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a b s t r a c t
Three-dimensional reconstruction of developing ﬁber pathways is essential to assessing the developmental course of ﬁber pathways in the whole brain. We applied diffusion spectrum imaging (DSI) tractography
to ﬁve juvenile ex vivo cat brains at postnatal day (P) 35, when the degree of myelination varies across
brain regions. We quantiﬁed diffusion properties (fractional anisotropy [FA] and apparent diffusion coefﬁcient [ADC]) and other measurements (number, volume, and voxel count) on reconstructed pathways
for projection (cortico-spinal and thalamo-cortical), corpus callosal, limbic (cingulum and fornix), and
association (cortico-cortical) pathways, and characterized regional differences in maturation patterns by
assessing diffusion properties. FA values were signiﬁcantly higher in cortico-cortical pathways within
the right hemisphere compared to those within the left hemisphere, while the other measurements for
the cortico-cortical pathways within the hemisphere did not show asymmetry. ADC values were not
asymmetric in both types of pathways. Interestingly, tract count and volume were signiﬁcantly larger
in the left thalamo-cortical pathways compared to the right thalamo-cortical pathways. The bilateral
thalamo-cortical pathways showed high FA values compared to the other ﬁber pathways. On the other
hand, ADC values did not show any differences across pathways studied. These results demonstrate that
DSI tractography successfully depicted regional variations of white matter tracts during development
when myelination is incomplete. Low FA and high ADC values in the cingulum bundle suggest that the
cingulum bundle is less mature than the others at this developmental stage.
© 2016 ISDN. Published by Elsevier Ltd. All rights reserved.

