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Diffusion tensor tractography based on line propagation is a
promising and widely used technique, but it is known to be
sensitive to noise and the size and location of the seed regions
of interest (ROIs). The effects of these parameters on the trac-
tography results were analyzed quantitatively using high-reso-
lution diffusion tensor imaging (DTI) with a high signal-to-noise
ratio (SNR) on a fixed mouse brain. The anterior commissure
(AC), as judged from a T2-weighted image, was used as an
anatomical reference within which the tracts could be located.
Monte Carlo simulation was performed by adding Gaussian
noise to the time domain data and repeating the tractography.
Deviations of the tracking results were measured as a function
of SNR. Such noise effects were evaluated for a simple one-ROI
approach and a combined two-ROI and brute-force (BF) ap-
proach. The influence of ROI size and location for the two-
ROI � BF approach was also analyzed. The results confirmed
the hypothesis that one can increase the validity of DTI-based
tractography by adopting the BF and multi-ROI approach, with
respect to the simple one-ROI approach. Magn Reson Med 52:
559–565, 2004. © 2004 Wiley-Liss, Inc.

Key words: diffusion tensor imaging; tractography; noise anal-
ysis; brute-force and multi-ROI approach; brain

Diffusion tensor imaging (DTI) is an MR technique that can
measure anisotropy of water diffusion inside the brain (1).
This technique has shown that many regions of brain
white matter have high diffusion anisotropy, which is
attributed to the coherent structure of axonal tracts (2–9),
i.e., water molecules tend to diffuse along axonal fibers. It
has been shown that 3D fiber architecture can be estimated
with the use of this fiber-orientation information (10–18).
While several estimation methods have been proposed by
different groups, one of the most popular methods is a
simple approach whereby a line is propagated from a seed
pixel based on the fiber-orientation information
(10–14,16,18–20). The most common way to use this tech-
nique is to manually define a region of interest (ROI) based
on an anatomical landmark, and then propagate lines from
the group of pixels defined by the ROI. Figure 1 shows a
schematic diagram of a line-propagation method (10,11).
In Fig. 1a, an ROI (one pixel) is indicated by a bold box,

which is also a seed pixel (shaded pixel). Because the seed
and ROI consist of one pixel, only one line is propagated,
showing one possible path of axonal bundles. Figure 1b
and c show examples in which the seed pixel and the
pixels defined by the ROI are not identical. This example
shows that the seed pixel and the ROI do not always have
to be the same to obtain similar results. If all pixels in the
image are explored for line propagation, it is possible that
there are many other seed pixels from which the tracking
leads to the ROI (Fig. 1b and c). This method, hereafter
called the brute-force (BF) approach, is not confined to the
relationship of one propagation line per pixel in the ROI.
Thus it has the potential to reveal a more comprehensive
view of axonal tracts (including branching/merging of
tracts) that are related to the ROI (16,21,22). Examples of
actual reconstruction in a fixed mouse brain are shown in
Fig. 1d and e for non-BF and BF approaches, respectively.
Another widely used approach is the multi-ROI technique
(16,21,23,24). In this approach, propagation results that
penetrate at least two ROIs are searched. Again, the seed
pixels can be the same as the defined ROIs. One can also
combine the multi-ROI technique with the BF approach to
find multiple lines that connect the ROIs.

One of the problems of tractography is that the results are
prone to errors due to noise and partial volume effects. Prob-
abilistic studies, in which results from many individuals are
averaged, may ameliorate this shortcoming but they may not
be suitable for single-subject studies, such as those required
for clinical diagnoses (23,25–28). Several previous papers
have discussed the validation of DTI and the effect of noise
(20,29–31) based on simple line propagation from seed pix-
els. The purpose of the present study was to test the hypoth-
esis that the combined multi-ROI and BF approach would be
more robust against errors than the simple one-ROI ap-
proach. The multi-ROI approach is based on existing ana-
tomical knowledge of tract trajectories, and imposes a strong
constraint on propagation results. If a propagated line devi-
ates from its real path by an error, it is highly unlikely that the
deviating line would happen to return to the real path in the
vast 3D space and penetrate the second ROI. By combining
multi-ROI approach with the BF method, one can search
pixels in the entire brain to find lines that connect the ROIs.
Because the propagation tends to accumulate noise and par-
tial volume errors, pixels in between the two ROIs will be the
seed pixels that lead to the correct path with the minimum
accumulation of errors.

