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A B S T R A C T   

Invasive neuronal tract-tracing is not permitted in very large or endangered animals. This is especially the case in 
marine mammals like dolphins. Diffusion-weighted imaging of fiber tracts could be an alternative if feasible even 
in brains that have been fixed in formalin for a long time. This currently is a problem, especially for detecting 
crossing fibers. We applied a state-of-the-art algorithm of Diffusion-weighted imaging called Constrained 
Spherical Deconvolution on diffusion data of three fixed brains of bottlenose dolphins using clinical human MRI 
parameters and were able to identify complex fiber patterns within a voxel. Our findings indicate that in order to 
maintain the structural integrity of the tissue, short-term post-mortem fixation is necessary. Furthermore, pre- 
processing steps are essential to remove the classical Diffusion-weighted imaging artifacts from images: how-
ever, the algorithm is still able to resolve fiber tracking in regions with various signal intensities. The described 
imaging technique reveals complex fiber patterns in cetacean brains that have been preserved in formalin for 
extended periods of time and thus opens a new window into our understanding of cetacean neuroanatomy.   

1. Introduction 

Cetaceans are aquatic mammals characterized by elaborate social 
interactions, complex behaviors, and outstanding cognitive abilities 
[9,12]. However, practical and ethical reasons make in vivo studies on 
the neuroanatomical basis of their cognitive capabilities impossible. 
However, recent advances in magnetic resonance imaging (MRI) have 
provided a set of non-invasive tools to even investigate postmortem 
brains. Diffusion-weighted imaging (DWI) is a non-invasive method to 
measure the diffusion process of the water molecules in biological tis-
sues which can be used to map white matter tractography [7,13]. 
Diffusion Tensor Imaging (DTI) is a mathematical model applied to DWI 
data, based on the ability to detect and quantify the anisotropic diffusion 
of water molecules in white matter tissue. DTI is represented with an 
ellipsoid which gives the microstructural characteristics and the orien-
tation of each voxel [2,3]. Fiber tracking or “diffusion tractography” is 
the result of combining the orientation of every voxel. However, DTI’s 
main drawback is that it is insensitive to complex fiber architectures, 

specifically because it is unable to identify crossing fibers which limits 
its application to study complex neural pathways [1,11,19]. During the 
last decade, multiple mathematical algorithms have been developed to 
overcome this limitation and yield excellent results in living human 
brains that reasonably approximate clinical parameters. The constrained 
spherical deconvolution (CSD, [19]) is a performant algorithm that re-
constructs white matter tracts by estimating the distribution of fiber 
orientation (fFOD), based on an estimate of the response function of a 
single fiber that matches the common signal profile obtained from white 
matter [1,11]. 

To the best of our knowledge, until now, there are only three studies 
that investigated tractography in dolphin brains, using the DTI method 
[4,14,22]. While DTI has already proved efficacy in ex-vivo tissues, CSD 
use has been limited to in-vivo brains. However, a recent study demon-
strated the feasibility of using CSD in fixed dolphin brains in the 
investigation of prefrontal cortex connections [8]. In the current study, 
we report the application, feasibility, and results of CSD applied to post- 
mortem fixed brains of bottlenose dolphins (Tursiops truncatus, Montagu 
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1821). We consider the quality and reliability of the results and discuss 
the difficulties when applying this technique to fixed cetacean brains. It 
is worth noting that two of these brains have been preserved for more 
than two decades. This long period of fixation presents unique chal-
lenges and considerations, which we discuss and address in our analysis. 

2. Materials and methods 

2.1. Specimens 

For this research, we used formalin-fixed brains of three bottlenose 

dolphins (Tursiops truncatus, Montagu 1821). The brains belonged to two 
adult females (age: fixation time > 20 years) and one adult male spec-
imen (age: fixation time > 5 years). 

These animals were transported to the Department of Comparative 
Biomedicine and Food Science (BCA) of the University of Padova for 
post-mortem diagnosis and the samples collected were stored in the 
Mediterranean Marine Mammal Tissue Bank (MMMTB, http://www. 
marinemammals.eu). The MMMTB is a CITES-recognized (IT020) 
research center, collaborating with and sponsored by the University of 
Padova and the Italian Ministry of the Environment, as well as other 
Italian organizations working with marine mammals. 

