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BACKGROUND AND PURPOSE: Knowing the exact location of the optic radiation preoperatively is
important for surgery of the temporal lobe. We hypothesized that a greater number of motion-probing
gradients (MPGs) would provide better results of diffusion tensor (DT) fiber tractography of the optic
radiation. To test this hypothesis, this study evaluated differences in DT fiber tractography of the optic
radiation under different MPG settings.

METHODS: DT images were obtained in 12 healthy volunteers (7 men, 5 women) with a mean age of
32 years (range, 22–45 years) by using a 3T MR imaging scanner with single-shot echo-planar imaging
with parallel acquisition (reduction factor � 2). MPG was applied in 6, 12, 40, and 81 independent
directions. The first region of interest (ROI) was placed in the occipital lobe, and the second ROI was
placed in the lateral geniculate body. Fibers penetrating both ROIs were considered as the optic
radiation. Anteroposterior distance between the tip of the Meyer loop and the lateral geniculate body
on an axial section was defined as a loop index. Numbers of fibers and loop indices in both cerebral
hemispheres were evaluated statistically.

RESULTS: The optic radiation was well visualized in full length by DT fiber tractography in 20 of 24
hemispheres (83%). No significant differences were noted in number of fibers and loop indices among
different MPG settings.

CONCLUSION: DT fiber tractography can frequently depict almost the entire optic radiation. MPG
number does not exert any significant effect on visualization of the optic radiation, and 6-directional
MPG is thus sufficient for this purpose.

Diffusion tensor (DT) imaging is an MR imaging technique
that can be used to characterize the directional properties

of the diffusion of water molecules.1,2 Application of this tech-
nique to the human brain has been demonstrated to provide
exceptional information regarding white matter architec-
ture.3,4 No other imaging techniques can provide equivalent
information, so DT imaging is expected to become important
for studying white matter anatomy and diagnosing various
white matter abnormalities. Among the analyzing methods for
DT imaging, DT fiber tractography has been reported as ro-
bust for visualizing and evaluating white matter fiber direction
and connectivity in the brain.5-7

DT fiber tractography requires calculation of various pa-
rameters of a DT ellipsoid. Among these parameters, direction
of the largest eigenvector (�1), which is the direction of great-
est diffusivity and generally assumed to align with the direc-
tion of fiber bundles, is the most important and indispensable
for DT ellipsoid-based fiber tractography reconstruction
methods.5,8 In DT ellipsoid-based fiber tractography, the path
of a reconstructed fiber is determined by the direction of the

largest eigenvector (�1) in each voxel. The number of motion-
probing gradients (MPGs) has been reported as an important
factor for calculating DT parameters.9 However, to our knowl-
edge, the MPG setting for optimal DT fiber tractography has
not yet been determined.

The optic radiation arches anteriorly and laterally from the
lateral geniculate body before coursing posteriorly to the oc-
cipital cortex. This curved course represents a challenge for
DT fiber tractography, because white matter tracts of the tem-
poral stem intermingle with other fibers that course in various
directions and are indistinguishable from surrounding white
matter on MR imaging.10 A recent article has reported that 3
layers of visual field trajectories were depicted by DT fiber
tractography with a 32-MPG setting.11 Knowing the exact lo-
cation of the optic radiation preoperatively is important for
surgery of the temporal lobe.12 This information can be ob-
tained exclusively by DT fiber tractography. However, to our
knowledge, the appropriate number of MPGs for DT fiber
tractography has not been decided.

We hypothesized that a greater number of MPGs would
improve visualization of the optic radiation. To test this hy-
pothesis, the present study evaluated differences in DT fiber
tractography of the optic radiation under different MPG
settings.

Methods

Subjects
Written informed consent was obtained from each volunteer, and all

protocols for this prospective study were approved by the medical

ethics committee of our institute. Data were obtained from 12 healthy
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volunteers (7 men, 5 women) with a mean age of 32 years (range,

22– 45 years) and no history of neurologic injury or psychiatric dis-

ease. Subjects did not have any medication, drug, or alcohol history.

