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ABSTRACT

In life sciences, light microscopy is used to study spec-
imens. On the organism-level a bright-field representation
present an overview for the whole shape of a specimen; the
organ-level fluorescent staining representation supports in the
interpretation of the detailed intrinsic structures. We present
light microscopy axial-view imaging based on the Vertebrate
Automated Screening Technology to acquire axial-view im-
ages for the organism and organs of zebrafish larvae. We
obtain multi-modal 3D reconstruction using a profile-based
method, from which we can derive the 3D measurements of
volume and surface area. In this method, we employ a micro-
scope camera calibration using voxel residual volume max-
imization algorithm. We intuitively align and fuse the ob-
tained multi-models. Experimental results show natural visu-
alization both for the whole organism and organ of zebrafish
larvae; subsequently accurate 3D measurements are obtained.
This method is very suitable for high-throughput research in
which knowledge on size and shape is relevant to the under-
standing for development, effects of compounds or drugs.

Index Terms— Multi-modal 3D reconstruction, 3D mea-
surements, zebrafish and organ, axial-view microscopy

1. INTRODUCTION AND RELATED WORK

In modern life-sciences research, e.g. developmental biol-
ogy, (patho)physiology, toxicology, and pharmacology, light
microscopy is commonly used to produce 2D color repre-
sentations of biological phenomena. Zebrafish is a popular
vertebrate model organism in biomedical research because of
its many advantages, among which is optical transparency at
early stages [1,2]. The organs of the transparent larvae can
be studied in vivo through microscopy. Transgenic lines are
available that express a fluorescent reporter gene in specific
organs, tissues, or cell types [3]. In this way, organ devel-
opment of the genetically engineered zebrafish can be visu-
alized and monitored over time by fluorescence microscopy.
This makes the zebrafish very suitable for large scale screen-
ing experiments using light microscopy. For the screening of
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Fig. 1: A schema of the proposed method. One zebrafish larva
presents in the two imaging pipelines. (A) The organism-level 3D re-
construction. (B) The organ-level 3D reconstruction. (C) The multi-
modal 3D reconstruction fusion and visualization. In (A) and (B),
the first columns show the original axial-view images; the second
columns illustrate the 2D binary shapes; the third columns denote
the camera system calibration and profile-based 3D reconstruction.

large libraries of compounds for organ toxicity, like hepato-
toxicity [4], quantitative endpoints like organ size or growth
retardation are required. In order to accurately evaluate the
shape and size of an organ like the liver, 3D modelling of
both the liver and the whole organism are required. Com-
pared with 2D imaging, 3D measurements, e.g. size, volume
and surface area, are more reliable. The organism-level imag-
ing is an overview of the shape of the object, serving as shape
reference to normalize the 3D measurements of liver into unit
metrics. Our aim is to develop a method for 3D reconstruc-
tion and measurements of zebrafish larvae and its organs us-
ing axial-view microscopy.

In stereo vision, a 3D scene can be recovered by match-
ing correlated multi-view images [5]. This is implemented by
pixel-level searching [6] or salient point detection and match-
ing [7]. However, these methods are challenged for our typ-
ical application at hand, the zebrafish. Here, partial trans-
parency of the zebrafish complicates straightforward applica-
tion of these methods as it is difficult to match the implicit
surface points on the object. Based on the concept of vi-
sual hull [8], the space carving algorithm reconstructs the 3D
shape from a range of 2D binary shapes [9], which is also re-
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ferred to as the silhouette-based 3D reconstruction [10, 11].
In a sample population of zebrafish a rather large color vari-
ation exists; this holds both for bright-field and fluorescence.
Therefore, we propose to use 2D binary representations. Ac-
cordingly, we have developed the profile-based 3D zebrafish
reconstruction method based on a series of 2D axial-view
shapes of the object, obtaining a precise 3D representation
and accurate 3D measurements in various larval stages [12].