1. Introduction
By virtue of the recent technical advances in diffusion-tensor
magnetic resonance imaging (DTI), we can study global ﬁber pathways in the brain (Basser et al., 1994, 2000; Pierpaoli et al., 1996;
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Cellerini et al., 1997; Makris et al., 1997; Mori et al., 1999; Jones
et al., 1999; Conturo et al., 1999). However, standard diffusion
tractography (based on diffusion tensor imaging or DTI) tends to
terminate in brain areas with low water diffusivity, indexed by
low diffusion fractional anisotropy (FA), which can be caused by
crossing ﬁbers as well as by ﬁbers with less myelin. For this reason, DTI tractography is not effective for delineating the structural
changes that occur in the developing brain, where the process of
myelination is incomplete.
High-angular resolution diffusion imaging (HARDI) including
DSI has been proposed as an alternative to diffusion tensor imaging
(DTI) for improved angular resolution of crossing ﬁber pathways
(Tuch et al., 2003; Wedeen et al., 2008). HARDI is effective for
delineating the structural changes that occur in developing fetal
(preterm) brains (e.g. Takahashi et al., 2010, 2011, 2012), in which
the process of myelination is incomplete, and in which crossing
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ﬁbers are likely to exist in greater numbers than in the adult brain
(Innocenti and Price 2005). We applied DSI tractography to immature cat brains to provide whole-brain 3-dimensional visualization
of developing ﬁber systems (Takahashi et al., 2010), and correlated
the resulting tractography with histology (Takahashi et al., 2011).
Many ex vivo diffusion studies of developing animal (Zhang
et al., 2003, 2005; Huang et al., 2006; Kroenke et al., 2007; Huang
et al., 2008; D’Arceuil et al., 2008; Kuo et al., 2008; Takahashi et al.,
2010) and fetal human brains (Huang et al., 2009) have been published. These studies reported that FA values increase in the white
matter with age. Some investigators have also performed diffusion
tractography (Zhang et al., 2003; Kim et al., 2003; Huang et al.,
2006; D’Arceuil et al., 2008; Huang et al., 2009; Takahashi et al.,
2010) showing the development of major white matter pathways.
However, these studies do not illustrate the detailed cortical ﬁber
pathways in relation to the transient layer structures, probably
because of the existence of low FA areas, crossing ﬁbers, and regions
where ﬁbers take sharp turns (almost 90◦ ) as they enter the cortex.
All of these factors can result in inappropriate termination of ﬁber
tracking.
Histological and diffusion tractography studies show that, in
humans, the process of myelination continues from infancy to
adulthood (Richardson, 1984; Nomura et al., 1994; Hüppi et al.,
1998). Similarly, cats undergo an extended period of postnatal
white matter maturation. As we showed in our previous research
(Takahashi et al., 2010, 2011), myelination in the cat brain already
begins in some brain areas but is not fully complete at postnatal
day 35 (P35). We did not detect myelin in the white matter at P0
but fully detected them at P100. The degree of myelination in the
white matter therefore varies in the cat brain at P35. Previously
we studied overall white matter ﬁber development of the cingulum, thalamocortical, and two other association pathways in cats
(at P0, P35, P75, and P100) without any quantiﬁcation (Takahashi
et al., 2010), and then focused on cortical ﬁber development in the
same age range (Takahashi et al., 2011). These two past research
studies used only one or two brains in each time point. Motivated by the past observations, in this study, we imaged ﬁve cat
brains ex vivo at P35, and quantiﬁed diffusion properties (fractional
anisotropy; FA, and apparent diffusion coefﬁcient; ADC) on reconstructed tractography pathways for projection (cortico-spinal and
thalamo-cortical), corpus callosum, limbic (cingulum and fornix),
and association (cortico-cortical) ﬁbers, to characterize regional
differences in the degree of myelination.
2. Materials and methods
2.1. Specimens
We performed scans on the brains of ﬁve juvenile kittens (P35), obtained from a group involved in vision research.
After the cats were euthanized, their brains were perfused with
phosphate-buffered saline solution followed by 4% paraformaldehyde, removed from the cranium, and ﬁxed in 4% paraformaldehyde
containing 1 mM gadolinium (Gd-DTPA) MRI contrast agent for 1
week to reduce the T1 relaxation time while ensuring that enough
T2-weighted signal remained. For MR image acquisition, the brains