No subjects displayed any neurologic signs or symptoms.

Data Acquisition
DT images were obtained by using a 3T MR imaging scanner (Mag-

netom Trio, Syngo MR 2004A, Siemens, Erlangen, Germany) with an

8-channel phased-array head coil by using single-shot echo-planar

imaging with parallel acquisition (generalized autocalibrating par-

tially parallel acquisitions; reduction factor � 2) in the axial plane.

Imaging parameters were as follows: acquisition matrix, 96 � 96;

FOV, 240 mm; section thickness, 2.5 mm; no intersection gap; 55

sections; TR, 6200 – 6300 ms; TE, 77–79 ms; b � 0, 700 seconds/mm2.

Reconstruction matrix was the same as the acquisition matrix, and 2.5

mm � 2.5 mm � 2.5 mm isotropic voxel data were obtained.

MPG was applied in 6, 12, 40, and 81 independent directions; the

number of acquisitions was set at 13, 7, 2, and 1, respectively; the

number of images was 5005, 5005, 4840, and 4950, respectively; and

the acquisition time was 9 minutes 16 seconds, 9 minutes 25 seconds,

9 minutes 15 seconds, and 9 minutes 27 seconds, respectively. The

number of signal intensity averages for b � 0 images was 13, 7, 8, and

9, respectively. Repeated acquisition of the b � 0 image is important

for precise estimation of the tensor because variance of each of the

elements of the tensor matrix should be minimized.13

Data Processing
DT imaging datasets were transferred to a workstation and processed

by using DtiStudio, Version 2.3 software (H. Jiang, S. Mori; Johns

Hopkins University, http://cmrm.med.jhmi.edu). All diffusion-

weighted images were visually inspected by 2 authors for apparent

artifacts due to subject motion and instrument malfunction, and no

significant image deterioration was found. In our DT imaging dataset,

there was low eddy-current–related geometric distortion between im-

ages obtained in each MPG direction; thus, postprocessing distortion

correction was not applied for this dataset. Fractional anisotropy (FA)

and color map images14 were calculated from diffusion-weighted im-

ages. DT fiber tractography was made by using the “fiber assignment

by continuous tracking” method.5,15

Fiber Tract Reconstruction
Fiber tract reconstruction used a start and stop FA threshold of 0.25,16

according to the FA threshold of 0.25– 0.35 for fiber tract reconstruc-

tion recommended by Mori et al16 and Stieltjes et al.17 We also used an

inner product stop threshold of 0.34, prohibiting angles of �70° dur-

ing tracking.18 A relatively large angle threshold was used so that the

optic radiation coursing in an acute angle at the Meyer loop could be

reconstructed. To reconstruct tracts of the optic radiation, we used a

multiple region-of-interest (ROI) approach to exploit existing ana-

tomic knowledge of tract trajectories.19 This method has low sensitiv-

ity to the ROI size and location and is highly beneficial for reproduc-

ible reconstruction of prominent white matter tracts with known

trajectories.19 When multiple ROIs were used for a tract reconstruc-

tion, we used 3 types of operations: AND, OR, and NOT. Choice of

operations depended on the characteristic trajectory of the tract.6

The first ROI was placed in the occipital lobe on a reconstructed

coronal image with an OR operation, and after we placed the first

ROI, the fibers penetrating this region were shown on axial, coronal,

and sagittal images. The second ROI was manually placed in the lat-

eral geniculate body on a reconstructed sagittal image with an AND

operation. When we placed the second ROI, fibers penetrating the

first ROI were already shown on a reconstructed sagittal image, so we

could see a bundle of fibers penetrating the first ROI and the lateral

geniculate body on a sagittal image. The second ROI could be placed

on the lateral geniculate body with that fiber bundle as a landmark for

the precise location. This 2-ROI method is relatively easy, and there is

no variability that will bias the fiber tracking results.19 Reconstructed

fibers penetrating both ROIs were considered representative of the

optic radiation. FA values in both ROIs were measured by a function

of DtiStudio software and analyzed statistically if there was any dif-

ference in FA values among different MPG settings by using analysis

of variance. If there was significant difference, a t test was used for

each pair comparisons.

