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Abstract

Diffusion spectrum imaging (DSI) is a generalization of diffusion tensor imaging to map fibrous 

structure of white matter and potentially very sensitive to alterations of the cingulum bundles in 

dementia. In this in-vivo 4T study, DSI parameters especially spatial resolution and diffusion 

encoding bandwidth were optimized on humans to segment the cingulum bundles for tract level 

measurements of diffusion. The careful tailoring of the DSI acquisitions in conjunction with fiber 

tracking provided an optimal DSI setting for a reliable quantification of the cingulum bundle 

tracts. The optimization of tracking the cingulum bundle was verified using fiber tract 

quantifications, including coefficients of variability of DSI measurements along the fibers between 

and within healthy subjects in back-to-back studies and variogram analysis of spatial correlations 

between diffusion orientation distribution functions (ODF) along the cingulum bundle tracts. The 

results demonstrate identification of the cingulum bundle in human brain is reproducible using an 

optimized DSI parameter for maximum b-value and high spatial resolution of the DSI acquisition 

with a feasible acquisition time of whole brain in clinical practice. This optimized DSI setting 

should be useful for detecting alterations along the cingulum bundle in Alzheimer disease and 

related neurodegenerative disorders.
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Introduction

The cingulum bundle is the most prominent white matter (WM) fiber tract in the limbic 

system, a set of brain structures that include the hippocampus, amygdala, and thalamus that 
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support a variety of cognitive functions (1). It consists of three major fiber components, 

originating from thalamus, cingulate gyrus, and cortical association areas (1, 2). Since 

integrity of the cingulum bundle is central to memory, executive and emotional processing, 

it plays a crucial role in several neurologic conditions, including Alzheimer’s disease (AD) 

(3), schizophrenia (4, 5), depression (6, 7) and posttraumatic stress disorder (PTSD) (8–10).

Diffusion tensor imaging (DTI) is a MRI technique that measures the directional variability 

of random water motion. DTI can delineate WM structures based on the orientation 

information of axons (11–15) and there is considerable evidence that DTI also reflects the 

ultrastructural integrity of WM (13, 14). DTI studies reported abnormalities of the cingulum 

bundle in a variety of neurological conditions, most prominently in AD and mild cognitive 

impairment, a potentially pre-clinical condition of AD (16). More recently, DTI studies 

reported alterations along the cingulum bundle also in psychiatric conditions, including 

schizophrenia (17–21) and PTSD. Together, these findings raise the possibility that diffusion 

measurements in the cingulum bundle could be useful for improved diagnosis, prognosis and 

assessment of treatment responses for these conditions. However, a fundamental limitation 

is that DTI is based on Gaussian parameterization of diffusion, which ignores diffusion 

heterogeneity within an image voxel. This limitation can lead to ambiguous results, 

especially in the presence of crossing and touching fiber bundles in a voxel, consequently 

diminishing the diagnostic value of DTI.

Several methods have been developed to overcome the limitations of DTI. High angular 

resolution diffusion imaging (HARDI) (22) and q-ball imaging (23), for example, gain 

information by sampling the directional spread of the signal more densely in the reciprocal 

diffusion space (i.e. q-space). However, HARDI and q-ball imaging still require the 

parameterization of the diffusion probability (24, 25). Diffusion spectrum imaging (DSI) 

provides a further generalization by also sampling the probability distribution of the signal 

in reciprocal diffusion space, thus avoiding the need to parameterize the diffusion 

probability. The ability of DSI to resolve crossing and touching fibers is well documented 

(21, 24–29). In particular, DSI studies have demonstrated superior visualization of the 

cingulum bundle in monkeys (30) and humans (26). Thus, DSI has great potential for 

providing more sensitive and unambiguous measures of the integrity of the cingulum bundle 

than DTI (24, 31).