To test the noise sensitivity with minimized partial vol-
ume effects, we performed DTI with a high signal-to-noise
ratio (SNR) and high spatial resolution using a fixed mouse
brain. The anterior commissure (AC) was used as a re-
gional standard because its trajectory is anatomically well
characterized, it isolated from other white matter tracts,
and it can be readily defined with the use of a coregistered
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T2-weighted image. We performed a Monte Carlo simula-
tion by adding Gaussian noise to the time domain data and
repeating the tractography. We then evaluated the effects
of the noise for the simple one-ROI approach and the
two-ROI � BF approach.

MATERIALS AND METHODS

Brain Preparation

In this study we used a male adult mouse (C57BL/6J) follow-
ing a protocol approved by the Johns Hopkins Animal Care
and Use Committee. The mouse was anesthetized with pen-
tobarbital, and the brain was fixed by transcardiac perfusion
with 4% paraformaldehyde in phosphate-buffered saline
(PBS). The brain was dissected from the cranium and stored
in a fixation solution for more than 2 weeks.

MRI

The mouse brain was placed in PBS for �24 hr before it
was imaged. It was transferred into an in-house-built plas-
tic MR-compatible tube. Inside the tube, the fixed mouse
brain was immersed in fomblin buffer solution (Fomblin
Profludropolyether; Ausimont, Thorofare, NJ) to keep the
brain from dehydrating. A custom-made solenoid volume
coil was used as both the RF coil and the signal receiver.
The mouse brain was scanned with a GE Omega 400 (9.4T)
spectrometer with a tri-axis gradient set. A diffusion-
weighted spin-echo sequence with four echoes was used:
the first two echoes were for imaging, and the last two
served as navigators to monitor eddy-current-related phase
errors and time-dependent signal instability. A set of dif-
fusion-weighted (DW) images was acquired in 12 linearly
independent directions: (0.699, 0.699, 0.152), (0.699,

FIG. 1. Schematic diagrams of the hypothetical relationship between ROIs (double-line box) and seed pixels (shaded). a: The ROI and seed
pixels are identical. Only one line is propagated. b and c: The ROI and seed pixels are not identical. Propagated lines from two different
seed pixels reach the ROI, possibly delineating merging/branching patterns. d and e: Actual examples of tracking from the ROI (green bar
in d) and to the ROI (green bar in e) for the corpus callosum. The white arrows in d and e indicate the tracking directions.
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0.152, 0.699), (0.152, 0.699, 0.699), (–0.699, 0.699, 0.152),
(–0.699, 0.152, 0.699), (0.152, 0.699, –0.699), (–0.699,
0.152, –0.699), (0.699, 0.152, –0.699), (0.577, 0.577,
0.577), (–0.577, 0.577, 0.577), (–0.577, 0.577, –0.577), and
(0.577, 0.577, –0.577) for (Gx, Gy, Gz) combinations,
where Gx is the readout gradient, Gy is the phase-encoding
I gradient, and Gz is the phase-encoding II gradient. In
addition, two sets of data were acquired with minimal
diffusion sensitization. In total, 14 images were acquired.
The diffusion gradient strength was toggled between 23,
23, and 5 G/cm, and 18, 18, and 18 G/cm. The trapezoidal
diffusion gradients had a duration of 3 ms with a rise time
of 0.6 ms, and two bipolar gradients were separated by
3.8 ms. The minimum b-value was 150 s/mm2, and the
maximum b-value was 1000–1200 s/mm2. To create an
anatomical reference, we also acquired coregistered 3D
T2-weighted images. For DTI, a TR of 0.9 s, a TE of 33 ms,
and two signal averages were used, for a total imaging time
of 24 hr. For T2-weighted imaging, we used TR � 2 s, TE �
80 ms, and two signal averages, for a total imaging time of
11 hr. The DTI matrix was 128 � 84 � 64, which was
zero-filled to 256 � 168 � 128. The field of view (FOV) was
17 � 10.5 � 8 mm. Before zero-filling was performed, the
nominal resolution was 132.8 � 125.0 � 125.0 �m. The
imaging matrix of T2 was 256 � 104 � 96, which was
zero-filled to 512 � 209 � 192. The nominal resolution for
T2 before zero-filling was performed was 66.4 � 101.0 �
83.3 �m. The FOV was the same as that obtained with DTI.