For evaluating signal-to-noise ratio (SNR) of the diffusion-

weighted images, we used the following formula20:

SNR � (0.66 � mean signal intensity) / (average of noise region

standard deviations).

A large ROI (�2000 pixels) for signal intensity was placed in the

brain tissue on an axial section containing the optic radiation. Four

relatively small ROIs (144 pixels) for noise were placed in the back-

ground (air) at the 4 corners on the same section. This measurement

was repeated throughout all the diffusion-weighted images, and we

calculated the average value of SNR for each MPG setting. SNR dif-

ferences among different MPG settings were evaluated statistically by

using analysis of variance.

Fiber Tractography Analysis
For analyzing the course and location of the reconstructed optic ra-

diation, we evaluated the Meyer loop because it is the most character-

istic part of the optic radiation and its curved course was considered to

be a challenge for diffusion tensor fiber tractography.10 Anteroposte-

rior distance between the anterior tip of the Meyer loop and the pos-

terior end of the lateral geniculate body on an axial section was de-

fined as a loop index (Fig 1). The loop index was considered to

represent the course and location of the Meyer loop. Difference in the

loop index among different MPG numbers was evaluated statistically

by using analysis of variance.

In addition to analyzing its shape, we counted the number of fibers

in the optic radiation for both cerebral hemispheres by a function of

DtiStudio software, and any difference due to MPG number was eval-

uated statistically by using a generalized linear mixed model, which is

an extension of analysis of variance and regression analysis and has

also been widely used in life science.21 For the all statistical evalua-

tions, values of P � .05 were considered significant.

Results
FA value in the first ROI in the occipital lobe showed 0.29 �
0.028 in 6 MPG, 0.26 � 0.025 in 12 MPG, 0.26 � 0.029 in 40
MPG, and 0.26 � 0.039 in 81 MPG (values are mean values of
24 hemispheres � SD). The FA value in the first ROI placed at
the 6-MPG setting was significantly higher than that at other 3
MPG settings (P � .0007).

The FA value in the second ROI placed in the lateral genic-
ulate body showed 0.39 � 0.03 at 6 MPG, 0.35 � 0.037 at 12
MPG, 0.35 � 0.052 at 40 MPG, and 0.38 � 0.071 at 81 MPG.
The FA value in the second ROI at the 6-MPG setting was
significantly higher than that at 12- and 40-MPG settings, and
the FA value in the second ROI at the 81-MPG setting was
significantly higher than that at the 40-MPG setting (P �
.002).
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SNR for each MPG setting showed 30.8 � 2.28 at 6 MPG,
30.6 � 1.80 at 12 MPG, 30.1 � 1.90 at 40 MPG, and 30.0 �
1.29 at 81 MPG. There was no significant difference in SNR
value among different MPG settings (P � .708).

The loop index (anteroposterior distance between the an-
terior tip of the Meyer loop and the posterior end of the lateral
geniculate body) was 16.2 � 5.38 at 6 MPG, 20.5 � 7.69 at 12
MPG, 17.7 � 7.03 at 40 MPG, and 16.5 � 6.91 at 81 MPG.
There was no significant difference in loop index among dif-
ferent MPG settings (P � .13).

The optic radiation was well visualized along the full length
by DT fiber tractography in 20 of 24 hemispheres (83%). No
significant differences in number of fibers were noted among
6-, 12-, 40-, and 81-MPG settings (Fig 2) (P � .53; 6 MPG,
25.7 � 23.0; 12 MPG, 32.8 � 29.3; 40 MPG, 27.7 � 24.0; 81
MPG, 24.3 � 20.6).

Discussion
In this study, the optic radiation was well visualized along
the full length by DT fiber tractography in 20 of 24 hemi-
spheres (83%). Contrary to our hypothesis, MPG number

did not exert any significant effect on visualization of the
optic radiation. This study is the first to analyze the rela-
tionship between DT fiber tractography of the optic radia-
tion and MPG number.