Despite these advantages of DSI an important issue facing its use is that the clinical 

applications can be very sensitive to the scan parameters. The overall aim of this study was 

to develop an optimal DSI protocol for robust measurements of the cingulum bundle within 

a clinically practical scan time. Specifically, since shortening of the scan time inevitably 

results in some reduction of sensitivity, our first aim was to find the best trade-off between 

high spatial resolution (which determines fiber localization) and high diffusion encoding 

bandwidth (which determines fiber resolution) per unit scan time. The higher order statistics 

was used to measure the spatial correlation of orientation distribution function (ODF) of spin 

displacement in a voxel-by-voxel analysis along the cingulum bundle. The second aim was 

to determine the reproducibility in mapping the cingulum bundle using the optimized DSI 

setting.
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Materials and Methods

General strategy for optimization

Our goal was to precisely map the cingulum bundle by DSI with a scan time of less than 13 

minutes. The time limit basically determines the signal-to-noise ratio (SNR) and thus the 

measurement precision, noting that the precision of DSI in measuring fiber bundles is 

largely determined by both spatial resolution and diffusion encoding bandwidth (i.e. the 

maximum b-value (24)). Thus the optimal trade-off between these two parameters was 

sought along with close investigation of the reproducibility of the measurements.

DSI parameters and acquisition

All studies were performed on a 4T MRI scanner (Bruker/Siemens) equipped with a head 

birdcage RF transmission coil and an 8 channel receiver coil. A standard whole body 

gradient set was used providing 40 mT/m maximum gradient strength and 200 μs rise time. 

The DSI sequence consisted of a twice refocused spin echo pulse train for diffusion 

encoding (32), followed by a slice-selective echo-planar imaging sequence to map the 

diffusion signal. The sequence was further augmented by simultaneous echo refocusing 

(SER) acquisitions (33), in which the stimulated echoes of each EPI acquisition select two 

slices separated by an encoding gradient, effectively doubling the number of slices per 

acquisition and thus cutting the scan time in half (34).

Subjects—Fifteen normal human subjects (ten women, five men, mean age 28 ± 5 

standard deviation in years; age range, 23–40 years) were scanned to optimize DSI 

parameters for visualization of the cingulum tracts. Of those subjects, five (four women, one 

man, mean age 28 ± 6 standard deviation in years; age range, 24–38 years) were scanned 

back-to-back with identical DSI settings to determine the reproducibility of the 

measurements. Consent was obtained from all subjects according to the Declaration of 

Helsinki (BMJ 1991; 302: 1194) and the Ethical Committees of UCSF and the VA Medical 

Center both approved the study.

Optimization Procedures—Optimization of DSI for a maximum scan time (< 13 min) 

was carried out by evaluating the variation of several DSI measures along the cingulum 

bundle as function of spatial (k-space sampling density) and diffusion (q-space sampling 

bandwidth) resolutions. The DSI measures included fiber length, fiber density, and average 

orientation distribution function (ODF). The ODF quantifies the diffusion in the main 

direction of the local fibers corresponding to the voxels of interest. In addition, we evaluated 

fractional anisotropy (FA) of tensor computations of the full DSI dataset as a measure of 

diffusion directionality. Note that changing q-space sampling bandwidth was accomplished 

by varying the maximum b-values of the diffusion encoding gradients while maintaining the 

total number of diffusion encodings for different spatial directions and b-values.

Thirty two slices without averaging (NEX = 1) were acquired to cover the whole brain. The 

repetition and echo timing of EPI was kept at TR/TE=3000/145 (ms) for initial and TR/

TE=2800/130 (ms) for final parameter settings. The diffusion time (τD) derived by the 

gradient pulse delay (Δ) and gradient pulse duration (δ) played around 50 ms in the 
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experiments. The spatial matrix size of EPI was 64×64 pixels in all measurements. EPI was 

optimized for a phase-encoding bandwidth of 1502 Hz/pixel and 6/8 partial Fourier 

encoding so that white matter had in reference EPI sets (b-value =0) a SNR of at least 18:1, 

an empirical value for the baseline sensitivity of DSI.