Data Processing

All of the data processing was performed with the use of
in-house-made software written in IDL (Iterative Data Lan-
guage; Research Systems Inc., Boulder, CO). After the ac-
quisition was performed, the raw data were separated into
four blocks for the four echoes. We processed the first two
blocks separately, utilizing the information provided by
navigator echoes (last two blocks) for phase correction and
gain calibration. The first navigator echo was used for
phase correction of the first imaging echo, and the second
navigator was used for the second block. After fast Fourier
transform (FFT) of the individual blocks was performed,
we obtained two magnitude images, which were added
together for the SNR enhancement.

We calculated the DT using a multivariate linear fitting
method, which resulted in three pairs of eigenvalues and
eigenvectors for each pixel. The eigenvector (v1) associ-
ated with the largest eigenvalue (�1) was assumed to rep-
resent the direction of the local axonal fiber. We used
fractional anisotropy (FA) to quantify the anisotropy (32).

Noise Generation

In this study, the acquired high-resolution images were
regarded as the “original” data, which had high SNR. To
calculate the SNR, we obtained the background noise lev-
els by measuring the root-mean-squared (RMS) signal in-
tensity in regions of the images that contained no tissue.
We estimated the signal by calculating the mean intensity
in the regions where the intensity was higher than the
noise level. For 14 images, the raw-data mean SNR was 65.

To analyze the effect of noise on DTI-based fiber tractog-
raphy, we simulated thermal noise in an MR experiment

with different RMS noise levels. Three groups of Gaussian
noise were generated and added to the real and imaginary
channels of the k-space raw data of 14 images. The groups
were independent of each other. Each group contained 28
independent sets of Gaussian noise. Every two independent
sets of Gaussian noise were for one of 14 images. To make the
Gaussian noise independent among the three groups, and
independent within each group, we randomly selected three
large primary numbers as the seeds for three sets of normal-
ized random values. Each set of normalized random values
included 28 randomized values. Of these 28 values, 14 were
used as seeds to generate Gaussian noise for the real channel
of k-space raw data, and the other 14 were used as seeds to
generate Gaussian noise for the imaginary channel of k-space
raw data. The Gaussian noise was generated by means of the
Box-Muller method. All of the Gaussian noises had a mean of
0 and a standard deviation (SD) of 1. After each Gaussian
noise was scaled to 25 RMS noise level, it was added to the
real or imaginary channel of k-space. With the FFT of noisy
k-space raw data, we generated the amplitude raw data. We
verified that the RMS of the noisy amplitude signal equaled
the selected RMS noise level. With the same method we used
to calculate the raw-data SNR, we calculated the mean SNR
for 14 images at different noise levels. The relationship be-
tween the mean of the SNR and the Gaussian noise RMS
(RMS noise level) is shown in Fig. 2. The figure shows that
with a Gaussian noise RMS of 1–25, the corresponding SNR
ranges from 10 to 60, which simulates the most common MR
experimental circumstances. Thus, after noise was gener-
ated, three groups of noisy data sets (a total of 75 data sets)
were created. Each group of noisy data sets had 25 noise
levels, and each data set included a complete set of simulated
DT images (14 images in this experiment).

