytes) and premeiotic (spermatogonia) 
germ cell types is always associated with particular postmei
otic (spermatids) germ cell types, as illustrated in Fig. 1, thus 
the identity of any specific spermatogenic cell can be inferred 
by association.

Manual stage identification for an entire testicular cross- 
section that typically contains 100 to 200 seminiferous tubule 

Figure 1. Spermatogenic cell differentiation and stages of the mouse seminiferous epithelial cycle. A spermatogonium that enters spermatogenesis 
has to pass through all the depicted developmental phases (from left to right, bottom to top) plus 6 mitotic and 2 meiotic divisions to be released as 
mature elongated spermatids. As spermatogenesis proceeds, spermatogenic cells move from the basal towards the luminal compartment. The 
progress of 4 to 5 generations of spermatogenic cells (in rows) is synchronized, and certain spermatids (highlighted with red, gray, and purple) are 
always associated with particular types of spermatocytes (green and yellow) and spermatogonia (orange); these are the 12 (I-XII; columns) stages of the 
seminiferous epithelial cycle. Spermatogonia (Spg; orange) exist as type A-undifferentiated plus A1 to A4, Intermediate (In) and type B. Primary 
spermatocytes can be divided into prepachytene (Spc-prePach; yellow, including preleptotene, Pl; leptotene, L; zygotene, Z), and pachytene (Spc-Pach; 
green) (pachytene, P; plus diplotene, D) spermatocytes. Meiotic divisions (m2m; cyan) and secondary spermatocytes (Spc-sec, 2o; olive) can be found 
solely in stage XII. Postmeiotic germ cell differentiation, that is, spermiogenesis, can be further divided into 16 steps (1-16); encompassing round 
spermatids (RS; red), and 2 categories of elongating spermatids: early (elSpt-early; gray) and late (elSpt-late; purple). Sertoli cells (Sert; blue).
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cross-sections and more than 40 000 cells is laborious and 
time-consuming. Stage recognition also requires special ex
pertise and a long training. Moreover, the lack of postmeiotic 
cells in a mutant or a toxicant-exposed mouse makes stage rec
ognition complex and ambiguous for the human eye. For these 
reasons, we aimed at developing an automated tool for the 
analysis of mouse testicular histology with the prospect of fa
cilitating reproductive science and the diagnostics of male in
fertility. Previously, pioneering work in the field developed a 
computer program to assist male germ cell tracking (10), 
and methods for automatic segmentation of tubules (11) 
and cells (12). Subsequently, an automated method for staging 
using a GATA4 immunostaining was proposed (13). More re
cent work has employed deep learning that has shown super
ior performance to other methods in several computer vision 
tasks (14–16). Similar to our work is an approach that modi
fied ResNet models to segment seminiferous tubules on 
hematoxylin-eosin (H&E)-stained cross-sections followed 
by segmentation and classification of 3 cell types in stage VI 
to III tubules: RS, spermatocytes, and spermatogonia (17). 
Subsequently the same group published a computerized 
spermatogenesis staging system that was developed for 
H&E-stained adult mouse seminiferous tubule cross-sections 
(18). Computerized spermatogenesis staging consists of 3 
modules for automated segmentation of seminiferous tubules 
followed by classification into 3 stage groups I to V, VI to VIII, 
and IX to XII, and later subclassification of stage group VI to 
VIII into VI, VII and VIII, and late VIII.

Here we describe the development and performance of 
“STAGETOOL.” Besides automated stage recognition (stages 
I-V, VI-VIII, IX, X-XI, and XII), STAGETOOL can also iden
tify and quantify 8 different categories of spermatogenic cells 
plus Sertoli cells. We further showcase the use of the tool for 
automated protein expression analysis. It offers a possibility 
for large-scale projects in the study of male germ cell differen
tiation, such as gene expression screening and testicular phe
notyping of genetically modified or toxin-exposed mouse 
models. It operates on 1024 × 1024 pixel images of ×400 mag
nification containing optimal information for tissue and cellu
lar content analysis, a cross-section of a single seminiferous 
tubule, and the cells therein. STAGETOOL can also be em
ployed to analyze whole-testis cross-sections. For that, merged 
whole-testis scans are cut into overlaid smaller images that are 
iteratively passed to the STAGETOOL. STAGETOOL image 
predictions are then combined to determine each seminiferous 
tubule’s segmentation, stage classification, and cell-type com
position. STAGETOOL also provides other helpful informa
tion, for example, cell-type ratios in seminiferous tubule 
cross-sections for each stage of the seminiferous epithelial 
cycle.

Compared to previous studies, the work at hand has a few 
remarkable advantages that are primarily based on the use of 
DAPI (4′,6-diamidine-2′-phenylindole dihydrochloride) chro
matin staining combined with immunofluorescence micros
copy for cell and seminiferous epithelial stage recognition 
and identification. Compared to H&E staining, fluorescent 
DAPI staining has very little background and even minute dif
ferences in chromatin density (euchromatin vs heterochroma
tin) can be visualized. This allows highly accurate cell 
identification to be performed only on the basis of nuclear 
morphology. Moreover, the use of DAPI allows antigen ex
pression profiling where signals from different fluorescent 
channels can be overlaid with cell and stage predictions. 