For optimization, we initially started with a setting of relatively low isotropic spatial 

resolution of 3.8 × 3.8 × 3.8 mm3 but high diffusion bandwidth of bmax = 12,000 s/mm2 

with 515 diffusion encodings arranged on a 3D Cartesian grid within a spherical sampling 

range (determined by bmax) with a radius of five lattice units correspondent to different b-

values (or q-values). We choose a long acquisition time of 25 min for this initial setting to 

obtain a “gold standard” data set with sufficiently high SNR. Subsequently, we converged to 

more practical settings for human studies by restricting total scan time to less than 13 min 

and compensating the loss in SNR by limiting maximum b values to a range between 5000 – 

8000 s/mm2. We also utilized the negative/positive symmetry of the diffusion probability 

function (24, 25) to further reduce the number of diffusion encodings from 515 to 258 and 

thus further shortening scan time by the restriction of q-space sampling from full to half 

sphere. Finally, we aimed to increase spatial resolution to 3.0 × 3.0 × 3.0 mm3.

The acquisition parameters of DSI for the initial and final optimized settings, as described in 

more detail below, are summarized in Table 1. The optimum settings were determined by 

repeated DSI measurements on subjects using estimates of SNR, comparisons of fiber 

tractographs, mapping of the cingulum bundle and quantification of the cingulum bundle 

tracts.

DSI Experiments

In general, DSI optimization was performed in two steps: 1) comparison of the effects of 

increased spatial resolution versus increased diffusion bandwidth, and 2) determination of 

the reproducibility of DSI measurements for the different parameter settings.

Spatial resolution versus diffusion bandwidth—Comparisons between spatial 

resolution and maximum diffusion bandwidth were performed using DSI with a q-space 

sampling of 258. However, some acquisition parameters, such as EPI bandwidth, echo time 

and total slice number had to be slightly modified to accommodate changes in spatial 

resolution and diffusion bandwidth, as appropriate. In total, four DSI settings were tested 

including high and low bandwidth at low spatial resolution, i.e. dsi1; bmax=8000 s/mm2, 

res.=3.8×3.8 mm2, dsi2; bmax=5000 s/mm2, res.=3.8×3.8 mm2; and high and low bandwidth 

at high resolution, i.e. dsi3; bmax=8000 s/mm2, res.=3.0×3.0 mm2 and dsi4; bmax=5000 

s/mm2, res.=3.0×3.0 mm2. These measurements were performed on five subjects and group-

averaged measures were compared.

Measurement Reproducibility—Five healthy subjects were scanned back-to-back to 

determine the reproducibility of DSI measurements for each of the four DSI settings. We 

hypothesized that the tract based measures would reflect the reliability of mapping the 

cingulum as explained in the following sections describing DSI quantitative analysis and 

statistics.
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DSI fiber tracking and quantitative analysis

The diffusion spectrum was reconstructed by taking the discrete 3D Fourier transformation 

of the signals acquired in q-space. To smooth the DSI data at high q-values, the signals were 

filtered by a Hanning window before the data is Fourier transformed (22, 28). In order to get 

the angular structures of the diffusion spectrum in fiber tracking, the ODF was computed 

basically by taking a weighted radial summation of the probability of spin displacement for 

a given angle. The data was reduced from the ODF to a set of directional vectors pointing 

toward local maxima (24, 29). These vectors were used as starting points and then expanded 

by propagating voxel by voxel to grow the fiber line until a stopping point, defined by the 

given angle threshold or the mask, is reached. Tractrograph reconstruction based on a 

streamline algorithm adapted for DSI data was performed with selection of 42° angle 

threshold and an appropriate mask threshold to remove the background noise from the whole 

brain tracts using the Diffusion Toolkit (V.0.2) software (see trackvis.org).

We also reconstructed a diffusion tensor from the whole DSI set (24, 31) to express 

diffusion directionally along the cingulum bundle in terms of FA. In brief, a low-pass filter 

was used to eliminate high b- values images of the DSI set and linear least-squares fits were 

used to compute the tensor eigenvectors and eigenvalues from the remaining DSI data. The 

standard definition was applied to compute FA from the tensor.