Anatomical Reference and ROIs

Our reference white matter tissue boundary was hand-
segmented from the coregistered T2-weighted images. We
chose the anterior part of the AC because it is well isolated
from other white matter tracts, anatomically well docu-
mented, and easily defined from T2-weighted images (Fig.
3a). Figure 3b shows the 3D reconstruction. Once the AC
was defined, ROI #1 for DTI was fixed in an anterior
coronal plane before the AC started to branch into the nose
bulbs. ROI #2 was placed in a coronal plane anterior to the
branching point of the anterior and posterior parts of the

FIG. 2. Relationship between the SNR and Gaussian noise RMS
used in this study.
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AC. ROI #1 was anterior to ROI #2. Most of our analysis
was performed in a region between these two ROIs (indi-
cated by the orange color in Fig. 3b). As discussed in the
Results section, we also studied the effect of ROI sizes (by
dilating the two ROIs by three or five pixels) and the
relative locations of ROI #2.

Tracking

The fiber tracking was based on a linear propagation model
fiber assignment by continuous tracking (FACT) (10,11).
Briefly, a line is propagated in both the orthograde (for-
ward) and retrograde (backward) direction from the center
of a seed pixel along the direction of eigenvector (v1) of �1
(Fig. 1). In this approach, the starting point in the next
pixel is the intercept of the previous pixel. For the termi-
nation, thresholds for anisotropy (e.g., FA � 0.2) and an-
gles between two vectors of connected pixels are often
used. To minimize the effects of these arbitrary thresholds,
we either did not employ them (propagation continues
until it exits the brain) or we used only a low orientation
threshold (v1i � v1j � 0.5) to prevent sharp kinks. This
latter termination criterion (hereafter called the orienta-
tion threshold) is based on the assumption that such sharp
turns indicate that pixel resolution is not high enough to
follow the trajectory curvature.

We used a conventional one-ROI approach and the two-
ROI and BF approach to trace the trajectories with the
three groups of simulated noisy data (a total of 75 data-
sets). For the one-ROI approach, tracking was initiated
from ROI #1 (17 pixels), meaning that there were 17 seed
pixels. For the two-ROI � BF approach, the second ROI #2
(35 pixels) was defined. Tracking was initiated from every
other pixel in the image space (undersampled to one seed
point per eight pixels to save computation time), and fiber
trajectories that penetrated both ROI #1 and ROI #2 were
selected as the reconstructed fibers. The number of tracked
fibers was counted for the two-ROI � BF approach. Pro-
cessing ruled out redundant fibers that had the same cor-
responding coordinates.

RESULTS

In the one-ROI approach, propagated lines are always 17
tracts (the size of ROI #1) regardless of SNR. However, in
the two-ROI � BF approach, the number of propagated
lines that penetrate both ROIs depends strongly on the
SNR. This is illustrated in Fig. 4, which shows that the
number of lines decreases as the SNR goes down. We
defined a traced fiber as “valid” if it lay completely inside
the AC defined by T2-weighted images. We then counted
the number of valid fibers over the number of all of the
traced fibers. The result is also shown in Fig. 4. The num-
ber of nonvalid lines (false results) increased when SNR

FIG. 3. T2-weighted image (a) and 3D volume rendering (b) of the rat brain. The anterior part of the AC can be clearly identified in the T2-weighted
image (white arrowheads) and is well isolated from other white matter tracts. It is straightforward to manually delineate its trajectories, which are
shown in part b (indicated by blue). A part of the AC (colored orange) was used as an anatomical reference for tractography.

FIG. 4. Number of tracked fibers with different SNRs by the two-
ROI � BF approach (a) without and (b) with an orientation threshold.
The RMS was calculated from three trials of noise generation.
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became lower than 20 (Fig. 4a). By applying an angle
threshold of 0.5 (no more than 60° turns), no tracking
results were found that penetrated both ROIs with SNR �
23, and no false results were found (Fig. 4b).

Figure 5 shows the relationship between the valid fiber
percentage and SNR for the two-ROI � BF approach with
and without an orientation threshold, and for the one-ROI
approach with an orientation threshold. As can be de-
duced from Fig. 4, the two-ROI � BF approach with ori-
entation threshold yielded a 100% validity that was inde-
pendent of SNR. Without the orientation threshold, the
validity began to deteriorate for SNR values � 20. For the
one-ROI approach, four to seven tracking results from the
17 seed pixels stayed within the AC (24–41%) if the SNR
was � 20, but the percentage of valid fiber precipitates
with the lower SNR.