Our DAPI-based approach also enables staging in infertile 
mouse models where spermatogenesis halts at the round 
spermatid stage.

Materials and Methods
Dataset Description
Wild-type mice of C57BL/6 and mixed backgrounds were 
maintained under controlled conditions (12 hours dark/12 
hours light, temperature, humidity) in individually ventilated 
cages (Tecniplast) at the Central Animal Laboratory of 
University of Turku, Turku, Finland. The mice had free access 
to food and water. Animal husbandry and use were carried 
out according to Finnish law and following the guidelines of 
the Ethics of Animal Experimentation in University of 
Turku in accordance with the Guide for Care and Use of 
Laboratory Animals. The use of experimental animals in 
this study was approved by the University of Turku Ethics 
Committee for animal experiments.

Adult (aged > 8 wk) mouse testes were dissected and fixed 
in 4% paraformaldehyde overnight at room temperature 
and embedded in paraffin. Sections (5 µm thick) were cut, de
paraffinized (xylene 3 × 3 min, 100% EtOH 2 × 3 min, 96% 
EtOH 2 × 3 min, 70% EtOH 2 × 3 min, and Milli-Q water 1 
× 5 min) and 1) stained with DAPI (1:10 000, Sigma, 
D9542; 10 min at room temperature) and mounted with 
ProLong Diamond Antifade Mountant (Thermo Fisher), or 
2) processed for immunofluorescent labeling following a pre
viously described protocol (19) with the following primary 
antibodies: alpha-SMA (1:300; Abcam Inc, ab184675, 
RRID: AB_2832195; labels peritubular myoid cells), SCP3 
(1:200; Abcam Inc, ab150292, RRID: AB_2895074; labels 
Spc), SOX9 (1:400; Merck-Millipore, AB5535, RRID: 
AB_2239761; labels Sertoli), SALL4 (1:2000; Abcam Inc, 
ab29112, RRID: AB_777810; labels Spg), PNA (1:200; 
Vector Laboratories, RL-1072, RRID: AB_2336642; labels 
RS + elSpt), USF1 (1:100, SCBT, sc-8983, RRID: 
AB_2213986; labels Sertoli + Spg), CREM (1:100; SCBT, 
sc-440, RRID: AB_673599; labels RS), AR (1:200; Abcam 
Inc, ab133273, RRID: AB_11156085; labels Sertoli); and 
anti-rabbit secondary antibody A21206 (RRID: AB_2535792; 
Thermo Fisher Inc). Either citrate buffer (10 mM sodium citrate, 
pH 6.0) or TE buffer (10 mM Tris-EDTA, pH 9.0) were used for 
antigen retrieval.

Testis sections from Spef2 knockout (KO) mice (20) were 
processed and stained with DAPI as described earlier. 
Original scans were produced from fluorescently labeled 
mouse whole-testis cross-sections using a Pannoramic MIDI 
scanner (3DHistech). A 40× objective lens with 10× ocular 
was used (×400). The files were converted to TIFF using dedi
cated software (https://www.3dhistech.com/caseviewer). 
Image size of mouse testis cross-sections was approximately 
4 × 4 mm, which corresponds to 24832 × 24832 pixels (1 px 
= 0,161 μm). To test the robustness of our processing pipeline, 
we also used additional images of varying quality originating 
from collaborators (different sample processing, laboratory, 
and imaging device).

Generation of Ground-Truth Data for Seminiferous 
Tubules
Four whole-testis cross-sections, plus areas from additional 3 
testis cross-sections with rare developmental stages, were 
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selected to generate training and validation data for convolu
tional neural network models. All these cross-sections origi
nated from different biological replicates. To assist the 
manual annotation of tubule borders, whole-testis cross- 
sections were labeled with Alexa Fluor 488-conjugated 
anti-α smooth-muscle actin (αSMA) antibody. In the adult 
mouse testis, αSMA is predominantly expressed by peritubu
lar myoid cells, which encase seminiferous tubules (21). 
Thus, αSMA staining reveals the actual biological tubule bor
ders, which makes the segmentation data very accurate and 
significantly speeds up the work of manual annotators. Final 
segmentation data were generated by converting carefully re
vised tubule border images into a list of tubule contour coor
dinates, which could be overlaid with the original 
DAPI-stained images. The tubules that were previously seg
mented were manually annotated using a VGG Image 
Annotator tool (https://www.robots.ox.ac.uk/∼vgg/software/ 
via/). Specifically, the developmental stages of seminiferous tu
bules (I-XII; Fig. 1) were divided into 5 categories: I to V, VI to 
VIII, IX, X to XI, and XII (Fig. 2). The criteria for identifica
tion of the stages of the seminiferous epithelial cycle are de
scribed in Table 1 and in (2).