The reconstructed whole brain tracts were visualized and analyzed using TrackVis (V.0.4) 

(see trackvis.org). To map the cingulum bundle tracts, we used a localized disk with 

radius=2 mm as a region of interest (ROI) such that at a particular white matter position, a 

specified number of tracts normal to and passing through the disk were estimated. To be 

consistent in comparing the DSI analysis, the ROI was always selected on the same location 

of the cingulum bundle on white matter. Visual inspections of the cingulum bundle tract 

were augmented by quantitative analyses based on tract counts, mean tract length, variations 

of ODF, and FA along the cingulum bundle.

Statistics

The following tract based measures were examined to quantify the fiber mapping of the 

cingulum bundle: tract density (tract counts divided by the volume of the voxels), mean tract 

length of the fibers, FA and ODF values corresponding to the voxels included in the ROI.

To assess the resolution of the cingulum tracts for the different DSI settings, we evaluated 

the spatial correlations of FA and ODF values along the fiber tract using variograms which 

basically characterize the spatial continuity or roughness of a data set (35). The concept of 

the variogram is explained in the appendix. We postulated that a higher precision in 

resolving the cingulum tracts is associated with greater smoothness and longer ranging 

spatial correlations as measured by the variograms. The variogram analysis of the ODF 

measures was performed using R (2.7.1) “the project for statistical computing” (36).

Reproducibility of DSI measurements was determined using the coefficient of variability, 

COV≡SD/mean, based on two factors ANOVA with subject and measurement as 

independent factors.
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Results

Spatial resolution versus diffusion bandwidth

Effects of separately changing spatial resolution and diffusion bandwidth (maximum b) on 

the cingulum visualization are shown in Figs. 1(a–d) for a representative DSI set from one 

of the subjects. Although brain coverage differed slightly with varying spatial resolutions, 

efforts were made to place the disk (ROI) in the same anatomical position for tract selection. 

Quantitative results of changes in various DSI measures (i.e. fiber density, length, mean 

ODF and FA) as a function of spatial resolution or diffusion bandwidth are depicted in Figs. 

2(a–d) by subject.

This shows that higher spatial resolution (3.0×3.0) leads consistently to higher values of 

tract density and length, irrespective of diffusion bandwidth (Figs. 2a, b and 2c, d). 

However, ODF and FA are less dependent on changes of spatial resolution and diffusion 

bandwidth. In general, FA values changed little, whereas ODF values increased with lower 

diffusion bandwidth, irrespective of spatial resolution (see also Table 2).

To further investigate the representation of the cingulum tract by means of ODF or FA, we 

evaluated ODF and FA voxel by voxels along the cingulum tract within ±60 mm around the 

ROI position. ODF and FA values along the cingulum bundle from one representative 

subject are plotted in Figs. 3a and 3b respectively for the four different DSI settings. As 

observed ODF maps show an extended plateau around the center that only drops toward 

both two ends of the cingulum bundle and FA maps monotonically increase/decrease as the 

distance to the middle of the bundle (seed location) decreases/increases. On a global scale, 

the maps of either ODF or FA along the cingulum bundle hardly show a distinct difference 

versus different DSI settings.

We used variograms to quantify the spatial features on a local scale from voxel to voxel, 

especially to document the effects of varying spatial resolution and diffusion bandwidth. 

Spatial correlations of ODF values along the cingulum bundle as measured by variograms 

are shown in Figs. 4(a–d), respectively for the different resolution and bandwidth settings of 

DSI. To quantify the change, we evaluated the lag distance of the variograms - as measure 

of the distance of spatial correlation - when the sills reach a maximum, as indicated by the 

vertical lines in the figures 4 ad. This reveals that the spatial correlations of the ODF values 

along the cingulum bundle are larger at higher spatial resolution of DSI. Besides, comparing 

the variograms of ODF from the settings with high spatial resolutions (Fig. 4c, d) shows the 

minimum and average variance are smaller (0.06, 1.085) in the setting with lower diffusion 

bandwidth than (0.09, 1.098) with higher diffusion bandwidth. This presents the largest 

spatial correlations of ODF along the bundle is obtained using the DSI at higher spatial 

resolution with lower diffusion bandwidth.