Fig. 1. Schematic overview of the various pre-processing steps of the CSD analysis. (A) Location of the brain in the head (left); fixed brain (central) and 3D model of 
the scanned brain (right) of a bottlenose dolphin. (B) DWI processing steps. Raw, raw data directly from the MRI scanner, the arrow indicates a bright area; Noise 
map, map of the noise which has been corrected; Unringed, overlap of the denoised and unringed images; Preproc., preprocessed data; FOD est., response function 
estimation with dhollander algorithm and subsequent division between three different tissues: WM (blue), GM (green), liquid/CSF (red); fFOD 1, first FOD calcu-
lation without a mask and consequent imprecise division between tissues (magnification in the circle); fFOD 2, second FOD calculation with a mask and better 
estimation of WM (magnification in the circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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The brains were extracted from the skull 5 to 10 h after death and 
directly fixed by immersion in neutral buffered paraformaldehyde (PFA 
4% changed on a regular basis). The animals died of non-neurological 
reasons and the brains showed no macroscopic evidence of damage, 
suffering or illness. Fig. 1 A illustrates the position of the brain, its 
ventral view and a comparable 3D MRI. One of the brains was divided in 
two and the cerebellum was removed for other research purposes. The 
brain size ranged from 152 to 190 mm (latero-lateral), 110 to 125 mm 
(dorso-ventral) and 123 to 154 mm (rostro-caudal). 

2.2. Data acquisition 

Before MRI scans, brains were sealed in plastic bags with a small 
amount of PFA 4% to avoid direct air contact. The scans were acquired 
using a 32-channel head coil on a 3 T human MRI system (Achieva 3 T X, 
Philips). T2-weighted structural images were acquired through a 3D fast 
acquisition with Fast Field Echo Imaging (FFE) in the axial plane using 
the following parameters: FFE factor = 105; field of view (FOV) = 150.0 
× 200.0× 150.0 cm3; repetition time/echo time (TR/TE) = 8.2/3.8 ms; 
matrix size = 152 × 201; the number of slices = 150; voxel size = 1.0 ×
1.0 × 1.0 mm3. The total acquisition time per brain was 6 min and 26 s. 
A single-shot Echo Planar Imaging (EPI) sequence was used to obtain 
DW images in the axial plane with the following parameters: EPI factor 
= 41; FOV = 224 × 168 × 150 cm3; TR/TE = 23.200/88 ms; matrix size 
= 112 × 82; the number of slices = 75; voxel size = 2.0 × 2.0 × 2.0 mm3; 
diffusion-weighting along 60 directions with b = 3500 s/mm2. One non- 
diffusion-weighted image (b0) was acquired for each specimen. The total 
acquisition time per brain was 24 min and 21 s. To overcome the ge-
ometry distortion of the EPI sequence, 2 additional DW images (b =

Fig. 2. Visualization of a ROI involving the corpus callosum (dotted area) in a 
coronal view. A → C: increasing of magnification to verify the correct orien-
tation of the fFOD. D: After the application of tractography, note how the fibers 
are straight and grouped in the main bundle but then split to go to the rest of 
the cortex. 

Fig. 3. Global tractogram of the male (1) and female (2) bottlenose dolphins. Top: SIFT 1 M, whole brain tracking after SIFT application. Bottom: FA, FA map which 
intensity varied between 0 and 1; TDI, track density imaging. The colours reflected the direction along the MRI scanner; x, latero-lateral; y, dorso-ventral and z, 
cranio-caudal. Colour codes were as follows: red: latero-lateral; blue: dorso-ventral; and green: cranio-caudal. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3500 s/mm2) and 2 non-DW images were acquired in the opposite phase 
encoding direction. 

2.3. Data processing 

DWI data were processed for voxel-based analysis using FSL (version 
6.0.5.1, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki, [10,16,21]) and MRtirx3 
(https://www.mrtrix.org/; [20]) software. The DWI data processing 
steps for each individual were as follows: (i) converting Dicom files to “. 
mif” format, (ii) denoising using Marchenko-Pastur principal component 
analysis, (iii) Gibbs ringing removal, (iv) motion and distortion correc-
tion (including Eddy current distortions and susceptibility-induced EPI 
distortions) using the opposite phase encoding direction images, and (v) 
bias field correction to eliminate low-frequency intensity in-
homogeneities across the image. Subsequently, the dhollander algo-
rithm was applied to estimate different response functions for the white 
matter (WM, anisotropic), cerebrospinal fluid, and grey matter (CSF and 
GM, both isotropic; [6]). fFOD was then calculated by first taking the 
estimation of dhollander algorithm into consideration to then use a mask 
in which most of the neocortical grey matter was manually removed for 
better biological plausibility (i.e. absence of tracts in the CSF and GM). 