were placed in the Fomblin solution (Fomblin Proﬂudropolyether;
Ausimont). We used a 4.7T Bruker Biospec MR system.
2.2. Scan parameters
The pulse sequence used for image acquisition was a 3D
diffusion-weighted spin-echo echo-planar imaging sequence,
repetition time 1000 ms, echo time 40 ms, with an imaging matrix of 96 × 112 × 128 pixels. Spatial resolution was
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420 × 420 × 420 m. We performed diffusion spectrum encoding
as previously described (Wedeen et al., 2005). Brieﬂy, we acquired
515 diffusion-weighted measurements, corresponding to a cubic
lattice in q-space contained within the interior of a ball of maximum radius bmax = 40,000 s/mm2 , with ␦ = 12.0 ms,  = 24.2 ms.
The total acquisition time was 18.5 h for each experiment.
2.3. Diffusion data analyses—DSI reconstruction
DSI reconstruction was performed using Diffusion Toolkit
(http://trackvis.org), based on the Fourier relationship of the attenuated echo signal in q-space E(q) and the average diffusion
propagator of the water molecular diffusion Ps (R):
E(q) = ʃPs (R, )exp(i2˘qR)dR,
where R is the relative displacement of water molecule diffusion
during the diffusion time D. Based on this calculation, applying a
3D Fourier transform to the echo signal over the q-space lead us to
obtain the 3D probability density function (PDF) and then allowed
us to map the ﬁber orientations (Lin et al., 2003; Wedeen et al.,
2005). The transformation from q-space signal to PDF values was
performed voxel-by-voxel. To visualize the PDF, we integrated the
second moment of PDF along each radial direction to acquire the
orientation distribution function (ODF). In this study, we reconstructed the ODF within each voxel by interpolating along 181
radial directions, as calculated from the vertices of a regular and
triangular mesh of the unit sphere surface. By comparing the length
of each vector with the lengths of its neighboring vectors, we could
obtain the orientational local maxima to represent intravoxel ﬁber
orientations. We normalized all ODFs by the maximum ODF length
within each voxel and calculated FA from orientation vectors by
ﬁtting the data to the usual tensor model.
2.4. Diffusion data analyses—tractography
We used a streamline algorithm for diffusion tractography (Mori
et al., 1999) described in previous publications (Takahashi et al.,
2011, 2012). The term “streamline” refers to the fact that we connect tractography pathways using local maximum or maxima. This
is true for both DTI and HARDI. The streamline technique is limited
in its ability to resolve crossing pathways when used with the traditional DTI technique, because one simply connects the direction
of the principal eigenvector on a tensor to produce the DTI tractography pathways. This is a recognized limitation of DTI, as discussed
in the DTI paper of Mori et al. (1999). For this reason, in the current
study, we used DSI, which detects multiple local maxima on an ODF
(orientation distribution function). We used all the local maxima
to produce DSI tractography pathways, thus enabling us to identify
crossing pathways within a voxel. Trajectories were propagated by
consistently pursuing the orientation vector of least curvature. We
terminated tracking when the angle between 2 consecutive orientation vectors was greater than the given threshold (35◦ ) or when
the ﬁbers extended outside the brain surface, by using mask images
of the brains created by MRIcro (http://cnl.web.arizona.edu/mricro.
htm) for each specimen.
In many tractography studies, FA values are used to terminate
ﬁbers in the gray matter, which, in adults, has lower FA values than
the white matter. However, as one of the objectives of our study
was to detect ﬁbers in low FA areas, we used brain mask volumes
to terminate tractography ﬁbers without using the FA threshold
for tractography. Trajectories were displayed on a 3D workstation
(TrackVis, http://trackvis.org).
The color coding of ﬁbers is based on a standard RGB code,
applied to the vector between the endpoints of each ﬁber. Mean
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FA, mean ADC, number, volume, and voxel count of each identiﬁed
pathway were obtained through TrackVis.
2.5. Diffusion data analyses—ROI placement and restriction
parameters
Pathways in the whole brain, short cortico-cortical pathways
within the left or right hemisphere, corpus callosum, fornix, cingulum, cortico-spinal, and left and right thalamo-cortical pathways
were identiﬁed (Fig. 1). Short cortico-cortical pathways were gathered by isolating a hemisphere using a slice ﬁlter and a both end