The FA variograms presented in Figs. 5(a–d) were similarly analyzed for the FA maps. The 

analysis shows that the spatial correlations of FA values along the cingulum bundle are also 

larger at higher spatial resolution of DSI. The minimum variance of the FA variograms 

using DSI with lower diffusion bandwidth is much smaller (0.06) than one (0.139) with 

higher diffusion bandwidth.
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Reproducibility of DSI measures

Reproducibility of DSI measures from back-to-back studies on a single subject are listed in 

table 3 in terms of coefficient of variability. Comparing the COV of the cingulum bundle 

tracts of the different DSI settings shows that the best reproducibility (COV less than 0.01) 

of DSI is provided using 3.0 × 3.0 mm spatial resolution and bmax=5000 s/mm2 diffusion 

bandwidth (setting = dsi4). Reproducibility of the high spatial resolution/high diffusion 

bandwidth setting (dsi3) is slightly lower, presumably because of lower SNR. The 

reproducibility of ODF along the cingulum tracts was also represented in Fig. 6 for five test 

and retests of the optimal DSI setting.

Cingulum bundle map by the optimized DSI

Representative cingulum bundle map from one of the subjects is presented in Fig. 7 from the 

optimized DSI setting. DSI nicely captures the posterior arc of the cingulum bundle and its 

extension into the hippocampal gyri (Figs. 1c, d). However, the full mapping of the superior 

and temporal cingulum with the optimal DSI using the two seed disks depicted in the figure 

resembles the mapping of the cingulum tracts as reported by Schmahmann et. al.(2007) 

using a DSI setting that required 25 h acquisition time (30).

Discussion and Conclusions

There are two main results of this study: First, we showed that evaluating diffusion measures 

in terms of their dependence on spatial resolution and diffusion bandwidth can guide the 

optimization of DSI parameter settings when total acquisition time is a constraint. In 

particular, we demonstrated for the cingulum bundle that measures of fiber density and 

length as well as spatial correlation of FA and ODF along the fibers all increase with higher 

spatial resolution for sufficiently high SNR and diffusion bandwidth. Second, we 

demonstrated that density and length of the cingulum bundle as well as FA and ODF values 

along the cingulum of healthy controls can reliably and reproducibly be measured in less 

than 13 minutes with DSI.

The result that quantitative evaluations of various diffusion measures can guide the 

optimization of DSI parameters is important for many practical settings where total 

acquisition time and other parameters are a constraint. Given a sufficient SNR, it was not 

clear at the beginning of this study how spatial resolution and diffusion bandwidth in DSI 

would affect the representation of the cingulum bundle. Our study shows that a higher 

spatial resolution substantially improved measurements of the human cingulum bundles. 

Although increasing the diffusion bandwidth also improves the results, the spatial resolution 

had a greater impact as shown by the increase in spatial correlation distance of both FA and 

ODF measures along the fibers at higher resolution (see figure 4 and 5). Furthermore, the 

reproducibility of DSI measures along the cingulum bundle, such as fiber length or mean FA 

and ODF, is also higher at higher spatial resolution. Since a simultaneous increase of both 

spatial resolution and diffusion bandwidth reduces SNR, it is clear that an optimal tradeoff 

must be sought between spatial resolution and diffusion bandwidth. Based on our 

measurements in the cingulum, we favored to increase spatial resolution (from initially 3.8 × 

3.8 × 3.8 mm3 to final 3.0 × 3.0 × 3.0 mm3) at the expense of decreasing diffusion 
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bandwidth (from initially b= 8000 s/mm2 to final b = 5000 s/mm2) to maintain a sufficient 

level of SNR.