2.4. Tractography 

The whole brain tractogram was generated using the iFOD2 algo-
rithm (Second-order Integration over Fiber Orientation Distributions) - a 
probabilistic algorithm that takes the fFOD file as an input. This method 
is capable to precisely track crossing fibers and fibers in highly curved 
areas. The following default MRtrix parameters were used: FOD 

amplitude threshold = 0.1, step size = 0.2 mm, and angle threshold =
60◦. The first streamline count was set to ten million but since one of the 
drawbacks of the CSD is the over-representation of long tracts to the 
detriment of short tracts, a spherical-deconvolution informed filtering of 
tracks (SIFT) algorithm was applied by a factor of 10, yielding a total of 
one million tracts. The fractional anisotropy (FA) was calculated. This 
index reflects the main fiber organization within each voxel based on the 
degree of freedom of water molecules in the axons. Since it varies from 
0 (completely isotropic = free movement in three dimensions) to 1 
(completely anisotropic = restricted movement in one dimension), its 
values were then superimposed on the obtained tracts file to verify that 
areas with high anisotropy, such as the corpus callosum, had a higher 
value of areas rich in crossing fibers such as the grey matter. This 
parameter allowed us to verify the general quality of our results 
including the preservation of geometry and orientation (Figs. 2,3; Suppl. 
Mat. 1, 2). In addition, we ran a region of interest (ROI) analyses by 
placing seeds in some brain regions such as the corpus callosum (cc, 
Fig. 4), the optic tract (OT, Fig. 5), the pons (Fig. 6), the internal capsule 
(Suppl. Mat. 1) and the spinal cord (Suppl. Mat. 2). A few hyperintense 
regions were visible in the diffusion raw data of two specimens, possibly 
due to some technical issues during brain fixation. However even these 
regions were included in the tractography to minimize the processing 
steps and keep them similar to in-vivo scans. Controls were performed by 
comparing areas containing these hyperintense areas with the contra-
lateral intact equivalents, to check for any abnormality between the two 
sides (Suppl. Mat. 3). 

For further details in the “Data processing” and “Tractography” 
sections concerning the methodology and the references, see the com-
plete and exhaustive step-by-step description in the B.A.T.M.A.N. 

Fig. 4. Regional tractogram of the corpus callosum (cc) of the male (1) and female (2) bottlenose dolphins from SIFT 1 M. Tracts are represented in axial (top-left), 
sagittal (top-right) and 3D oblique (bottom) views. The colours reflected the direction along the MRI scanner; x, latero-lateral; y, dorso-ventral and z, cranio-caudal. 
Colour codes were as follows: red: latero-lateral; blue: dorso-ventral; and green: cranio-caudal. Dotted circles indicate the ROIs were drawn. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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tutorial (https://osf.io/fkyht/). 

3. Results 

The combination of the MRI clinical protocols and the improvement 
of the mathematical algorithms for DWI image sequence analysis 
allowed us to scan and perform CSD analysis in formalin-fixed bot-
tlenose dolphin brains. Figs. 3–6 shows the results of the steps previously 
described and the selected ROIs analyses for two specimens (for the third 
specimen, see Supplementary Materials). All pre-processing steps 
improved the quality of the images. Some bright spots remained (Fig. 1, 
arrow), but the algorithm was able to overcome these defects which 
probably resulted from local areas that were not perfectly fixed (Suppl. 
Mat. 3). 