After annotations, DAPI-stained whole-testis cross-sections 
were sliced into images of 1024 × 1024 pixels. Additionally, 
the same cross-sections were shifted by 512 × 512 pixels and 
sliced again to avoid border effects. After slicing, tubule anno
tation masks that were smaller than 12 000 pixels (∼ 1% of 
the image area) were removed from the training data. Next, 
the resulting 3097 training images were augmented by apply
ing random flips and rotations. To further enhance model ro
bustness, blurring and brightness adjustment were introduced 
to a randomly chosen 20% of the images. As a result, an an
notated data set of 27 873 images was created for training 
and testing the seminiferous tubule segmentation model.

Generation of Ground-Truth Data for Cell Types
To assist the manual annotation of cell types, DAPI-stained 
cross-sections were labeled with anti-SALL4 (Spalt-like tran
scription factor 4) antibody and lectin PNA (peanut agglutin
in). SALL4 labels all types of spermatogonia (type A, type 
intermediate and type B) (22), whereas PNA produces specific 
labeling patterns for acrosomes in RS and elongating sperma
tids (2).

Before annotations, 1 DAPI-stained whole-testis cross- 
section was sliced into 349 images of 1024 × 1024 pixels. An 
additional 75 images, which contained rare stage XII tubules, 

were added from 3 other whole-testis cross-sections to balance 
the number of samples of all cell types in the data set.

The annotations contained 10 cell classes. However, as dif
ferentiating between early and late pachytene spermatocytes 
does not provide meaningful information, these classes were 
merged. This resulted in 9 cell types, which were selected for 
classification: Sertoli cells (Sert), spermatogonia (Spg), prepa
chytene spermatocytes (Spc-prePach; including preleptotene, 
leptotene, and zygotene spermatocytes), pachytene and diplo
tene spermatocytes (Spc-Pach), meiotic divisions (m2m), sec
ondary spermatocytes (Spc-sec), RS, early elongating 
spermatids (elSpt-early), and late elongating spermatids 
(elSpt-late) (see Fig. 1). Cell types were annotated using the 
Supervisely online tool (https://supervise.ly). In total, 52 807 
cell labels were annotated on 424 images. Finally, the corre
sponding images with only DAPI staining were fully aug
mented (flips, brightness, and blur) into 5088 images and 
633 684 cell labels.

Models
We adopted FAIR’s (Facebook AI Research) Detectron 2 ob
ject detection and segmentation platform version 0.2.1 inde
pendently for a model of instance segmentation of 
seminiferous tubules and a second model for cell-type classifi
cation of mouse testis. The resulting 2 models were then com
bined into a tool that performed consecutive cell and 
tissue-level analyses on input images (a DAPI-stained mouse 
testis cross-section).

Cell Model for Cell-type Classification
We adopted the Faster-RCNN model with ResNeXt-101 as 
the model’s backbone (faster_rcnn_X_101_32 × 8d_FPN_ 
3x.yaml model file), with random initialized weights. The 
best parameters for the model were empirically determined 
and set to the following: 

cfg.MODEL.ROI_HEADS.BATCH_SIZE_PER_IMAGE = 
128

cfg.MODEL.ROI_HEADS.NUM_CLASSES = 10
cfg.MODEL.ROI_HEADS.SCORE_THRESH_TEST = 0.5
cfg.DATALOADER.NUM_WORKERS = 2
cfg.SOLVER.IMS_PER_BATCH = 2
cfg.SOLVER.BASE_LR = 0.0005 (base learning rate)
cfg.SOLVER.WARMUP_ITERS = 500
cfg.SOLVER.MAX_ITER = 30 000
cfg.TEST.DETECTIONS_PER_IMAGE = 10 000

Figure 2. Examples of seminiferous tubule cross-sections representing stages I to V, VI to VIII, IX, X to XI, and XII. Given the synchronous development 
of spermatogenic cell cohorts, particular types of spermatids are always found together with particular types of spermatogonia and spermatids. This 
image provides an example cross-section from each stage category.
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To further increase the sensitivity of cell detection, we ro
tated the input image during prediction by multiples of 90° 
and merged the 4 results, discarding overlapping cell predic
tions (intersection over union [IOU] > 0.5). Also during pre
diction, 2 of the classes (early and late pachytene 
spermatocytes), were fused into 1 (pachytene and diplotene 
spermatocytes, Spc-Pach), as explained earlier.