The second result was that the particular parameter setting of DSI provided reliable DSI 

measurements along the cingulum bundle as assessed by coefficients of variation measures 

along the tracts, such as ODF, over back-to-back measurements.

In almost all subjects, we found lower ODF values along the cingulum when diffusion 

bandwidth was increased at constant spatial resolution. There are several explanations for 

lower ODF values. First, since a higher diffusion bandwidth is more sensitive to small 

diffusion displacements, smaller ODF values may be more representative of water diffusion 

in the cigulum bundle than high values. Second, since a higher diffusion bandwidth reduces 

SNR, lower ODF results may simply be an artifact of noise bias. Noise bias in MRI 

diffusion is well documented (37). We also found lower ODF values at higher spatial 

resolution at the same diffusion bandwidth. This suggests that noise bias has a strong impact 

on the ODF.

The FA values were used as one of the tract measures to guide the DSI optimization at this 

work. The values generally showed a highly alternation along the cingulum tracts. Whether 

the use of an optimal method for tensor computation could improve the FA values to be 

more robust to noise along the tracts was not sought.

There are several issues which limited this study to verify precise measures of the cingulum 

tracts. First, the technical limitations in clinical MR system for providing narrow gradient 

pulses (δ≪Δ) as an acknowledged approximation for MR diffusion signal (38), might affect 

on our DSI results. The cingulum tracts would give different measures due to PDF 

reconstruction if the system was able to meet this approximation. However, Wedeen et. al 

(2005), showed that even a finite diffusion encoding gradient (δ~Δ) does not significantly 

impair the DSI interpretation (24) as long as the diffusion time is short relative to exchange 

time for water molecules diffuse in their local compartments without exchanging with 

others.

Second, partial volume effect due to the limited spatial resolution in brain imaging can be 

still a source of error in precisely measuring the cingulum tracts and consequently affect on 

reproducibility of the tract measures. Implementing a higher spatial resolution could partly 

be a solution to avoid the adjacent voxels interference but this would be associated with cost 

of SNR and likely impractical. However, taking into account the effect of partial volume 

fraction is another critical issue in providing reliable tract measures.

Finally, the lack of ‘gold standard’ diffusion in human cingulum, limits us to conclude to a 

‘gold standard’ DSI measurement. However, the optimal DSI setting was verified as a 

relatively accurate measurement for mapping cingulum bundle.

In conclusion, we demonstrated that high fiber resolution requires careful tailoring of 

acquisition parameters, especially spatial resolution and diffusion bandwidth. We also 

showed a well resolved and reproducible identification of the cingulum bundles based on 

DSI acquisition of only 12 minutes duration, appropriate for clinical studies. The advantage 
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of DSI for mapping the cingulum bundle was also indicated by generally high spatial 

correlations of tract measures. The data suggest that the optimized DSI can be used for 

reliable and robust detection of cingulum bundles and their characteristics in 

neurodegenerative diseases known to involve the cingulum, including mild cognitive 

impairment and Alzheimer disease.
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Appendix

Variogram analysis

The variogram is a quantitative descriptive statistic which characterizes the spatial 

continuity or roughness of a data set. A variogram is mathematically defined as

(1)

where Z(x, y) and Z(Δx, Δy) are the values of a variable of interest at two locations, and ε[] 

is the statistical expectation operator. The variogram denoted as γ( ), describes the variation 

of Z as a function of the separation between the locations (Δx, Δy).

The experimental variogram, termed as semi-variogram, is calculated by averaging one-half 

the difference squared of the z-values over all pairs of observations with the specified 

separation distance and direction. The experimental formula used for the observed data can 

be written as

(2)

where N(Δx, Δy) is the number of each pair in all sets of pairs S(Δx, Δy).

The variogram can be generally modeled as a linear, exponential, polynomial or spherical 

function. The variogram can characterized by summary measures such as the nugget 

(representing the minimum variance of the pairs), the “sill” (representing the average 

variance of pairs at a certain distance) and the range (representing the lag distance at which 

there is no longer a significant correlation between the points).