For this work, we have implemented light microscopy
axial-view imaging modality based on the Vertebrate Auto-
mated Screening Technology (VAST Biolmager) [13, 14].
Using the axial-view images acquired from this multi-modal
imaging modality, we propose a multi-modal 3D reconstruc-
tion method as framed in Fig. 1. A zebrafish larva with fluo-
rescent marker expressed in the liver is captured in two imag-
ing modes. The VAST camera enables the organism-level
imaging and a microscope camera facilitates the organ-level
imaging. From the axial-view images, 2D binary shapes are
obtained through modern segmentation algorithms [15, 16].
We estimate the camera projection geometry for the two
camera systems using the voxel residual volume maximiza-
tion algorithm. We produce the multi-modal 3D reconstruc-
tion for the organism (zebrafish) and organ (liver) using the
profile-based 3D reconstruction method; we use heuristics to
fuse the two models acquired from different imaging modal-
ities. From the obtained 3D models, 3D measurements, e.g.
volume and surface area, are derived.

2. OUR APPROACH

In this section, we present multi-modal microscopy axial-
view imaging. A dataset containing the zebrafish on both
organism- and organ-level imaging is obtained. We introduce
the microscope camera calibration and elaborate profile-based
3D reconstruction. We present an interactive method to align
and fuse the multi-modal 3D reconstruction.

2.1. Light microscopy axial-view imaging

For VAST imaging, zebrafish are positioned along their lon-
gitudinal axis. This facilitates easy manipulation of the spec-
imen and the most important features of the specimen can
be observed well from the axial-view. The VAST-Biolmager
is developed for zebrafish high-throughput applications [17].
We use this device for our axial-view imaging and thereby
generate new functionality of the device. In Fig. 2, a
schematic representation is shown depicting the imaging ar-
chitecture. The positioning module of the VAST Biolmager
consists of a capillary and a pair of stepper motors facilitating
the rotation of the specimen. A standard CCD camera re-
ferred to as the VAST camera #1 is mounted with the device
and used to detect the location and orientation of the speci-
men. We use the VAST camera #1 to acquire the bright-field
axial-view images on the organism-level. The VAST-unit
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Fig. 2: An architecture for light microscopy axial-view imaging.
The VAST-Biolmager delivers a specimen from its reservoir into a
capillary. A set of stepper motors hold and manipulate the capil-
lary so that it can rotate in a full revolution; this is synchronised
with acquisition so that axial-view images of the specimen can be
obtained. The VAST camera #1 detects the presence of a specimen
and generates the axial-view images capturing the whole organism
in bright-field. The microscope camera #2 captures the organ-level
axial-view images in fluorescence.

is mounted on a microscope. We use the microscope cam-
era #2 equipped with a 4x/0.12NA objective to acquire the
fluorescent images for the liver on organ-level. This imag-
ing technique is applied to collect a dataset of 7 zebrafish
samples, staged as three days post fertilization (3 dpf)'. We
evenly sampled 25 axial-views for each zebrafish in both
channels in a full revolution. This means the step between
adjacent views is approximately 14.4° (due to mechanical
drift this is not precise).

2.2. Profile-based 3D reconstruction

Given a range of axial-view images I, we first obtain the 2D
profiles S for the object (zebrafish and liver) from image seg-
mentation. We interpret the 3D space in discrete voxel units.
Given a voxel centred at a 3D point X € R3, we can find its
pixel location x € R? in a 2D profile according to the camera
projection model x = PX. The profile-based 3D reconstruc-
tion projects all the voxels onto all the 2D profiles. According
to the visibility of a voxel w.r.t. the profiles, we assign a con-
fidence score to that voxel. The confidence score is actually
the total number of the profiles which can cover the pixel lo-
cation of that voxel. The 3D reconstruction is accomplished
by extracting the voxels given a threshold for a confidence
score (usually taken as the total number of the axial-views).
One can also estimate an enclosed 3D surface from the vox-
els. For more details of the profile-based 3D reconstruction,
we refer to our previous work [12, 18].

'A zebrafish transgenic line Tg(lfabp:dsRed; elaA:EGFP) with 2 fluo-
rescent colors for liver and pancreas (2CLIP) is used. The eggs were kept
in 60 pg/mL Instant Ocean Sea Salts (Sera Marin, Heinsberg Germany)
in demineralized water and treated with 0.003% 1-phenyl-2-thiourea (PTU,
Sigma-Aldrich, Zwijndrecht The Netherlands) to prevent pigmentation.
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(a) (b)

Fig. 3: (a) The VAST camera pose is modelled as the 3D transfor-
mation from the camera center O to the object center (green circle).
The green line denotes the profile-axis along which the object re-
volves. Zw, Z¢p and Z~ represents the 3D rotation angles of the
camera along the X, Y and Z directions, respectively. Za is mod-
elled as the "translation angle”. (b) The center of the zebrafish liver
is not aligned with the zebrafish center which results in its rotation
and revolution w.r.t the zebrafish center, such that the “translate an-
gle” Za of the microscope camera is specified for each view.