Tubule Model for Seminiferous Tubule 
Segmentation and Classification
For sample segmentation of seminiferous tubule cross-section 
images, we employed Mask-RCNN, with ResNet-50() as the 
model’s backbone (mask_rcnn_R_50_FPN_3x.yaml model 
file), pretrained on ImageNet. The best model parameters 
were empirically determined and set to the following: 

cfg.MODEL.ANCHOR_GENERATOR.SIZES = [[128, 
256, 512, 1024]] (base box size)

cfg.SOLVER.BASE_LR = 0.0005 (base learning rate)
cfg.MODEL.ROI_HEADS.SCORE_THRESH_TEST = 0.3 

(Threshold on inference)
cfg.MODEL.ROI_HEADS.NUM_CLASSES = 5

STAGETOOL Model for Simultaneous Cell and 
Tissue-level Analysis
STAGETOOL is a combination of the cell and tubule models 
described earlier. Its broad pipeline is illustrated in Fig. 3. A 
whole-testis cross-section image is cropped to 1024 × 1024 
pixels, 400× magnified mouse testis images, which were an ap
propriate input for the neural networks. To avoid losing infor
mation at the borders, the cross-section image was shifted by 
512 × 512 pixels and sliced identically again, duplicating the 
number of input images. Every input image was passed to 
both cell and tubule models, and the outputs were merged 
into a combined report.

For cell-type predictions, each image was analyzed at every 
90° rotation angle altogether 4 times, and the results were 
merged by weighted majority vote. When stitching together 
the mosaic of half-overlapping images, predictions for the 
same cells (IOU ≥ 0.4) were merged again by weighted major
ity vote. Second-best predictions for merged cells were also 
collected. Finally, the predictions of the cell and tubule models 
were combined. Because stage XII is often a mixture of stages 
XII and I, 2 merging rules were applied to the tubule and cell 
model predictions. First, if the cell model did not detect any 
metaphase plates or secondary spermatocytes in the tubule 
predicted to be stage XII by the tubule model, that tubule 
was instead stage I to V. Secondly, if metaphase plates or sec
ondary spermatocytes were found in a tubule that was not pre
dicted to be stage XII, their labels were replaced by the 
second-best predictions (if there were any) or deleted.

For the predictions of the developmental stages of whole tu
bules, all predicted tubule masks were mapped by 
many-to-one logic to each tubule (Fig. 4). Sometimes manual 
curation was required to remove unsuitable tubules, which 
may often occur in whole-testis cross-section images and 
cause segmentation errors. On average, a union of 8 predicted 
masks made 1 tubule. For each mask, the confidence value of 

Table 1. Criteria for identification of epithelial stages

Epithelial 
stages

Description

I-V Presence of Spg, pachytene Spc, RS, and late 
condensed elSpt, which are in bundles. Pachytene 
Spc are relatively small (I-IV) but gradually grow in 
size toward stage V.

VI-VIII elSpt are no longer in bundles and start to align (VI) or 
are aligned (VII-VIII) at the luminal edge of the 
epithelium, type B Spg or preleptotene Spc on the 
basement membrane, pachytene Spc large in size.

IX Start of spermatid elongation, lack of RS, and late 
condensed elSpt. Late Spc large and early Spc small.

X-XI Spermatids are elongated but not fully condensed and 
have a hooked tip, lack of RS. Late Spc very large 
and early Spc small in size.

XII Presence of cells undergoing meiotic divisions 
(metaphase plates) and/or secondary spermatocytes.

Figure 3. STAGETOOL scheme: A whole-testis DAPI-stained cross-section image was sliced into a collection of 1024 × 1024 images. Then each image 
in the collection went through 2 different neural network models: cell and tubule model. The cell model detected and classified the seminiferous 
epithelial cells into 9 different cell types. The tubule model detected, segmented, and classified tubules into 5 developmental stage categories. Finally, 
the whole-testis cross-section was composed again including all the tubule and cell information.
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the predicted class was multiplied by the mask’s 
percentage-area in the tubule. This increased the prediction 
weight of larger masks. These confidence values for the pre
dicted classes were then multiplied among the masks to find 
the best label for the tubule. The final report contains an over
lay of the input image with all detected objects (see Fig. 3). 
Additionally, detailed information about the segmented sem
iniferous tubules can be provided in a tabular format 
(Table 2), including the developmental stages and their re
spective cell-type composition.

Results
Wild-type Mouse DAPI-stained Testis Cross-section 
Image Analysis
We first evaluated individually the performance of the 2 mod
els (cell and tubule model) that comprise STAGETOOL on 
test images from the DAPI-stained annotated data set. 
Subsequently we showcase STAGETOOL stage classification 
on a whole-testis cross-section. Examples of STAGETOOL 
outputs are provided in Fig. 5.