The largest eigenvector (�1), indicating the direction of
greatest diffusivity, is generally assumed to align with the di-
rection of fiber bundles and thus represents an indispensable
parameter for DT ellipsoid-based fiber tractography.5,8 In an
estimation of DT parameters, 30 independent directional
MPGs have been reported as desirable for analysis of diffusiv-
ity, and 20 independent directional MPGs have been reported
as desirable for analysis of anisotropy.9 For calculation of DT
parameters, particularly eigenvector, a smaller MPG number
may introduce directional biases and reduced directional pre-
cision, whereas a larger MPG number can introduce more
robust tensor ellipsoid estimation.9,22-24 The minimal math-
ematic requirement for DT calculation is 6 independent direc-
tional MPG settings, and this may allow relatively short imag-
ing time. Conversely, settings like 40 or 81 independent MPGs
may involve relatively longer imaging times. However, the
amount of imaging time is limited in most clinical situations.

Fig 1. The anteroposterior distance between the tip of the
Meyer loop and the lateral geniculate body on an axial
section was defined as a loop index. Examples of loop index
(A and B ) are shown.

Fig 2. Reconstructed diffusion tensor fiber tractography of
the optic radiation by using 6-MPG (A), 12-MPG (B ), 40-MPG
(C ), and 81-MPG (D ) settings.
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Choice of MPG settings thus involves a trade-off between
minimizing directional bias and minimizing scanning time.

As many unique directional MPGs as time will allow
should reportedly be used for fiber tractography according to
a Monte Carlo simulation approach.9 However, in this actual
human brain study, differences due to MPG number in DT
fiber tractography of the optic radiation were not particularly
prominent. Various reasons might underlie this finding. First,
the issue of SNR is important in DT fiber tractography19 and
may not be negligible. In the present study, SNR values did not
show any significant difference among different MPG settings,
so SNR effect of different MPG settings on the results of fiber
tractography in the present study can be considered negligible.
Second, the multiple ROI approach was used in the present
study, and this method has been reported to be robust for
studying prominent tracts with known trajectories and low
sensitivity to the ROI size and location.19 The 2 ROI approach
is a very strong analyzing method and it can make the differ-
ence of the fiber tractography obscure among the different
MPG numbers. Third, we evaluated the optic radiation only
and did not evaluate other fiber tracts such as the corticospinal
tract. Anatomic features of the optic radiation fibers may have
had some effect on the results of DT fiber tractography in this
study and may have cancelled any positive effect of larger MPG
numbers.

Factors affecting SNR in DT imaging include the number
of signal intensity averaging, MPG number, and encoding lev-
els.25 In the present study, b � 0 images were obtained repeat-
edly for precise estimation of the tensor because variance of
each of the elements of the tensor matrix should be mini-
mized.13 Low SNR may result in variance of each of the tensor
elements and, finally, in overestimating FA value26; thus, it will
change DT parameters for fiber tractography. With the issue
of SNR for DT parameter calculation, number of signal-inten-
sity averaging and number of MPGs should be considered dif-
ferently. A previous article reported that an increasing MPG
number decreases error in DT parameter calculation more
than the number of signal intensity averaging does.27 In this
study, FA values of ROIs for fiber reconstruction were signif-
icantly higher in the 6-MPG setting than those of other MPG
settings. This higher FA value may partly reflect an error of DT
parameter calculation because of the smaller MPG number as
shown in previous reports.13,27 Although there might have
been an FA value calculation error in the smaller MPG setting,
the results of fiber tractography showed no significant differ-
ence in the present study. We thus assume that the MPG num-
ber may be significant for DT parameter calculation; however,
the effect of the MPG number for visualization of the optic
radiation was insignificant in the present study.