Figure 6 shows tracking results obtained when the sizes
of both ROIs were dilated by five pixels for the two-ROI �
BF approach. When these data are compared with Fig. 4b,
it can be seen that the effect is minimal (i.e., all tracts that
were found to penetrate both ROIs were 100% within the
AC). Again, noise affected the number of lines but not the
validity. This figure implies that the tracking results from
the two-ROI � BF approach are less sensitive to the change
of ROI sizes compared to the one-ROI approach.

Figure 7a shows 3D reconstruction results when ROI #2
was moved to the anterior part of the AC of the opposite
hemisphere. The effects of noise for this set of ROIs are
shown in Fig. 7b. For comparison, results from the original
set of ROIs are also shown. Again, as long as the lines
between the two ROIs can be traced out, they are all within
the AC. There are less lines than in the original ROI set
because there is more distance between the two ROIs.

DISCUSSION

The DTI-based fiber reconstruction technique has the poten-
tial to reveal brain axonal architectures, which no other im-
aging tools can obtain noninvasively. However, this tech-
nique has many known limitations. First, the low imaging
resolution of MRI (typically 1–5 mm for human studies)
allows us to study only large bundles of axons with uniform
orientation. Second, the tensor-based calculation assumes
that there is no curvature or mixture of fiber orientation
within a pixel, which is often not the case. Third, the recon-
struction results are sensitive to noise, partial volume effects,

and selection of seed pixels. These limitations are often fun-
damental and can not be completely eliminated. Thus, trac-
tography with the current experimental constraints is at best
an approximation tool to decipher the complicated brain
axonal architecture. However, if we understand these limita-
tions and use the tool in a proper manner, there is a great
potential that it will provide us with important and unique
information regarding the anatomy of the brain.

In this study, we assessed the effects of noise on tractog-
raphy and compared the results for one-ROI and two-ROI �
BF approaches. We used the AC defined by a T2-weighted
image as an outer-boundary reference within which tracking
results were assumed to be “valid.” Although this standard
agrees well with the classical definition of the AC by histol-
ogy, and we are comfortable with our assumption, there are
several important factors that should be considered. First, if
a tracking result deviates from our anatomical reference, we
can not declare the result to be “false.” For example, even
with the highest SNR, more than 50% of the one-ROI results
deviated from our anatomical reference. This may be due to
the limitations of DTI (error) or it may reflect a true branching
of the AC, which we can not judge. Second, we can not
generalize our finding regarding validity using the AC. For
example, the two-ROI � BF approach achieved 100% valid-
ity in our study regardless of SNR. However, this does not
mean that tracking results obtained with this approach are
always valid. The AC is well isolated from other white matter
tracts, and it does not have complex spatial interactions with
other tracts. This tract is also one of the largest tracts in the
mouse brain. If imaging resolution is much lower, or the tract
of interest is much narrower, validity may vary. Therefore,
our results reveal only general properties of the two-ROI �
BF approach with respect to the more simple and widely-
used one-ROI approach: the results from the two-ROI � BF
approach are more stable against noise, and the validity of
the two-ROI � BF approach for tracing known trajectories
(defined by the two ROIs) is high. The effect of noise is the
reduction of the number of lines found to penetrate the two
ROIs while the validity and reproducibility of the tract tra-
jectory was high in this study.

One drawback of the two-ROI � BF approach is that
with this method one can study only trajectories of known

FIG. 6. Number of tracked fibers with both ROIs dilated by five pixels
using the two-ROI and BF approach with an orientation threshold. The
RMS was calculated from three trials of noise generation.