2.3. Light microscope camera system calibration

For a good profile-based 3D reconstruction, we need an ac-
curate camera projection model which can be obtained from
a camera calibration. We decompose the camera projection
matrix as P = K R [I| T ]. The K denotes the camera
intrinsic configuration defined as:

f kg 0 Ca
K= 0 frky ¢
0 0 1

; ey

where f is the camera focal length; (k,, k, ) denotes the scal-
ing factor and (c,, ¢,) represents the image center. In the
decomposition of the camera projection model, the R3, 5 and
T3 are the 3D rotation and translation from the camera cen-
ter to the object center, which are also referred to as the cam-
era motion. In practice, the camera remains static and only the
specimen rotates. For visualization purposes, we arranged the
camera as moving around the object as shown in Fig. 1.

In Fig. 3(a), we show the VAST camera motion w.r.t. the
zebrafish center. The zebrafish revolves along a fixed profile-
axis which is aligned with the object center, such that the
VAST cameras share the rotation angles ¢ and «y and the trans-
lation angle « [19]. The camera rotation angle along the X-
axis is specified for each view. So, the whole camera config-
uration is structured as ¢ = [f, kq, ky, ¢z, ¢y, &0, 0,7, wi.N],
where N is the number of the axial-views. For the micro-
scope cameras, the rotation center of the zebrafish liver is
not aligned with its own center as shown in Fig. 3(b), so the
translation angle should be specified for each view. We im-
prove the parameterization for microscope camera configura-
tion as ¢ = [f, ky, ky, €z, ¢y, a1.n, @, Y, wi.n]. The method

of voxel residual volume maximization (VRV) is used to esti-
mate accurate camera configuration. The objective is defined
as L(¢) = |X*|, where X¥* = {X | S(P(¢)X) #0,X € X'}
and |X'*| are the voxel residual and the volume. The objec-
tive maximization is implemented by Nelder-Mead simplex
method [20].

2.4. Multi-modal 3D reconstruction alignment and fusion

Fig. 4: The alignment of the multi-modal 3D reconstruction is im-

plemented according to the iris center of the zebrafish. On the left-
side is a bright-field image of organism-level imaging. We crop this
image to fit the space. On the right-side is a bright-field image over-
laid with a fluorescent image of organ-level imaging.

The 3D models are obtained from different imaging
modes. So, we need to align the resulting multi-modal 3D
reconstruction as part of the fusion operation. During the
organ-level imaging, we acquired bright-field images in reg-
ister with the fluorescent images. These images only partially
depict the object but provide a good reference for alignment.
We have obtained the camera poses for both models from
camera calibration. So, we choose the same axial-view for
the zebrafish and localize the iris center as shown in Fig.
4. We use the organ-level 3D model as a template. The
organism-level 3D model is scaled, rotated and shifted to
align with the former according to the camera pose and the
position of the iris center. Finally, we map the multi-models
into the same space to obtain the fusion result.

3. EXPERIMENTS

In this section, we apply our method on the zebrafish dataset
for performance evaluation. We first visualize some exam-
ples of the multi-modal 3D reconstruction in section 3.1, and
subsequently report on the 3D measurements of volume and
surface area for the zebrafish larvae and its liver in section 3.2.

3.1. Results visualization

From our dataset, we select three examples for visualization
as shown in Fig. 52. Two typical axial-views are shown,
i.e. lateral and dorsal and each example is separated by blue
lines. The first column shows the original organ-level fluo-
rescent images. Those images depict the natural shape of the
zebrafish liver. One can observe a variation in image quality

2An animated visualization of the results can be found at http://
bio-imaging.liacs.nl/galleries/VAST-3Dorgan/
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Fig. 5: Multi-modal 3D reconstruction visualization. We selected
three examples from our dataset and for each example we visualize
two typical views (lateral and dorsal). The first column represents
fluorescent liver images. The middle column is the zebrafish image
in bright-field. The last column visualizes the fusion of the multi-
modal 3D reconstruction. One can zoom in for a better observation.