Cell Model Evaluation
The cell model was evaluated on 71 left out images from the 
DAPI-stained annotated data set. Some examples of the quali
tative results are shown in Fig. 5B. Regarding quantitative 

results, first a metric typically employed on object detection 
tasks was calculated: mean average precision (AP), as defined 
in the COCO object detection challenge (23). The model ob
tained an AP50 of 78.99 and AP75 of 50.00 (24, 25). Mean 
AP reflects how much the set of predicted boxes corresponds 
to the set of ground-truth boxes on average over all the classes. 
However, beyond exact box coordinates and size, it is essen
tial to evaluate how well the model can detect and classify cells 
for each category. Therefore, the IOU (Jaccard Index) thresh
old was fixed to 0.5 to match predictions and ground truth to 
assess classification performance. Using these conditions, 
positive predictive value, sensitivity, and F1 score were meas
ured for each cell class. Table 3 provides the summary statis
tics for each cell category. When averaged across classes, the 
positive predictive value is 0.9607, pointing out that the mod
el could differentiate appropriately between classes. 
Sensitivity was in general high with an average across class 
of 0.8402, but lower than the positive predictive value. 
elSpt-late stood out by their lower sensitivity with around 
69% of the ground labels detected. For elSpt-late the lower 
percentage of detection might have been due to their shape, 
ill suited to fit a box, their small size, and the fact that they 
are often bundled together, causing several prediction boxes 
to overlap. Thus, the neural network might have considered 
overlapping predictions from the same cell and eliminated 
some of them with the nonmaximum suppression algorithm.

A confusion matrix (Fig. 6) shows the incidence of erroneous 
cell labels for any 9 particular seminiferous epithelial cell types. 
Understandably, the most common mistakes were between 1) 
Spc-prePach and Spg, which are occasionally very hard to dis
cern without an antibody staining; and 2) elSpt-early and 
elSpt-late, where the former gradually convert to the latter.

Tubule Model Evaluation
For tubule model evaluation we used 242 left out images from 
the annotated data set. Some examples of the qualitative re
sults are shown in Fig. 5C. The quantitative results for 4-pixel 
level metrics (24) for the tubule model are shown in Table 4. 
Although given the image size, the model typically receives 
only partial information about any given tubule, the model 
obtains a pixel accuracy of 0.918. The mean IOU metric of 
0.74 was caused mainly by stage X to XI tubules predicted 
to be stage IX, which caused an IOU below 0.5 for the class. 

58

30
15

A B C

Figure 4. Visualization of subpredictions for tubule cross-sections. Cross-sections of tubules A, 58; B, 30; and C, 15 from the whole-testis cross-section 
analysis. Each tubule is represented by several overlapping images, which have individually predicted tubule borders and classes. A weighted majority 
algorithm merges the predicted classes for each tubule, taking into account the prediction confidences, predicted mask areas, and a set of 
stage-specific rules.

Table 2. STAGETOOL output summary: cell labels vs epithelial stages

Cell class I-V VI-VIII IX X-XI XII

Sert 1024 291 311 150 157

Spg 711 121 86 51 77

Spc-prePach 219 631 1235 521 458

Spc-Pach 3565 1038 1277 640 188

Spc-sec 16 0 0 0 436

m2m 29 0 0 0 177

RS 9777 2692 104 0 223

elSpt-early 0 5 3153 1385 17

elSpt-late 7586 1871 93 398 1757

Abbreviations: m2m, meiotic divisions; RS, round spermatids.
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In the next section the model is evaluated at the whole-testis 
level to obtain a better assessment of its performance.

Whole-testis Cross-section Evaluation
To perform the analysis at the whole-testis level, a testis cross- 
section was divided into 1024 × 1024 overlapping images for 
model input. The output predictions were merged and the 
whole-testis cross-section image was recompiled, with the an
notated tubular and cellular objects. Fig. 7 illustrates a repre
sentative example of such an analysis at the tubular level, 
while a high-resolution image of whole-testis cross-section ana
lysis with cellular and tubular labels is provided online (https:// 
dx.doi.org/10.21227/em1y-9j15). STAGETOOL output was 
compared to an assessment of an experienced human histolo
gist (15 years of experience). The testis cross-section (Fig. 7A) 
consisted of 112 tubular cross-sections and in 107 cases 
(96%; Table 5) there was equivalence between the human 
and computer predictions, and discrepancy in 5 cases (4%). 
In particular, in 4 out of 5 five cases the discrepancy was be
tween stages I to V vs VI to VIII and in 1 case XII vs I to 
V. Further in-depth analysis revealed that in 3 of the former 
cases (tubule 58 as an example; Figs. 4A and 7B) the disagree
ments concerned stages V and VI where either stage category I 
to V or VI to VIII were correct. In another case (Fig. 7C; tubule 
30) the computer prediction (I-V) was in conflict with the hu
man annotation (XII). However, this was a longitudinal tubule 
cross-section that mostly presents stage I but with the right 

corner (dotted line in Fig. 7C) being in stage XII, as also re
vealed by image-level output (Fig. 4B). Thus, only in one case 
(Fig. 7D; tubule 15) was the computer prediction biologically 
wrong, although image-level analysis (Fig. 4C) also revealed 
uncertainty in the model staging but the voting algorithm se
lected stage VI to VIII over I to V. Altogether, these data 
show that the accuracy of STAGETOOL in whole-testis tubu
lar analysis is 99.1%.

