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Abstract. Studying the geometry of synaptic junctions enables new hy-
potheses to be established regarding chemical communication between
neurons. Morphological studies of these structures is greatly facilitated
by the use of recent electron microscopy techniques that permit 3D re-
construction of large numbers of synapses. Two critical components of
the synaptic junction are the active zone and the postsynaptic density, as
they are directly related to the synaptic release probability and the num-
ber of postsynaptic receptors, respectively. Given that these two struc-
tures are in close apposition, they can be represented by a single surface,
the synaptic apposition surface. We have developed a technique to auto-
matically extract this surface and the features of this structure that are
most relevant to researchers interested in studying synaptic function.

Keywords: Synaptic geometry, active zone, postsynaptic density, sur-
face extraction, data pre-processing, data visualization

1 Introduction

Chemical synapses are pivotal for the exchange of information between neurons.
In general, these structures are formed by a presynaptic axon and a postsynaptic
membrane, separated by the synaptic cleft. The synaptic vesicles located within
the axon terminal contain the neurotransmitter molecules that are released into
the cleft and that interact with specific receptors located in the postsynaptic
membrane. At the presynaptic membrane, the active zone (AZ) contains the
molecular machinery necessary for the rapid docking of synaptic vesicles and
the subsequent release of neurotransmitters [14, 17]. At the electron microscope
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level, both the AZ and the postsynaptic membrane appear as dark structures
[15], which enables synaptic junctions to be segmented and reconstructed in
3D [10]. The surface area of the AZ is proportional to the probability of vesicle
release [16, 8], while the area of the postsynaptic density (PSD) is proportional to
the number of postsynaptic receptors [12, 18]. Therefore, analysing the geometry
of the synaptic junction is of great interest in terms of synaptic function.

Synaptic junctions comprise the AZ, the PSD and the synaptic cleft, and can
be reconstructed in 3D as mentioned above [10]. Since the AZ and the PSD are in
close apposition and their areas are very similar [16], they can be represented by
a single free-form surface located within the volume of the reconstructed synap-
tic junction. For the sake of clarity, we will refer to this surface as the synaptic
apposition surface (SAS). The main difficulty when attempting to extract this
surface is the large variability in shape. For example, there are highly tortuous
synaptic junctions, or synaptic junctions that have one or several “holes” (per-
forated synapses) that also vary in shape, size and distribution. This variability
precludes the use the techniques currently available to extract interior surfaces
from volumetric representations. Thus, we have developed a new methodology
to resolve this specific problem.

In the following sections we will present a brief review of the techniques
currently available to extract inner surfaces from volumetric representations,
before describing the new technique that has been devised to extract the SAS
and presenting some results obtained with this tool. Finally, we will present the
main conclusions of the present study.

2 Background

At present, it is possible to study the ultrastructure of synapses within large
volumes of brain tissue. Indeed, using FIB/SEM microscopy, it has been shown
that synapses can be accurately identified, reconstructed, and quantified from
large 3D tissue samples, and that virtually all synaptic junctions can be classi-
fied regardless of the plane of the section [9]. Synaptic junctions can be further
segmented and 3D reconstructed with the help of “ESPINA”, a new software tool
specifically developed for that purpose [10, 11] (Figure 1). However, one of the
main difficulties in characterizing the synaptic junction is the extreme variabil-
ity in the morphology of the PSD, as reflected by the examples in Figure 2 that
illustrate the complexity of the problem. Another limitation is that current tech-
nology prevents directly exploring or analysing the SAS in all synapses as the
synaptic cleft is not always visible, depending on the orientation of the plane of
section, the synaptic cleft is not always visible and the pre- and postsynaptic
membranes may appear as if they were fused together [4]. Therefore, we have
to resort to the extraction of an internal surface that adequately characterizes
the SAS, which is of particular interest for neuroscientists given the possible
functional implications.

We have focused our work on extracting the surface located inside the vol-
ume occupied by the synapse, which adapts to the shape of the synapse and is
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Fig. 1. An example of a 3D stack of the cerebral cortex from which synaptic junctions
have been segmented and reconstructed with the software tool ESPINA. Green and
red objects represent excitatory and inhibitory synaptic junctions, respectively. The
example also shows the images from the border sections in the three spatial directions.

(a) Thin. (b) Thick. (c) Elongated.

