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Abstract 

 

Objective: To explore quantitatively and qualitatively how the number of gradient 

directions (NGD) and spatial resolution (SR) affect DTI-tractography in patients planned 

for brain tumor surgery, using routine clinical MR-imaging protocols.  

Methods: Of 67 patients with intracerebral lesions who had two different DTI-scans, 

three DTI-series were reconstructed to compare the effects of NGD and SR. 

Tractographies for four clinically relevant tracts (corticospinal tract, superior 

longitudinal fasciculus, optic radiation and inferior fronto-occipital fasciculus) were 

constructed with a probabilistic tracking algorithm and automated ROI-placement and 

compared for three quantitative measurements: tract volume, median fiber density and 

mean FA, using linear mixed-effects models. The mean tractography volume and 

intersubject reliability were visually compared across scanning protocols, to assess the 

clinical relevance of the quantitative differences.  

Results: Both NGD and SR significantly influenced tract volume, median fiber density 

and mean FA, but not to the same extent. Especially higher NGD increased tract volume 

and median fiber density. More importantly, these effects further increased when tracts 

were affected by pathology. The effects were tract-specific, but not dependent on 

threshold. The superior longitudinal fasciculus and inferior fronto-occipital fasciculus 

showed the most significant differences. Qualitative assessment showed larger tract 

volumes given a fixed confidence level, and better intersubject reliability for the higher 

NGD-protocol. SR in the range we considered seemed less relevant than NGD.  

Conclusion: The current study indicates that, under time constraints of clinical imaging, 

a higher number of diffusion gradients is more important than spatial resolution for 

superior DTI probabilistic tractography in patients undergoing brain tumor surgery. 
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Introduction 

 

Diffusion Tensor Imaging (DTI) is an advanced MRI technique used to study white 

matter integrity in a variety of diseases, such as Alzheimer, MS or glioma.1-4 DTI 

information is also used to visualize white matter tracts: DTI-tractography.5,6 This 

anatomical reconstruction of well-defined functional subcortical structures supports 

clinical decision making: it is used for planning a surgical approach in patients with 

brain tumors and increases the efficiency of intraoperative electrical stimulation, 

thereby reducing surgical morbidity by avoiding disruption of functional structures.7-11 

Examples of surgically relevant subcortical structures include the corticospinal tract 

(CST) for motor function, the superior longitudinal fasciculus (SLF) and inferior fronto-

occipital fasciculus (IFOF) for language function, and the optic radiation (OR) for 

vision.12-18  

Tractography is influenced by many factors, such as tracking algorithm and strategy,19-

25 and the quality of the DTI acquisition. DTI is sensitive to noise and influenced by 

acquisition parameters, such as the number of gradient directions (NGD),26-30 spatial 

resolution,29,31 sampling scheme,26,27,32,33 number and choice of b-values 32,34,35 number 

of scan repetitions,28,36,37 field strength38-40 and scanner hardware.20,25,41 Optimization of 

acquisition parameters can improve tractography, based on phantom studies, 

simulations or healthy subjects.29,34,40,42  

The quantitative measures tract volume, fiber density and (mean) FA are most often 

used to describe a tractography. Larger tract volumes are often regarded as a 

positive phenomenon, but do not necessarily indicate superior tractography 

because of the possibility of false-positive aberrant fibers. Fiber density on the 

other hand is a measure of tractography robustness. Higher fiber densities 

correspond with an increased likelihood that a voxel is part of a white matter 

tract. Aberrant pathways display relatively low fiber densities5. The mean FA of 

the tractography indicates through which regions the fibers were propagated. 

Tractographies with lower mean FA correspond to fibers in regions of lower 

certainty, for instance in the periphery of the tract, or at tract-crossings. 
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Tractographies with high mean FA values tend to display only the core of the 

white matter tract. 

Only few studies have directly explored acquisition effects on tract volume and fiber 

density, both relevant for surgical decision making,23,39,40,43-46 and data on brain tumor 

patients are lacking. In this setting two challenges must be discerned: (1) the limitation 

of acquisition time in clinical scanning protocols, resulting in lower signal-to-noise-

ratios (SNR) compared to the optimized acquisition protocols used in research, and (2) 

the presence of tumor-related effects, such as infiltration, disruption and displacement 

of tracts and brain edema.4,47,48 Among the most important factors that influence SNR 

and reliability are the number of gradient directions and spatial resolution.26,29 In this 

study, we explore the impact of NGD and spatial resolution on quantitative 

tractography measures in patients with intracerebral lesions involving four surgically 

relevant fiber tracts using a probabilistic tracking algorithm. 

 

Materials and Methods 

 

Patient selection 

A group of 397 patients with newly diagnosed, intra-axial cerebral lesions, whose 

routine pretreatment clinical MR-scans included DTI-acquisitions, were obtained from 

our electronic database. Of these, 68 patients were included in whom two different DTI 

acquisitions had been performed within the same session: one used in the Brainlab 

neuronavigation system (12 gradient directions protocol), and one used in other 

protocols for offline evaluation with FSL (FMRIB Software Library) for more complex 

tractographies (30 gradient directions protocol). The research was performed according 

to the guidelines and with approval of our institutions Medical Ethics Committee. 