The optic radiation arches anteriorly and laterally from the
lateral geniculate body before coursing posteriorly to the oc-
cipital cortex. This curved course represents a challenge for
DT fiber tractography, because white matter tracts of the tem-
poral stem intermingle with other fibers that course in various
directions and are indistinguishable from the surrounding
white matter on MR imaging studies.10,11 Knowing the exact
location of the optic radiation preoperatively is important for
surgery of the temporal lobe.12 In this study, DT fiber tractog-
raphy depicted the optic radiation along almost the entire
length in 83% of cases, irrespective of MPG number. DT im-

aging is noninvasive and is the only known method for gaining
directional information on white matter of the brain.3,4 This
imaging method may contribute to preoperative planning and
intraoperative evaluation for temporal and occipital lobe sur-
gery. DT imaging may be feasible for surgical therapy of tem-
poral lobe epilepsy, brain tumors, and other lesions in the
brain near the optic radiation.28

Multidirectional MPG settings have been used as an effi-
cient evaluation method for determining intravoxel white
matter fiber heterogeneity, such as Q-ball imaging for analysis
of intravoxel fiber crossing.29-31 In addition to these analyses,
for the probabilistic DT fiber reconstruction approach, as
large an MPG number as time will allow has been reported as
necessary.9 In these analytic methods, larger MPG numbers
may have merit and be indispensable for effective analysis.

This study has several limitations. First, only a limited
number of subjects were enrolled into this preliminary study.
A larger number should be enrolled in a future study. Second,
only the optic radiation was evaluated. Other neuronal fiber
bundles such as the corticospinal tract or superior longitudi-
nal fascicles could be evaluated in future studies. Third, we
evaluated the optic radiation only by the DT ellipsoid-based
fiber tractography method with 1 threshold value setting. Fur-
ther study is needed for evaluation of other fiber-reconstruc-
tion approaches such as the probabilistic approach32 and for
the effects of changing threshold values in the DT ellipsoid-
based fiber tractography method. Fourth, we did not evaluate
differences in various MPG spatial-distribution schemes. Fur-
ther study is needed for evaluation of other MPG schemes.

Conclusion
In conclusion, DT fiber tractography can frequently depict the
optic radiation along almost the entire length. MPG number
does not exert a significant difference for visualization of the
optic radiation in the equal SNR setting, and 6-directional
MPG is sufficient for visualization of this structure.

Acknowledgments
We thank Susumu Mori, PhD, for his advice and Mitsunori Kanagaki,

MD, PhD; Nobuyuki Mori, MD; and Eri Kitamura, MD for their

vigorous support.

References
1. Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy and imag-

ing. Biophys J 1994;66:259 – 67
2. Beaulieu C. The basis of anisotropic water diffusion in the nervous system: a

technical review. NMR Biomed 2002;15:435–55
3. Moseley ME, Cohen Y, Kucharczyk J, et al. Diffusion-weighted MR imaging of

anisotropic water diffusion in cat central nervous system. Radiology 1990;176:
439 – 45

4. Pierpaoli C, Jezzard P, Basser PJ, et al. Diffusion tensor MR imaging of the
human brain. Radiology 1996;201:637– 48

5. Mori S, Crain BJ, Chacko VP, et al. Three-dimensional tracking of axonal
projections in the brain by magnetic resonance imaging. Ann Neurol 1999;45:
265– 69

6. Wakana S, Jiang H, Nagae-Poetscher LM, et al. Fiber tract-based atlas of hu-
man white matter anatomy. Radiology 2004;230:77– 87

7. Lee SK, Kim DI, Kim J, et al. Diffusion-tensor MR imaging and fiber
tractography: a new method of describing aberrant fiber connections in de-
velopmental CNS anomalies. RadioGraphics 2005;25:53– 65

8. Masutani Y, Aoki S, Abe O, et al. MR diffusion tensor imaging: recent advance
and new techniques for diffusion tensor visualization. Eur J Radiol 2003;46:
53– 66

9. Jones DK. The effect of gradient sampling schemes on measures derived from
diffusion tensor MRI: a Monte Carlo study. Magn Reson Med 2004;51:807–15

AJNR Am J Neuroradiol 28:92–96 � Jan 2007 � www.ajnr.org 95



10. Kier EL, Staib LH, Davis LM, et al. MR imaging of the temporal stem: anatomic
dissection tractography of the uncinate fasciculus, inferior occipitofrontal
fasciculus, and Meyer’s loop of the optic radiation. AJNR Am J Neuroradiol
2004;25:677–91