(d) Folded. (e) Compact synapse. (f) Synapse with holes.

Fig. 2. Synapses can present a wide variety of 3D shapes. This figure shows several
examples of the 3D reconstructions achieved after applying the segmentation stage.

equidistant from the two exterior surfaces. The shape of this surface will charac-
terize some of the most relevant features of synaptic junction, including its area,
orientation or tortuousity.

To obtain internal surfaces, different approaches can be adopted, such as
thinning methods [7], Voronoi diagram methods [13] and Distance Transform
(DT) methods [1]. Although they are simple to implement and fast executions
can be achieved, the thinning methods do not preserve object’s topology and the
results are not deterministic, as they depend on the order in which the pixels are



4 Juan Morales et al.

removed. Although Voronoi diagram methods permit topology preservation, in
3D they are not only more computationally expensive and numerically unstable,
but spurious branches must also be pruned at the end of the process. The topo-
logical preservation also suffers with DTs and locating ridges may be difficult if
the shape is complex. We have also examined and tested several skeletonization
algorithms, however they often require a final postprocessing step that either
involves a pruning operation [6] or surface reconstruction process [5, 2].

Therefore, here we propose a hybrid solution that combines a DT method
and one deformable template that obtains the desired result very efficiently. The
application of a DT to a binary image produces a distance image, where each
element of this image is assigned a distance label. For any element belonging
to the object, the label usually stores a value indicating its shortest distance to
the object background (its complement). The neighbourhood of a pixel and the
distance assigned to each of the neighbours describe each DT. Further concepts
regarding digital distances can be found in [1]. Taking advantage of the apriori
knowledge about the synaptic junction shape, our problem is simplified to place
an initial planar seed at the correct location and to deform it according to the
synapse’s shape and the DT values. This approach should give us a free-form
surface, the SAS, that is located inside the synaptic junction equidistant to its
pre and postsynaptic faces.

3 Method

Since FIB/SEM images deal with gray scale levels, it is necessary to first obtain
the segmentation of the synaptic junction before applying the algorithm pro-
posed. Although other segmentation methods could be chosen, in the present
study this was achieved with ESPINA [10], a tool designed to segment and count
synapses in electron microscopy images using heuristics based on gray levels and
connectivity. For each synapse, the result is a volumetric representation that
reconstructs its 3D morphology.

Once we have segmented the synaptic junctions, we deform a planar mesh
template placed inside the synapse volume taking into account the DT of the
3D binary image reconstructed from the synaptic junction. The algorithm that
we propose to use to extract the SAS characteristic of the synaptic junction is
described in Alg. 1.

The first step in this process aims to compute the predominant orientation
of the synapse in order to obtain a reference in which to situate the deformable
template. For this purpose we have chosen the Oriented Bounding Box (OBB)
of the segmented synaptic junction (1). Subsequently, we obtain the distance
map of the segmented synaptic junction by applying the DT (2) [3], obtaining a
distance value di (di ≥ 0, ∀i ∈ set of voxels) for each voxel i. From the distance
map, we compute the best seed to place the deformable template in the synaptic
junction.

In this way, we obtain the set of voxels with the highest values di in the
Distance Map, the most interior points, and we compute the centroid of this set
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Algorithm 1 Summary of the main stages implemented in the extraction of the
synaptic apposition surface.

1: Compute the Oriented Bounding Box (OBB) of the segmented synaptic junction.
2: Compute the Distance Map of the binary image.
3: Compute the centroid of the most interior points of the Distance Map.
4: Build a plane with the size and orientation of the largest face of the OBB and place

it at the point obtained in 3.
5: Compute the gradient of the Distance Map substituting scalar distance labels with

gradient vectors.
6: Project the vectors of the gradient on the normal direction of the plane.
7: Apply a displacement transformation to each vertex of the plane according to the

magnitude of the gradient vectors.
8: Remove the facets of the surface that do not intersect with the synaptic junction.