restriction scheme; short ﬁbers were selected for by restricting the
minimum length threshold to 4.35 mm and the maximum length
threshold to 17.2 mm. Corpus callosum ﬁbers were obtained by
placing ROI in the sagittal plane and selecting against non-callosal
ﬁbers. Callosal ﬁbers were separated into anterior, superior, and
posterior tracts based on the primary direction of ﬁbers. Both fornix
and cingulum pathways were isolated by placing any part ROI at the
terminal ends of the structures. Cortico-spinal tracts were selected
by placing terminal ROI in both the brain stem and the frontal lobe.
Thalamo-cortical ﬁbers were found by placing an either end ROI in

Fig. 1. Example tractography pathways for the corpus callosum, cingulum, fornix, and cortico-spinal pathways. (A) and (B) show cortico-cortical ﬁbers in the left hemisphere.
(C), (D), (E), and (F) show total, anterior, superior, and posterior thalamo-cortical ﬁbers, respectively. (G) and (H) show cortico-spinal pathways. (I) and (J) show cingulum
ﬁbers, (K) and (L) show fornix pathways. (M), (N), (O), and (P) show total, anterior, superior, and posterior corpus callosum ﬁbers, respectively.
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Table 1
P-values resulting from t-test between: 1. whole brain and right cortico-cortical pathways, 2. whole brain and left cortico-cortical pathways, 3. whole brain and anterior
corpus callosum pathways, 4. whole brain and superior corpus callosum pathways, 5. whole brain and posterior corpus callosum pathways, 6. whole brain and cingulum
pathways, 7. whole brain and fornix pathways, 8. whole brain and cortico-spinal pathways, 9. whole brain and right thalamo-cortical pathways, 10. whole brain and left
thalamo-cortical pathways, 11. right cortico-cortical and left cortico-cortical pathways, 12. right cortico-cortical and anterior corpus callosum pathways, 13. right corticocortical and superior corpus callosum pathways, 14. right cortico-cortical and posterior corpus callosum pathways,15. right cortico-cortical and cingulum pathways, 16.
right cortico-cortical and fornix pathways, 17. right cortico-cortical and cortico-spinal pathways, 18. right cortico-cortical and right thalamo-cortical pathways, 19. right
cortico-cortical and left thalamo-cortical pathways, 20. left cortico-cortical and anterior corpus callosum pathways, 21. left cortico-cortical and superior corpus callosum
pathways, 22. left cortico-cortical and posterior corpus callosum pathways, 23. left cortico-cortical and cingulum pathways, 24. left cortico-cortical and fornix pathways, 25.
left cortico-cortical and cortico-spinal pathways, 26. left cortico-cortical and right thalamo-cortical pathways, 27. left cortico-cortical and left thalamo-cortical pathways, 28.
anterior corpus callosal and cingulum pathways, 29. superior corpus callosal and cingulum pathways, 30. posterior corpus callosal and cingulum pathways, 31. anterior corpus
callosal and fornix pathways, 32. superior corpus callosal and fornix pathways, 33. posterior corpus callosal and fornix pathways, 34. anterior corpus callosal and cortico-spinal
pathways, 35. superior corpus callosal and cortico-spinal pathways, 36. posterior corpus callosal and cortico-spinal pathways, 37. anterior corpus callosal and right thalamocortical pathways, 38. superior corpus callosal and right thalamo-cortical pathways, 39. posterior corpus callosal and right thalamo-cortical pathways, 40. anterior corpus
callosal and left thalamo-cortical pathways, 41. superior corpus callosal and left thalamo-cortical pathways, 42. posterior corpus callosal and left thalamo-cortical pathways,
43. cingulum and fornix pathways, 44. cingulum and cortico-spinal pathways, 45. cingulum and right thalamo-cortical pathways, 46. cingulum and left thalamo-cortical
pathways, 47. fornix and cortico-spinal pathways, 48. fornix and right thalamo-cortical pathways, 49. fornix and left thalamo-cortical pathways, 50. cortico-spinal and right
thalamo-cortical pathways, 51. cortico-spinal and left thalamo-cortical pathways, 52. right thalamo-cortical and left thalamo-cortical pathways.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

FA

ADC

0.653
0.00282
0.771
0.282
0.0809
0.723
0.0491
0.00339
0.000229
0.000261
0.0341
0.906
0.142
0.0756
0.677
0.0319
0.00431
0.000212
0.000273
0.905
0.218
0.0717
0.872
0.0228
0.00294
0.000177

0.969
0.972
0.0509
0.693
0.157
0.642
0.707
0.209
0.125
0.123
0.997
0.0165
0.431
0.0796
0.621
0.677
0.214
0.128
0.123
0.0504
0.678
0.0286
0.624
0.682
0.215
0.128

the thalamic lobe of each hemisphere. The resulting ﬁber pathways
were separated into anterior, superior, and posterior radiations.

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

FA

ADC

0.000198
0.0437
0.402
0.0147
0.173
0.0921
0.544
0.00277
0.0157
0.0372
0.000797
0.0000459
0.425
0.000371
0.0000814
0.527
0.135
0.00712
0.000603
0.000889
0.0118
0.000302
0.000677
0.554
0.329
0.347

0.125
0.729
0.501
0.00836
0.00632
0.715
0.00205
0.0618
0.00363
0.00887
0.00161
0.0895
0.191
0.0119
0.201
0.517
0.868
0.16
0.096
0.137
0.148
0.0912
0.0843
0.651
0.779
0.444

signiﬁcant differences in voxel count (p = 0.000122) and volume
(p = 0.0000983).

2.6. Statistical procedures
3.2. FA and ADC values compared in all identiﬁed pathways
A two tailed paired t-test for hemispheric asymmetry was performed on mean FA, mean ADC, number, volume, and voxel count of
the cortico-cortical, cingulum, fornix, cortico-spinal, and thalamocortical pathways. Using Bonferonni’s correction signiﬁcance was
set to p < 0.00125 (p = 0.05/40 comparisons).
Two-tailed paired-t test with Bonferroni’s correction for multiple comparisons were performed on the mean FA and ADC values of
each identiﬁed pathway. After Bonferroni’s correction, signiﬁcant
p-value was set to p < 0.00096 (p < 0.05/52 comparisons).
3. Results
3.1. Asymmetry in measures in within-hemisphere and
thalamo-cortical pathways
We ﬁrst examined hemispheric asymmetries of FA, ADC, tract
count, voxel count, and volume of tractography pathways for all
bilateral ﬁber pathways. Apart from thalamo-cortical pathways, no
signiﬁcant asymmetries were found in any pathways (as shown
in Table 3). Interestingly, while the total thalamo-cortical pathways did not show asymmetry, the superior radiations did show