Global tracking after applying the SIFT algorithm allowed to correct 
the biases caused by the CSD and showed a reduction in fiber density 
(Fig. 3, first row) that, combined with the FA map, resembled the bio-
logical plausibility of the direction of the fibers (Fig. 3, second row). 
Overall, all the ROI analyses were qualitatively satisfying, thus allowing 
us to isolate more regions from the same tractogram. Unfortunately, we 
only had two separated hemispheres in the third brain, resulting in a 
misalignment during scanning (Suppl. Mat. 1). In all three brains, the cc 
showed fibers with a latero-lateral and cranial trend (Fig. 4, Suppl. Mat. 
1). Fibers of the OT ran in a dense patch until they reached the lateral 
geniculate nucleus (Fig. 5, Suppl. Mat. 1). In the two intact brains, fibers 
seeding the ventral part of the pons followed the middle cerebellar 
peduncle reaching the cerebellum (Fig. 6) and fibers isolated from the 
spinal cord split into a streamline rostral-oriented band that followed the 
corticospinal tract and a bundle that followed the inferior cerebellar 

peduncle into the cerebellum (Suppl. Mat. 2). Finally, seeding the 
thalamus, the fibers reached the neocortex following the internal 
capsule (Supplementary material, Fig. 1). 

4. Discussion 

The few published electrophysiological experiments and tracing 
studies performed on bottlenose dolphins or smaller harbor porpoises 
(Phocoena phocoena) revealed four primary brain areas: auditory, visual, 
motor, and somatosensory cortices, and their relation with the thalamic 
nuclei [15,17]. Invasive studies have ever since been abandoned and all 
subsequent studies were based on ex-vivo brains. 

In the meantime, the development of new instruments improved the 
value of imaging techniques in human diagnostics and had a positive 
influence on the progress of comparative neuroscience research. So far, 
CSD was applied mostly to the in-vivo human brain and is rarely used to 
explore other species. In our study, we evaluate the feasibility of this 
technique in postmortem dolphin brains, considering its methodological 
limits, and its application to large formalin-fixed brains [18]. 

Overall, our pre-processing steps successfully compensated potential 
problems of fixed brains like hyperintense areas and generated data for 
CSD analysis. CSD results showed that the nervous tissues were gener-
ally very well preserved even after prolonged formalin fixation. This was 
qualitatively demonstrated in two ways: first, the directions of the fibers 
were correct and homogeneous throughout the whole brain (see 
Fig. 2–6); second, the FA map superimposed to the tracts indicated their 
most plausible direction. This is, e.g. visible in the corpus callosum 
where the fibers were all directed towards the same direction. 

The hyperintense regions, already discussed above, could influence 

Fig. 5. Regional tractogram of the optic tract (OT) of the male (1) and female (2) bottlenose dolphins from SIFT 1 M. Tracts are represented in axial (top-left), 
coronal (top-right) and 3D oblique (bottom) views. The colours reflected the direction along the MRI scanner; x, latero-lateral; y, dorso-ventral and z, cranio-caudal. 
Colour codes were as follows: red: latero-lateral; blue: dorso-ventral; and green: cranio-caudal. Dotted circles indicate the ROIs were drawn. LGN, lateral geniculate 
nucleus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the FOD estimation, fFOD calculation, and thus streamline densities in 
that area. However, our employed algorithm was able to select only the 
most important fiber populations, omitting aberrant extras. 

Optimal or satisfactory fixation of the brain of large wild species is a 
challenge. Postmortem interval, bodily conditions, and environmental 
factors can compromise a timely and thorough fixation. The algor mortis 
that occurs in human cadavers and brings within 24 h the internal 
temperature to an equilibrium with the external environment is not 
present in dolphins and larger cetaceans, because of the body fat that 
maintains a high internal temperature for longer periods and worsens 
autolytic processes. The anatomy of the arterial supply to the dolphin 
brain, with the absence of patent internal carotid arteries in the adult 
and the presence of the retia mirabilia [5], makes fixation by perfusion 
very complicated and often unsuccessful. Fixation by immersion re-
mains an acceptable method, especially when the brain is stored in 
abundant and cold aldehydes that delay autolysis and allow penetration 
to the inner parts of the organ. Our results show that formalin-fixed 
brains may yield important data on the functional organization of the 
brain of species otherwise difficult to study. Taken all together, ex-vivo 
DWI may represent an important research tool for comparative neuro-
scientists. It provides whole-brain access to investigate connectivity in 
fixed brains, even in those fixed for years. The ability to investigate 
structural connectivity in post-mortem brains opens up a new research 
window to study the central nervous system of rare and highly protected 
species. 
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