(3). The plane passes through this seed and it is orientated with the principal
axes of the OBB (4). The gradient of the distance map gives us a measure of
the deformation required to adjust the planar template to the 3D shape of the
synaptic junction. Therefore, from the DT image we can obtain a gradient image,
substituting the distance labels obtained previously with gradient vectors in each
voxel i (5):

∇di = (
∂di
∂x

,
∂di
∂y

,
∂di
∂z

) (1)

Taking into account the orientation of the synapse, we project the gradient
vectors computed along the normal direction n of the template (6): ∇di · n.
The next stage is to evaluate the magnitude of the projected gradient vectors
|∇di ·n| over the Distance Map and to deform the template vertices according to
these values (7). The higher the gradient value, the more the template must be
deformed in that area. The positions pi of the template’s vertices are transformed
according to the following expression:

pi(t+ 1) = pi(t) + |∇di · n|2 (2)

This is the only step where several iterations may occur. The stop condition only
depends on the OBB axis size along the deforming direction, determining the
number of iterations to be performed:

max(1, b 2

√
min(|OBBx|, |OBBy|, |OBBz|)c) (3)

The square root is required because displacements are performed using a quadratic
term. Finally, we remove those interior facets that belong to holes by performing
a clipping operation with the deformed mesh template (8). The result is a set
of facets that belong to the SAS. Figure 3 illustrates the results obtained after
applying the different stages of the algorithm described.

The most relevant features of this algorithm are the following:

– Automation: no user intervention is required to extract the synaptic junc-
tions.
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(a) Stages 1–4. (b) Stage 5. (c) Stage 6.

(d) Stage 7. (e) Stage 8.

Fig. 3. Partial results obtained at different stages of the Alg. 1.

– Efficiency: all the stages are performed only once in sequence.
– Simplicity: no complex mathematical background is required to implement

the algorithm.

4 Experimental Results

The main purpose of this section is to present some representative cases of the
different type of synapses that we can find and the results achieved with the
algorithm proposed. These results will be processed to obtain new parameters
from these synaptic junctions and finally, neuroscience experts will analyse the
data to extract knew information regarding these structures.

The results shown in this section have been generated on a PC with Intel
Pentium Core I7 920 2.67 GHz CPU and 12 GB RAM memory. The application
is implemented in Python vs. 2.6 and it has been ported successfully to several
Linux and Windows systems. We have chosen a set of stable and widely tested
free distribution tools to assure the portability of the code: Qt for user interface
development, ITK vs. 3.16 as the image processing library and VTK vs. 5.6 as the
visualization library.

Figure 4 shows the results obtained after applying the method proposed here
to the synapses shown in Fig. 2.

This technique has been validated by a reduced and selective set of experts
who have interactively classified a test set composed by 253 synapses. These
synapses were classified using three labels: good, need improvement and bad,
obtaining the results reflected in Table 1. The label good is assigned to samples
where the fitting between the extracted SAS and the original data is correct.
The labels need improvement and bad are assigned to instances when some
minor or major defects are found in the SAS extracted, respectively. Figure 5
shows the interface of the validation tool. The system grants a valid response
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(a) Thin. (b) Thick. (c) Elongated.

(d) Folded. (e) Section of a compact
synapse.

(f) Slide of a synapse with
holes.

Fig. 4. Synaptic apposition surfaces extracted from the synapses presented in Fig. 2.

Table 1. Statistics collected during the validation process. Number of total samples
validated: 253 SAS.

Good Need Improve Bad

# 239 4 10
Expert 1 % 94.47 1.58 3.95

# 237 10 6

Expert 2 % 93.68 3.95 2.37

in over 94%. When the experts rejected the result obtained after comparing the
synaptic junction extracted with the original data, the reason was usually the
presence of extreme features associated with the synapses, like folds or bulges.
There are no references for validating the extraction of the SAS, therefore, the
dataset characterized in experiments may be used to create a new repository for
benchmarking.

From a computational point of view, one of the most relevant features of this
technique is its efficiency: all the stages are performed only once, and the most
demanding stage, the computation of the DT, can be performed in O(N), being
N the number of voxels of the binary image. Over 90% of the synaptic junctions
were extracted in less than 0.7 s. The maximum size we found was 189,980 voxels
(46 × 118 × 35), which requires a processing time of 3.56 seconds. The largest
loop of the deformation stage has only taken 5 iterations, and over 90% of the
synaptic junctions processed have taken 3 or fewer iterations.