Given that the tract number, volume, and voxel count of each
developing pathway can vary depending on those measurements
in adults, and they do not necessarily indicate the degree of maturation of the pathways, only mean FA and mean ADC values
were compared across all pathways identiﬁed. Using two-tailed
paired-t test with Bonferroni’s correction for multiple comparisons, we found that the right and left thalamo-cortical pathways
showed higher mean FA values compared to pathways in the whole
brain, cortico-cortical pathways within a hemisphere, anterior and
superior corpus callosum, cingulum, and fornix. There were no
signiﬁcant differences in mean FA value between the thalamocortical pathways and the posterior corpus callosum, and between
the thalamo-cortical and the cortico-spinal pathways. Mean ADC
values did not show any signiﬁcant differences among the studied
pathways. All p-values are listed in Table 1. Detailed FA and ADC
values are shown in Fig. 2 with speciﬁc values and standard deviations given in Table 2. Left and right thalamo-cortical pathways
showed high FA values compared to the other ﬁber bundles. On the
other hand, ADC values did not show signiﬁcant differences across
pathways.
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Fig. 2. FA and ADC values of identiﬁed tractography pathways. Error bars indicate standard deviation. Red lines below the FA panel indicate the pairs signiﬁcantly different.
There were no pairs signiﬁcantly different in ADC. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

4. Discussion
These results demonstrate that DSI tractography successfully depicted regional variations of white matter tracts during
development when myelination is incomplete. Speciﬁc high FA values on the bilateral thalamo-cortical pathways suggest that the
thalamo-cortical pathways mature earlier than the others at this
developmental stage.
4.1. Maturation of the thalamo-cortical pathways
It is hard to compare ages between cats and humans directly, but
based on emerging horizontal ﬁber pathways in the cortex, a P35 cat
may correspond to around 30 gestational weeks in humans (see discussion in Takahashi et al., 2011). However, considering the degree

of myelination, it starts in cats before P20, whereas myelination in
humans can be obvious much later than postnatal 1 month of age. In
this stage of P35 in cats, overall white matter structures are evident,
but myelination is still underway to construct mature brain connectivity. The observation that the thalamo-cortical pathways mature
earlier than the cortico-cortical pathways is consistent with the
literature that reported the developmental order of the thalamocortical and cortico-cortical pathways (e.g. Kostovic and Vasung,
2009), which is consistent with causal relationships between the
two pathways (e.g. Kingsbury et al., 2002). However, it was unexpected, and interesting, that the thalamo-cortical pathways also
mature earlier than limbic pathways. Given that the cat is known to
have notably prominent visual systems compared to other species,
our current results for the thalamo-cortical pathways may reﬂect
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Table 2
FA and ADC values of identiﬁed tractography pathways with standard deviations.

Whole Brain
Right Cortico-cortical
Left Cortico-cortical
Total Corpus Callosum
Anterior Corpus Callosum
Superior Corpus Callosum
Posterior Corpus Callosum
Cingulum
Left Cingulum
Right Cingulum
Fornix
Left Fornix
Right Fornix
Cortico-spinal
Left Cortico-spinal
Right Cortico-spinal
Right Total Thalamo Cortical
Right Anterior Thalamo-Cortical
Right Superior Thalamo-Cortical
Right Posterior Thalamo-Cortical
Left Total Thalamo-Cortical
Left Anterior Thalamo-Cortical
Left Superior Thalamo-Cortical
Left Posterior Thalamo-Cortical

FA

FA SD

ADC

ADC SD

0.422
0.435
0.429
0.472
0.431
0.386
0.570
0.408
0.409
0.408
0.482
0.490
0.474
0.648
0.648
0.647
0.636
0.624
0.594
0.600
0.615
0.618
0.604
0.572