11. Yamamoto T, Yamada K, Nishimura T, et al. Tractography to depict three
layers of visual field trajectories to the calcarine gyri. Am J Ophthalmol 2005;
140:781– 85

12. Powell HW, Parker GJ, Alexander DC, et al. MR tractography predicts visual
field defects following temporal lobe resection. Neurology 2005;65:596 –99

13. Jones DK, Horsfield MA, Simmons A. Optimal strategies for measuring diffu-
sion in anisotropic systems by magnetic resonance imaging. Magn Reson Med
1999;42:515–25

14. Pajevic S, Pierpaoli C. Color schemes to represent the orientation of anisotro-
pic tissues from diffusion tensor data: application to white matter fiber tract
mapping in the human brain. Magn Reson Med 1999;42:526 – 40

15. Mori S, van Zijl PC. Fiber tracking: principles and strategies—a technical
review. NMR Biomed 2002;15:468 – 80

16. Mori S, Kaufmann WE, Davatzikos C, et al. Imaging cortical association tracts
in the human brain using diffusion-tensor-based axonal tracking. Magn Reson
Med 2002;47:215–23

17. Stieltjes B, Kaufmann WE, van Zijl PC, et al. Diffusion tensor imaging and
axonal tracking in the human brainstem. Neuroimage 2001;14:723–35

18. Concha L, Gross DW, Beaulieu C. Diffusion tensor tractography of the limbic
system. AJNR Am J Neuroradiol 2005;26:2267–74

19. Huang H, Zhang J, van Zijl PC, et al. Analysis of noise effects on DTI-based
tractography using the brute-force and multi-ROI approach. Magn Reson Med
2004;52:559 – 65

20. McRobbie DW, Moore EA, Graves MJ, et al. MRI from Picture to Proton. Cam-
bridge, UK: Cambridge University Press; 2003:201–17

21. Grafen A, Hails R. Modern Statistics for the Life Sciences. New York: Oxford
University Press; 2002:47–55

22. Papadakis NG, Xing D, Huang CL, et al. A comparative study of acquisition
schemes for diffusion tensor imaging using MRI. J Magn Reson 1999;137:
67– 82

23. Papadakis NG, Murrills CD, Hall LD, et al. Minimal gradient encoding for
robust estimation of diffusion anisotropy. Magn Reson Imaging 2000;18:
671–79

24. Hasan KM, Parker DL, Alexander AL. Comparison of gradient encoding
schemes for diffusion-tensor MRI. J Magn Reson Imaging 2001;13:769 – 80

25. Chen B, Hsu EW. Noise removal in magnetic resonance diffusion tensor im-
aging. Magn Reson Med 2005;54:393– 401

26. Anderson AW. Theoretical analysis of the effects of noise on diffusion tensor
imaging. Magn Reson Med 2001;46:1174 – 88

27. Poonawalla AH, Zhou XJ. Analytical error propagation in diffusion aniso-
tropy calculations. J Magn Reson Imaging 2004;19:489 –98

28. Taoka T, Sakamoto M, Iwasaki S, et al. Diffusion tensor imaging in cases with
visual field defect after anterior temporal lobectomy. AJNR Am J Neuroradiol
2005;26:797– 803

29. Wiegell MR, Larsson HB, Wedeen VJ. Fiber crossing in human brain depicted
with diffusion tensor MR imaging. Radiology 2000;217:897–903

30. Tuch DS, Reese TG, Wiegell MR, et al. High angular resolution diffusion im-
aging reveals intravoxel white matter fiber heterogeneity. Magn Reson Med
2002;48:577– 82

31. Tuch DS. Q-ball imaging. Magn Reson Med 2004;52:1358 –72
32. Behrens TE, Woolrich MW, Jenkinson M, et al. Characterization and propaga-

tion of uncertainty in diffusion-weighted MR imaging. Magn Reson Med 2003;
50:1077– 88

96 Yamamoto � AJNR 28 � Jan 2007 � www.ajnr.org