FIG. 5. Ratio of valid fibers as a function of SNR. The RMS was
calculated from three trials of noise generation.
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white matter tracts, and one can not examine branching in
between the two ROIs. A good example is shown in Fig. 7a.
Only the anterior part of the AC is traced with the con-
straints of two ROIs both placed at anterior parts of the AC,
while the tracking results of a true branching in the pos-
terior part can not be reconstructed.

It should be noted that the tracking results visualized in
Fig. 7 represent only a portion of the AC defined by T2-
weighted imaging. As a related issue, it would be interesting
to determine whether one could use tractography to estimate
the volume of the tract by counting the number of pixels it
penetrates. However, we encountered several difficulties
when we attempted to validate the tract volume measure-
ment using the present model. The first difficulty was related
to the true definition of the tract. The T2-defined AC was
used as a standard for the spatial extent of the trajectory in
this study, but not for the volume. The AC boundary in the
T2-weighted images was defined by an arbitrary intensity
threshold, and the AC volume varied depending on the
threshold. The AC also consists of axons that connect differ-
ent areas of the brain. Most notably, it has posterior and
anterior branches, as indicated in Fig. 7. The tractography
result shown in Fig. 7 reconstructs a path that connects only
the anterior branches of the two hemispheres, which does
not contain posterior–posterior and anterior–posterior con-
nections as the T2-defined AC should. Therefore, a volume
difference between the T2-defined AC and the tractography-
defined AC was expected. The second difficulty is related to
reproducibility, because the number of reconstructed lines is
sensitive to the SNR. Therefore, the SNR must be comparable

FIG. 7. Locations of two ROIs (a), and the tracking results and
effects of noise (b). In this trial, ROI #2 was moved to the opposite
hemisphere to reveal the entire trajectory of the anterior part of the
AC. The surface rendering (blue) is T2-defined AC, and the red lines
indicate reconstruction results.

FIG. 8. Demonstration of low sensitivity to
ROI drawing when the two-ROI � BF ap-
proach is used. Placing the ROIs with dif-
ferent shapes and sizes, indicated by red
shaded regions in a–c, results in the same
tracking results (d–f).
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among samples if this approach is to be used for quantitative
analyses, such as assessing the size and MR properties (T1,
T2, ADC, FA, etc.) of each tract (21,23).

In addition to producing noise and partial volume effects,
manual ROI placement can be a major source of poor repro-
ducibility in tractography. Compared to the one-ROI ap-
proaches, the two-ROI � BF approach is less sensitive to the
ROI sizes and locations (Figs. 6 and 8). These results agree
with the idea that the two ROIs impose strong anatomical
constraints, and once a propagated line deviates from the
path of interest, it is highly unlikely that the line will return
to the path by chance. This robustness is exemplified in Fig.
8, in which rather large ROIs that encompass the AC are
drawn but the reconstruction results are not affected. These
results suggest that one can obtain highly reproducible re-
sults by establishing tracking protocols that wisely use ana-
tomical features of the brain. For example, if two ROIs are
defined in the right and left hemispheres (as in Fig. 8), the
closest white matter tract that could share similar trajectories
with the AC is the corpus callosum. In this case, the protocol
should instruct the user to draw ROIs that are large enough to
contain the entire AC and avoid including the corpus callo-
sum. As long as these two anatomical criteria are fulfilled,
reproducible results can be obtained.

CONCLUSIONS

We assessed the effects of noise and ROI size and location on
DTI-based fiber reconstruction results for one-ROI and two-
ROI � BF approaches using a postmortem rat brain dataset
and Monte Carlo simulation. For the one-ROI approach, a
small percentage (24–41%) of trajectories stayed inside the
AC with SNR � 20, and the percentage decreased with lower
SNR. The two-ROI � BF approach led to valid trajectories
regardless of the SNR, but the number of reconstructed lines
decreased as the SNR declined. The two-ROI � BF approach
also showed a low sensitivity to the ROI size and location.
For studying prominent white matter tracts with known tra-
jectories, it is highly beneficial to use the two-ROI � BF
approach for reproducible reconstruction. However, when
this technique is used for quantitative assessments, such as
tract size, care must be taken because the number of recon-
structed lines is sensitive to SNR.
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