Lesion volume and histology were determined for the intra-axial oncological 

subgroup, consisting of gliomas and metastases, to control for possible 

confounding effects. A histological diagnosis was obtained from all tumors, and 

glioma grades were scored according to the WHO-classification. Tumor volumes 

were estimated in cc’s by using the formula: volume = 4/3 * π * r1 *r2 *r3, with r 

determined as half of the maximal diameter measured in the three orthogonal 
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radiological planes. Maximal diameters were measured on T1 post-gadolinium 

MPR scans for gliomas WHO grade 4 and metastases, and on T2 or FLAIR MPR 

scans for gliomas WHO grade 2 and 3. 

 

 

MR-Imaging Acquisition 

All patients were scanned on 1.5 T MR-scanners (Siemens Medical Solutions, Erlangen, 

Germany) using an eight-channel or twelve-channel head coil (but within each 

individual patient the same head coil was used), with uniform diffusion-weighted single 

shot echo planar imaging protocols. Two imaging protocols were applied: the first 

protocol (A) consisted of TR/TE 6400/95 ms, 128 x 128 matrix, 40 slices of 3 mm, with 

0.6 mm gap, voxel size 2.0 x 2.0 x 3.0 mm, five volumes without directional weighting 

(b0) and 30 volumes with non-collinear diffusion gradient directions (b-value 1000 

s/mm2) with an acquisition time of 3min38. The second protocol (B) consisted of TR/TE 

10400/90 ms, 128x128 matrix, 67 contiguous 2 mm slices, voxel size 2.0 x 2.0 x 2.0 mm, 

one volume without directional weighting and 12 volumes with non-collinear diffusion 

gradient directions (b-value 750 s/mm2) with an acquisition time of 2min27. All images 

were visually inspected for absence of motion and ghosting artefacts. 

The two available clinical DTI-acquisition protocols differ both in NGD and spatial 

resolution. To compare the effects of these parameters separately, a subset of 12 

diffusion gradient directions was selected from the 30 direction protocol. Since the 

optimal geometric configuration of the gradient directions is one that is uniformly 

distributed along the surface of a sphere, to minimize the orientational dependence of 

the estimated DTI parameters26,49, we optimized a uniformly distributed subset with a 

total vector summation of <0.001 along each of the orthogonal axes. This third, derived 

DTI-series (C) thus consisted of 12 gradient directions and a voxel size of 2.0 x 2.0 x 3.0 

mm. By comparing series A and C the effect of NGD (12 versus 30) was evaluated, and 

by comparing series B and C the effect of spatial resolution (2.0 x 2.0 x 2.0 mm versus 

2.0 x 2.0 x 3.0 mm voxels) was evaluated. 

 

DTI pre-processing and tractography 
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DTI-images were processed using FSL 4.0 software (FMRIB Software Library), for each of 

the three DTI-series. After brain extraction, motion and eddy current correction, the 

FMRIB’s Diffusion Toolbox (FDT) was used for fitting a tensor model to the diffusion 

data. Next, BEDPOSTX (Bayesian Estimation of Diffusion Parameters Obtained using 

Sampling Techniques, FSL) was run for all DTI-series to enable probabilistic 

tractography.  

We used a probabilistic tracking algorithm (PROBTRACKX)5 with a multiple ROI 

approach and automated ROI positioning to enhance reproducibility and to reduce 

intra- and interrater variability, essential for quantitative tractography analysis.23,25,50  

To perform automated ROI positioning, first, all subject’s Fractional Anisotropy (FA)-

maps were registered to FSL’s FA-atlas in standard space (FMRIB58_FA), with FNIRT as 

is customary in TBSS51, and which is more reliable than affine registration.25 Second, in 

standard space, the different ROIs for the four white matter tracts were established 

bilaterally. Third, these ROIs in standard space were warped back to subject space and 

used for tracking.  

Two ROIs were strategically chosen for the corticospinal tract (CST), the superior 

longitudinal fasciculus (SLF) and the inferior fronto-occipital fasciculus (IFOF), 

referencing previous fiber tracking methods.50,52,53 An exclusion ROI was placed in the 

contralateral hemisphere to avoid erroneous inclusion of contralateral fibers. To track 

the optic radiation (OR), one ROI was placed in the lateral geniculate body based on 

Juelich Histologic Atlas (Zilles and Amunts, provided by Simon Eickhoff, Burgel54). A 

second ROI was placed at the intersection between the atlas-based V1-area and OR. 

The same contralateral exclusion-ROI as for the other tracts was used, as well as a ROI 

in the ventral part of the insula covering the IFOF and uncinate fasciculus (UF). Similarity 

of the automatically positioned ROIs across the different series was confirmed by 

comparing ROI size and ROI mean FA (data not shown).  