To provide a numerical analysis of STAGETOOL perform
ance, we studied the distribution of cell labels at different sem
iniferous epithelial stages (Fig. 8). STAGETOOL faithfully 
recognizes the 9 seminiferous epithelial cell types in 5 
epithelial stage categories. The distributions are biologically 
correct and expected (see Fig. 1).

STAGETOOL Robustness and Knockout Testis 
Analysis
After measuring STAGETOOL performance in our annotated 
data set, we proceeded to test the robustness of STAGETOOL 
and determine its detection limits. To this end, the model was 
retrained with all the annotated data available, including the 
leftover test set images. Subsequently its performance was 
tested on several seminiferous tubule cross-section images 
from KO mice with a spermatogenic defect. The images origi
nated from different laboratories and were generated by dif
ferent instruments and at different mouse ages. Image 
quality was disparate, and the resolution differed from the 
training data in a few cases. All images were converted to gray
scale since it is required by STAGETOOL.

STAGETOOL was applied to several good-quality semin
iferous tubule cross-section confocal images from Miwi KO 
mice, which are characterized by spermatogenic arrest at the 
RS stage and a lack of elongating spermatids (26). Lack of 
elongating spermatids makes staging for Miwi KO testis chal
lenging because it is primarily the presence and intraepithelial 
distribution of elongating spermatids that define the stages for 
a human histologist. Fig. 9A and 9B illustrate representative 
examples of STAGETOOL output. Although meaningful gen
eral statistics could not be extracted because of a low number 
of images, of the 856 cells predicted on Miwi KO mice, only 7 
were incorrectly categorized as elongating spermatids (which 
do not exist in these mice). Overall, after visual inspection, cell 
categorization was in line with the results obtained in the an
notated data set. More notably, tubule staging was correct in 

58

30
15

A B C

Figure 5. Sample results produced by the 2 models. A, Original image; B, cell model output; and C, tubule model output.

Table 3. Cell model quantitative results at 0.5 intersection over union

Cell class Positive predictive value Sensitivity F1-score

Sert 0.9934 0.9700 0.9815

Spg 0.9152 0.7593 0.8300

Spc-prePach 0.9390 0.8964 0.9173

Spc-Pach 0.9782 0.9352 0.9562

Spc-sec 0.9906 0.8203 0.8974

m2m 0.9500 0.8261 0.8837

RS 0.9947 0.9033 0.9468

elSpt-early 0.9243 0.7680 0.8389

elSpt-late 0.9611 0.6829 0.7985

Abbreviations: m2m, meiotic divisions; RS, round spermatids.
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the Miwi KO mouse line (see Fig. 9A and 9B), indicating that 
the model does not depend on the presence of elongating sper
matids to determine seminiferous epithelial stages, like a hu
man histologist typically does.

We also tested several images of paraffin-embedded semin
iferous tubule cross-sections from Spef2 KO mice (Fig. 9C). 
All these images were of low resolution and partially overex
posed. Spef2 KO mice are characterized by elongating sperma
tids of abnormal head and short tail defects (20). 
STAGETOOL was nonetheless able to characterize cell types 
and tubule stages highly precisely.

STAGETOOL for Antibody Expression Profiling
Having evaluated the performance and robustness of 
STAGETOOL, we wanted to evaluate whether STAGETOOL 
could be used for automated profiling of antigen expression by 

combining DAPI staining with fluorescent antibody labeling. 
Many antigens have restricted expression in spermatogenic cells, 
and their expression is often limited to particular cell types and 
specific stages of the seminiferous epithelial cycle. Applying 
STAGETOOL for the assessment of cell type or stage-specific 
antigen expression would be a remarkable milestone because it 
would enable reliable analysis of antigen expression in 
the seminiferous tubules without prior experience in testicular 
histology or staging.

To evaluate the feasibility of such an analysis, we stained 
mouse testis cross-sections with DAPI and the following anti
bodies: SOX9 (SRY-box transcription factor 9), AR (androgen 
receptor), USF1 (upstream stimulatory factor 1), SALL4, SCP3 
(synaptonemal complex protein 3), CREM (cAMP responsive 
element modulator), and PNA (Fig. 10). SOX9, AR, and 
USF1 are expressed in Sertoli cells, but while SOX9 (27) and 
USF1 (28) are expressed at an equally high level in all Sertoli 
cells independent of the epithelial stage, AR expression is seen 
at a high level in Sertoli cells at early-to-mid stages and lower 
in late stages (IX-XII) (29, 30). USF1 is also expressed in undif
ferentiated and early differentiating spermatogonia (28), 
whereas SALL4 is a pan-spermatogonial marker (22). SCP3 is 
needed for synaptonemal complex assembly, and therefore ex
pressed in spermatocytes (31, 32). CREM is a transcription fac
tor specifically expressed in RS (33–35), whereas PNA stains 
the acrosomes of RS and elongating spermatids (2).