0.0537
0.0351
0.0473
0.0968
0.124
0.0709
0.132
0.0531
0.0573
0.0504
0.139
0.151
0.128
0.111
0.109
0.110
0.0938
0.0994
0.116
0.101
0.127
0.123
0.116
0.0740

0.0228
0.0224
0.0230
0.0226
0.0252
0.0238
0.0211
0.0254
0.0258
0.0252
0.0245
0.0236
0.0254
0.0183
0.0187
0.0181
0.0173
0.0174
0.0178
0.0180
0.0199
0.0201
0.0198
0.0203

0.00141
0.00184
0.00144
0.00375
0.00229
0.00406
0.00178
0.00212
0.00281
0.00256
0.00205
0.00140
0.00274
0.00203
0.00182
0.00219
0.00122
0.00108
0.00187
0.00153
0.00240
0.00336
0.00193
0.00103
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image very high-resolution ﬁber pathways in the brain. Such innovative methodology has enabled us to visualize detailed coherent
and crossing structures in the developing brain, even in the areas
with low myelination (Takahashi et al., 2011). Although the diffusion indices, particularly ADC values, are known to be affected by
post-mortem conditions, in vivo diffusion tractography is still not
as reliable as ex vivo tractography and extracting ADC values on
such less reliable pathways could be questionable.
In this study, we used DSI to accurately identify brain pathways
in developing cat brains, with combining DTI-based measurements
on the identiﬁed pathways. Several methods have been proposed
to improve characterization of microstructural tissue property (e.g.
Zhang et al., 2012) which may provide more accurate measures in
future studies.
Although cat brains have many white matter pathways corresponding to human pathways, there are evolutionary and,
therefore, developmental differences between cats and humans. In
the current study, advantages are that experimental animals could
be perfused in the same condition and we could perform reliable
quantiﬁcation analyses on multiple samples, which cannot be done
in humans. Nevertheless, it could be said that HARDI has potential
to detect developmental variability across regions/pathways.
Acknowledgement

Table 3
P-values resulting from t-test t-tests for track count, voxel count, volume, FA, and
ADC asymmetry in: 1. right and left cortico-cortical pathways, 2. right and left
total thalamo-cortical pathways, 3. right and left anterior thalamo-cortical pathways, 4. right and left superior thalamo cortical pathways, 5. right and left posterior
thalamo-cortical pathways, 6. right and left cingulum pathways, 7. right and left
fornix pathways, 8.right and left cortico-spinal.

1
2
3
4
5
6
7
8

Track Count

Voxel Count

Volume

FA

ADC

0.297
0.00305
0.496
0.00345
0.134
0.345
0.834
0.0158

0.831
0.0281
0.978
0.000122
0.0337
0.745
0.627
0.0181

0.844
0.0117
0.980
0.0000983
0.0311
0.976
0.338
0.0166

0.0341
0.347
0.549
0.428
0.680
0.531
0.336
0.908

0.997
0.444
0.576
0.580
0.296
0.683
0.514
0.621

a strong degree of maturation of the visual pathways through
thalamo-cortical pathways in cats.
4.2. ADC values in post-mortem brains
While mean FA values were indicative of the degree of maturation of ﬁber pathways, mean ADC values did not show any
developmental variability of immature ﬁber pathways in this study.
ADC values have shown signiﬁcant changes during development in
vivo. However, it has been reported that ADC values vary and are
not a reliable index for assessing tissue properties in post-mortem
brains, due to the post-mortem duration before ﬁxation and the
duration of ﬁxation. In the current study, the post-mortem duration
would have had a minimal effect since the animals were perfused
in the same condition, but the duration of ﬁxation varied across
several months.
4.3. Advantages and limitation of the current study
Ex vivo imaging can provide high spatial resolution with great
signal to noise because we can do long scans on post-mortem
specimens with almost no motion and susceptibility artifacts. Highﬁeld MRI scanners and the way in which we prepare postmortem
brain specimens for MRI scans, with Gd-DTPA contrast agents and
custom-made RF MRI coils that just ﬁt the specimens, allow us to
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