Several geometrical features of the synaptic junctions were already calculated
by the ESPINA software, including: the size of the synaptic junction, defined as
the number of voxels; the physical size, defined as the real object size after mul-
tiplying the size by the voxel size; the center of gravity of the synaptic junction,
measured in physical units; the physical dimension of the bounding box; binary
principal moments obtained over the physical units; the principal axes of the
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Fig. 5. Interface of the validation tool showing the original data, the current extracted
SAS and the labels assigned in a working session.

object; the Feret diameter, defined as the minimum sphere diameter that cir-
cumscribes the synaptic junction and measured in physical units; the physical
size of the equivalent ellipsoid, obtained from the principal axes of the synaptic
junction.

The new algorithm extracts the SAS from every synaptic junction, which is
equivalent to both the AZ and the PSD, two major components of the pre- and
postsynatic synaptic membranes (see Introduction). When analyzing the SAS,
experts demand information about its area, perimeter, OBB and tortuousity. The
first three measures are easily extracted from the SAS. By contrast, tortuousity
depends on the criteria that expert wants to apply to the analysis. Therefore,
we have extracted locally at each vertex i:

– Minimum normal curvature: κ1(i)
– Maximum normal curvature: κ2(i)

– Mean normal curvature: H(i) =
κ1(i) + κ2(i)

2
– Gaussian normal curvature: K(i) = κ1(i)× κ2(i)

Then, we have globally computed for the SAS the mean and standard deviation
of the principal curvatures (minimum and maximum normal curvature), the
mean normal curvature and the Gaussian normal curvature:

µ(κj) =
∑
i

κj(i)

n
, σj =

2

√√√√∑
i

(κj(i)− µ(κj))
2

n
, j = 1, 2 (4)

µ(H) =
∑
i

H(i)

n
, µ(K) =

∑
i

K(i)

n
(5)
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being n the total number of vertices.
Current technology produces noisy SAS images (Fig. 2), therefore, global

measures like the ones presented in Eq. 4 and 5 must be sought to grant a
robust shape analysis of the SAS features. Other robust curvature measures, like
histogram based measures, will be incorporated in the near future. An alternative
roadmap is to work in the improvement of the local curvature feature extraction.
Unfortunately, this approach will increase the computational load required. In
any case, we must not forget that any new curvature measure introduced in the
analysis must be meaningful to neuroscientists.

SAS provides crucial information to correlate synaptic morphology and func-
tion. In addition, all these measurements can be easily exported in the standard
CSV spreadsheet format for further analysis.

5 Conclusions

We have implemented an algorithm that is capable of extracting the synaptic
apposition surface from a 3D volume representing a previously segmented synap-
tic junction. The algorithm is a hybrid approach that combines a DT method
and a deformable template. The algorithm is fast and efficient, and it does not
require user intervention. It has been validated by experts, demonstrating that
it is accurate in more than 94% of synaptic junctions. The synaptic apposition
surface is equivalent to the active zone and the postsynaptic density, the two
major components of the pre- and postsynatic synaptic membranes. Thus our
algorithm will help to obtain crucial morphological information that will enable
the functional characteristics of synapses to be correlated with their geometric
properties.
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the number of synapses in the cerebral cortex: methodological consid-
erations. Cereb. Cortex 9(7), 722–732 (1999), www.biomedsearch.com/nih/

Estimation-number-synapses-in-cerebral/10554995.html
5. Esteban, X.M., Larrabide, I., Hernández, M., Frangi, A.: Flux driven medial curve

extraction. The Insight Journal p. 9 (Jul 2007), hdl.handle.net/1926/560
6. Hisada, M., Belyaev, A.G., Kunii, T.L.: A 3d voronoi-based skeleton and associ-

ated surface features. In: Proceedings of the 9th Pacific Conference on Computer
Graphics and Applications. pp. 89–95. PG ’01, IEEE Computer Society, Washing-
ton, DC, USA (2001)

7. Lam, L., Lee, S.W., Suen, C.Y.: Thinning methodologies-a comprehensive survey.
IEEE Trans. Pattern Anal. Mach. Intell. 14, 869–885 (Sep 1992), portal.acm.org/
citation.cfm?id=138791.138793

8. Matz, J., Gilyan, A., Kolar, A., McCarvill, T., Krueger, S.R.: Rapid structural
alterations of the active zone lead to sustained changes in neurotransmitter release.
Proceedings of The National Academy of Sciences 107, 8836–8841 (2010)
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