Figure 6. Confusion matrix for the 9 seminiferous epithelial cell types.

Table 4. Quantitative results for tubule instance segmentation

Pixel accuracy 0.9180

Mean accuracy 0.8551

Mean IU 0.7423

Frequency weight IU 0.8569

Abbreviation: IU, intersection over union.
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To obtain the antigen expression profiles, STAGETOOL was 
first applied to the cross-section image containing only DAPI in
formation. Subsequently, the predicted tubules and cells were 
overlaid with the immunofluorescent image from the antibody 
stainings and the luminosity threshold was fixed empirically for 
each fluorescent marker (see “Materials and Methods”). The 
predicted cells with mean luminosity above the threshold and 
65% of the pixels above half threshold were considered positive 

for antibody expression. STAGETOOL-derived antigen ex
pression data confirmed the anticipated cell type-specific ex
pression pattern for SOX9 (in Sertoli cells; Fig. 10A), SALL4 
(Spg; Fig. 10B), SCP3 (Spc; Fig. 10C), CREM (RS; Fig. 10D), 
and PNA (RS and elongating spermatids; Fig. 10E). 
STAGETOOL was also able to record stage-specific expression 
for AR (Fig. 10F and 10G) in Sertoli cells of early-to-mid epithe
lial cycle and USF1 expression (Fig. 10H) in only a subset of 
spermatogonia but uniformly in all Sertoli cells independent 
of the stage of seminiferous epithelial cycle. These predictions 
were biologically accurate and in agreement with the literature. 
Fig. 11 summarizes the STAGETOOL-derived expression pro
file for the studied antigens.

Discussion
The aim of this study was to develop a machine learning– 
based tool for the automated staging of fluorescent-labeled 

A B

C D

Figure 7. Whole-testis tubular level analysis. A, A whole-testis cross-section with STAGETOOL-derived staging data; white dotted rectangles are 
shown as higher magnification insets in B to D. B, An example of a borderline stage V to VI tubule (asterisk, tubule 58). C, Tubule 30 (asterisk) is a 
longitudinal cross-section of a tubule in which the left and middle part are in stage I to V, whereas the right corner represents stage XII. D, Tubule 15 
(asterisk) shows the only actual conflict between human annotation and computer prediction. Human annotation, if in conflict with the computer 
prediction, is shown in red. A high-resolution image of the same whole-testis cross-section analysis with cellular and tubular labels is provided online 
(https://dx.doi.org/10.21227/em1y-9j15). Subpredictions for individual images comprising tubules 58, 30, and 15 are shown in Fig. 4.

Table 5. Comparison of human annotations vs computer 
predictions (in parentheses when borderline cases are taken into 
account) for the whole-testis cross-section provided in Fig. 7A

Total No. of 
tubules

Agreement human vs 
computer

Disagreement human vs 
computer

112 107 (111) 
95.6% (99.1%)

5 (1) 
4.5% (0.9%)
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seminiferous tubules in mouse testis cross-sections and identi
fication of seminiferous epithelial cell types. STAGETOOL 
provides adequate, quick, and scalable analysis of the micros
copy images of DAPI-stained mouse testis cross-sections both 
at the cellular and tubular levels. To our knowledge, the pre
sent study is the first attempt for automated stage recognition 
of mammalian seminiferous epithelial cycle based on use of a 
fluorescent dye, DAPI, to stain the chromatin in cells within 
the testicular cross-sections. The cell and epithelial stage rec
ognition relies heavily on nuclear size/morphology and chro
matin organization in different cell types, emphasizing the 
importance of using a chromatin stain. Furthermore, the 
data do not suffer from background signal from cell cyto
plasm and extracellular matrix, which further facilitates the 
analysis. The use of fluorescent chromatin dye also enables 
simultaneous co-immunofluorescent staining of several pro
teins to characterize their expression patterns by combining 

the immunofluorescence imaging with cell and stage-level 
data.

To assess spermatogenesis in detail, the analysis of both 
stage organization of the seminiferous epithelium and its cel
lular composition are required. A clear benefit of 
STAGETOOL is that it combines these 2 analyses. The accur
acy for whole-testis tubular stage analysis is 99%, so it pro
vides a very reliable tool for the recognition of the 5 stage 
pools (I-V, VI-VIII, X, X-XI, and XII). In the future, we aim 
to expand the model to recognize all 12 stages (I-XII) of the 
mouse seminiferous epithelial cycle, even though staging 
into these 5 categories is typically sufficient in a laboratory 
conducting male reproductive biology research. Our cell mod
el obtains an average accuracy of 0.96 for 9 different semin
iferous epithelial cell types. This high performance 
was achieved through tedious manual annotation of nearly 
53 000 cells. We believe that the performance of STAGETOOL 

Figure 8. Distribution of cell labels in different epithelial stages as extracted from STAGETOOL output. As expected, Sertoli cells were evenly 
distributed across the stages, whereas secondary spermatocytes (Spc-sec) and metaphase plates (m2m) were seen in stage XII, and occasionally in 
stage I to V (see Fig. 7C for explanation). Distribution of cell types in stage categories were accurate and biologically correct.