An increasing range (lag distance) in combination with a decreasing nugget and sill in 

variogram represents higher spatial correlation in the observed data and thus better 

representation of fiber bundles.
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Fig. 1. 
Comparison of cingulum tracts in human brain using DSI experiments with different 

maximal b-values and spatial resolutions. The four different settings of b-values and 

resolution are printed in the images from a to d.
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Fig. 2. 
Variations of cingulum bundle tract measures (tract length, tract density, ODF, FA) from 

five human subjects (*□ ◇ △X) using four DSI settings; Each line represents a subject. 

dsi1; bmax=8000 s/mm2, res.=3.8×3.8 mm2, dsi2; bmax=5000 s/mm2, res.=3.8×3.8 mm2, 

dsi3; bmax=8000 s/mm2, res.=3.0×3.0 mm2, dsi4; bmax=5000 s/mm2, res.=3.0×3.0 mm2.
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Fig. 3. 
The ODF (a) and FA (b) values voxel-by-voxel along the cingulum tracts (within ±60 mm 

around a seed ROI) from a representative subject using four DSI settings; dsi1; bmax=8000 

s/mm2, res.=3.8×3.8 mm2, dsi2; bmax=5000 s/mm2, res.=3.8×3.8 mm2, dsi3; bmax=8000 

s/mm2, res.=3.0×3.0 mm2, dsi4; bmax=5000 s/mm2, res.=3.0×3.0 mm2.
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Fig. 4. 
The spatial correlations of ODF along the cingulum tracts by variograms using the four DSI 

settings (a–d). The variograms were fitted using polynomial models. The maximum lag 

distance is indicated by a dotted line for each setting. The value of lag distance and 

corresponding maximum height of the variogram are listed in brackets.
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Fig. 5. 
The spatial correlations of FA along the cingulum tracts by variograms using the four DSI 

settings (a–d) as fore mentioned. The variograms were fitted using polynomial models. The 

maximum lag distance is indicated by a dotted line for each setting. The value of lag 

distance and corresponding maximum height of the variogram are listed in brackets.
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Fig. 6. 
ODF values along the cingulum tracts (within ±60 mm of the ROI) of a healthy subject from 

five test and retest DSI measurements with bmax=5000 s/mm2 and an in plane 

resolution=3.0×3.0 mm2.
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Fig. 7. 
Cingulum bundle tracts from a healthy subject using DSI (resolution=3.0×3.0mm2 b=5000 

s/mm2, q=258, scan time= 12 min) and two seed ROIs for the superior and temporal aspects 

of the cingulum, respectively.
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Table 1

DSI parameters for measurements and optimization for detection of cingulum bundle

Initial settings Optimum settings

b-value(s/mm2), Number of b-values 8,000, 23 5,000, 23

Number of q-space encodings 258 half sphere to 515 full sphere 258 half sphere

TE (ms)/TR (ms) 145/3000 130/2800

In-plane spatial resolution (mm2) 3.8×3.8 3.0×3.0

Slice number, slice thickness (mm) 30, 3.8 32, 3.0

Δ(ms)/δ(ms) 66/60 60/53

EPI band width (Hz/pixel) 1954 1502

Scan time with NEX=1 13 min, twice as long for full q-space sampling 12 min
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Table 3

Evaluation of reproducibility of DSI and comparison of the DSI settings for cingulum bundle tract analysis in 

test and retest scans on the same subject

Test & Retest 
Reproducibility bmax (s/mm2), spatial resolution 

(mm2) Tract density (COV)
Mean tract length 

(COV) Mean ODF (COV)DSI experiments

dsi 1 8000, 3.8×3.8 (0.088) (0.092) (0.15)

dsi 2 5000, 3.8×3.8 (0.039) (0.206) (0.03)

dsi 3 8000, 3.0×3.0 (0.120) (0.129) (0.01)

dsi 4 5000, 3.0×3.0 (0.051) (0.060) (0.01)
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