Table 1: 3D measurements of the 3D reconstructed models
for the zebrafish (ZF) and its liver (Liver)

Volume Surface area
ZF Liver ZF Liver
(x10%um?®)  (x10°um?) (x10%um?)  (x10%*pum?)

#1 2.74 7.70 3.33 4.67
#2 2.59 5.38 3.24 3.61
#3 2.50 8.01 3.13 4.91
#4 2.91 9.06 3.44 5.20
#5 2.67 11.60 3.31 6.07
#6 2.80 15.15 3.47 6.89
#7 2.80 6.55 3.41 4.28

from the different examples. This is caused by strength of the
fluorescent marker. The middle column shows the organism-
level bright-field images. The zebrafish are partially transpar-
ent but retains explicit contours for the shape. The last column
visualizes the fusion of the 3D models. For a natural appear-
ance, we map the texture from the zebrafish to the 3D model.
One can clearly observe the shape of both the zebrafish and
its liver. The visual and spatial discernibility of the models
are emphasized from the multi-modal fusion. It is interesting
that, although the liver is not completely visible in a all views
(the first view of the first example), our method still recovers
a good 3D shape by imposing a threshold to the confidence
score to estimate a 3D model allowing a range of errors.

3.2. 3D measurements for multi-modal 3D reconstruction

From the multi-modal 3D reconstruction, we derive 3D mea-
surements, i.e. volume and surface area. The volume is ob-
tained by the integration over all the voxels included in the
object. A set of surface points is generated from the voxels

by the marching cubes algorithm [21], from which a triangu-
lated mesh can be produced. The obtained 3D surface is fur-
ther refined [22]. Subsequently, the surface area is obtained
by the integration of all the facets in the triangulated mesh
using Heron’s formula [23]. In Table 1 we report on the com-
puted 3D measurements of volume and surface area for both
zebrafish and its liver.

In previous work [12], we have reported accurate 3D mea-
surements for the 3 dpf zebrafish, from which we obtained
the volume statistics as 2.53 & 0.11 (x10%um?) and the sur-
face area as 3.20 & 0.15 (x 105m?). In this experiment, the
statistics of the 3D measurements for the zebrafish are 2.72 &
0.14 (x10%um3) for the volume and 3.33+0.12 (x 105 um?)
for the surface area. The phenomenon that the specimens in
this experiment are larger compared to our reference set is
due to the fact that we did not accurately time the develop-
ment for this experiment. We also computed the statistics of
the 3D measurements for the liver as 9.06 4-3.33 (x 10° um3)
for the volume and 5.09 4 1.10 (x10*um?) for the surface
area. The shape variation of the zebrafish liver is large for dif-
ferent individuals, but we can observe that a larger zebrafish
tends to have a larger liver [24].

We implemented our method using Matlab programming
on a desktop with an Intel i7 CPU and a 16G RAM. We eval-
uate the efficiency as runtime for the 3D reconstruction of the
zebrafish and its liver separately as 22.0+0.4(s) 26.3+1.3(s).
The results of this experiment can be directly used for estab-
lishing physiological values of a healthy liver of a 3 dpf ze-
brafish. This method can be more generically used to assess
all observable effects of any compound on the shape and size
of an organ.

4. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented a method for multi-modal 3D
reconstruction and fusion on both organism- and organ-level
through light microscopy axial-view imaging. We have im-
plemented the imaging architecture using the VAST Biolm-
ager and applied our method to zebrafish larvae. Within the
reconstructed 3D models, we observe an overview shape for
the object on the organism-level and the detailed structure on
the organ-level. The former provides a good shape reference
to normalize and evaluate the organ development in pheno-
typical research. The experimental results show natural visu-
alization of the multi-modal fusion images. Additionally, ac-
curate 3D measurements are obtained, which can be directly
used for the evaluation of the biological system with com-
pound screening. This method can be further developed to
determine size and shape of other fluorescently labelled or-
gans and objects, like pathogens or tumour cells. In order to
further improve this work, a larger sample size of our sub-
jects should be considered to get better statistics for the 3D
measurements. High-throughput imaging would be a good
approach for this.
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