Figure 9. STAGETOOL output images for A and B, Miwi knockout (KO) and C, Spef2 KO mouse seminiferous tubule cross-sections. Two 
representative examples of STAGETOOL output for Miwi KO seminiferous tubules at stages A, I to V and XII, and B, X and XI. Despite the lack of 
elongating spermatids, STAGETOOL correctly recognized the stages and cell types therein. C, A representative example of STAGETOOL output for 
low-resolution and over-exposed Spef2 KO seminiferous tubules at stage IX.
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can be pushed even further after retraining with the whole cor
pus of training, testing, and validation data, which will be per
formed during the continuous updating of the final version.

In addition to the wild-type spermatogenesis, we also 
showcase the functionality of STAGETOOL for analysis 
of genetically modified mouse models with a spermatogenic 
defect. Stage recognition in such mice may be challenging 
for human histologists because of the lack or reduced num
bers of specific spermatogenic cell types. However, 
STAGETOOL was able to perform stage and cell-type recog
nition in Miwi and Spef2 KO mouse models very accurately 
despite the complete lack of elongating spermatids (Miwi 
KO) or disrupted spermatid elongation (Spef2 KO). We are 
not aware of the histomorphological features that the model 
uses to achieve this.

While STAGETOOL is fully automated, the whole-testis 
cross-section image analysis tool requires some manual cur
ation to remove unsuitable seminiferous tubules from the seg
mentation output image. This is because the tubular 
arrangement of the whole testis often contains artifacts from 
sample preparation or longitudinally cut tubules, which may 
interfere with downstream analyses. Therefore, we can call 
the whole-testis approach only semiautomated, whereas on 
select 1024 × 1024 images STAGETOOL operates fully auto
matedly. Nonetheless, semiautomated whole-testis cross- 
section analysis offers a possibility for large-scale projects in 
male germ cell differentiation, such as gene expression 

screening and testicular phenotyping of genetically modified 
mouse models. When tested on Google Colab free GPU, it 
takes 1.5-5 seconds to fully analyze a 1024 × 1024 pixel im
age. A whole-testis cross-section, with approximately 600 im
ages, takes then 15 to 50 minutes, accordingly. Manual 
curation of whole-testis cross-section analyses depends on 
the image quality and takes an additional 5 to 15 minutes. 
Antibody expression profiling for whole-testis cross-sections 
(selecting signal thresholds for the antibody-labeled image) 
takes 10 to 30 minutes.

In humans and some other primates, the stages are organ
ized differently from rodents, and each seminiferous tubule 
cross-section can host more than one stage (36). Therefore, 
STAGETOOL cannot be directly applied to the analysis of 
human testis. However, the alarming adverse trends in male 
reproductive health and fertility (37) emphasize the import
ance of extending STAGETOOL to tackle human spermato
genesis. Although 10% to 15% of couples suffer from 
infertility (World Health Organization, 2017), the etiology 
of male factor infertility, contributing to half the cause, is un
known in 70% of cases (38). Therefore, there is a compelling 
need for better diagnostic tools for the study male infertility 
and subfertility. This study will pave the way for developing 
an automated analysis tool for characterizing spermatogenic 
failure in humans, which would facilitate counseling and se
lection of treatment strategies for male infertility and shed 
light on the underlying causes.

Figure 10. Snapshots of STAGETOOL output for whole-testis automated antigen expression analysis. Signals from antibody stainings (red) are overlaid 
with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI) staining (white) and STAGETOOL-derived cell type and stage predictions to acquire cell type 
and stage-specific expression pattern for different antigens. The DAPI signal from respective antigen-positive cells is highlighted with cyan. A, SOX9 
(red) is expressed uniformly in Sertoli cells. B, SALL4 (red) is expressed in all spermatogonia. C, SCP3 (red) staining is seen in prepachytene and 
pachytene spermatocytes and a subset of spermatogonia. D, CREM localizes to round spermatids (RS). E, PNA (red) stains the acrosomes of round and 
elongating spermatids. In this stage (II-IV), the acrosomic vesicles of RS are small and therefore there are many RS that stain negatively for PNA (some 
indicated with yellow arrows). F and G, Androgen receptor (AR; red) is expressed in Sertoli cells in a stage-dependent manner. In stages I to V, F, AR 
signal is observed in all Sertoli cells, whereas in stages X to XI, G, AR signal is high enough to qualify as positive only in a subset of Sertoli cells, resulting 
in stage-specificity for AR expression as shown in Fig.11. Yellow arrows indicate Sertoli cells with subthreshold level of AR expression. H, USF1 (red) is 
expressed in Sertoli cells and a subset of spermatogonia. Yellow arrows indicate USF1-negative intermediate/type B spermatogonia.
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