Probabilistic tractography was performed by FSL’s PROBTRACKX with default parameter 

settings, except for curvature threshold, which was set to 0 to avoid curvature 

restrictions, and for FA-constraining. As a last step, thresholds were set to reject 

implausible fibers. Thresholds were chosen as a percentage of the 98th percentile voxel 

intensity value. Nine different thresholds were evaluated for each tractography (0.1, 0.2, 

0.5, 1, 2, 5, 10, 20 and 50%). Finally, all tracts and ROIs were visually checked and 
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discarded from further analysis in case of ROI malpositioning. Tractography-failures 

were scored when no fibers could be displayed.  

Finally, all tracts were categorized as “healthy” or “diseased”. Tracts were considered 

healthy when located contralateral to the lesion, or ipsilateral to, remote from and not 

deviated by the lesions, well outside the T2 hyperintense area. Tracts were otherwise 

considered “diseased”. As a second step, the diseased tracts were further categorized in 

“mass effect” when outside the T2 hyperintense zone but deviated, and 

“infiltration/edema” when running through the T2 hyperintense area. Since edema and 

infiltration cannot be reliably differentiated in glioma patients, this group 

(edema/infiltration) was not further classified. 

 

Quantitative tractography analysis 

Three outcome measures were calculated for each tractography result: the fiber tract 

volume, the median fiber density and the mean tract FA.  

For evaluation of volume, confidence and meanFA of the tractographies we used FSL’s 

probabilistic fibertracking program PROBTRACKX. Tract volume was calculated by 

multiplying the number of positive voxels included in the tractography by voxel 

volume. PROBTRACKX returns a map with brain voxels, of which all will have a value 

(though many of these will be zero) representing the connectivity value between that 

voxel and the seed voxel (i.e., the number of samples that pass through that voxel). The 

median connectivity value (or median “fiber density”) was used here because it does 

not follow a normal distribution. FA-values were obtained and averaged for all positive 

tractography voxels. 

 

Qualitative comparison 

 

The clinical relevance of differences in tractographies due to scanning protocol was 

qualitatively determined by group display of healthy tractographies for each protocol. 

This group display enables a direct comparison of (1) differences in intersubject 

variability of the tractographies (defined as intersubject tractographies), and (2) 

differences in tract volumes using equal confidence levels (defined as group mean 
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tractographies). Group level tractographies were reconstructed for the high resolution, 

low NGD-protocol (series A) and low resolution, high NGD-protocol (series B).  

First, all healthy tracts were tracked at the same arbitrary fiber density threshold of 20% 

and registered to standard space. Next, the two group-tractographies (the intersubject 

tractography and the group mean tractography) were calculated for each white matter 

structure. To create intersubject tractographies, the individual tractographies were 

binarized and stacked in standard space. The intensity of the summated tracts 

corresponds to the number of patients for which the voxel was included in the 

tractography. The intersubject tractographies were compared for low (20%) and high 

(80%) levels of intersubject reliability.  

To create group mean tractographies, the tractographies were stacked and averaged. 

The intensity of each group mean tractography-voxel corresponds to the average fiber 

density. The group mean tractographies were compared for tract volume when 

equivalent thresholds were used for both protocols. 

 

Statistical Methods 

We used R (RComprehensive R Archive Network, version 3.4.1),  lme4 (Bates, Maechler 

& Bolker, 2012) and lmerTest (Kuznotsova, Brockhoff & Christensen, 2016) to perform a 

linear mixed effects analysis of the relationship between three tractography outcome 

measures (volume, median fiber density and mean FA) and acquisition-parameters 

NGD and resolution .  

Tract volume and (median) fiber density show exponential relations (when plotted 

against threshold). To analyze the data with linear mixed-effects models, the log of 

volume (log.vol) and median fiber density (log.med.f) were calculated and used for 

further analysis. Fiber density threshold was plotted against log.vol and log.med.f and 

loglinearity was confirmed with R-squared ranging between 0.8 and 0.96.  

The primary interest consisted of the effect of NGD and resolution (represented by 

variable “Series”) on the tractography measures, under healthy and pathological 

conditions (represented by variable “Disease-effect”). Series and Disease-effect were 

entered as fixed effects (without interaction term) into the model. As random effects, 

we entered intercepts for subjects (“Subject”), fiber density threshold (“Threshold”) and 

subcortical tract (“Tract”).  
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As next steps, we extended the model by sequentially adding 1)  an interaction term, 

between Series and Disease; 2) further specification of Disease effect into “healthy”, 

“mass effect” and “infiltration/edema”, and 3) adding extra possible confounding 

covariates “lesion volume” and “histology” (glioma WHO grade 2, 3 or 4 and 

metastasis) for the oncological subgroup.  

Visual inspection of residual plots did not reveal any obvious deviations from normality 

or homogeneity. P-values were obtained by likelihood ratio tests of the full model with 

the effect in question against the model without the effect in question.  

 

Results 

 

Clinical characteristics 

Visual inspection for artifacts led to the exclusion of one patient (artifacts in all three 

series). Additionally, for the remaining 67 patients, nine separate series were excluded 

because of artifacts (Table 1). Of the 67 patients (mean age 48.3 years), 35 were male. 

The lesions (right-sided in 40) consisted of 42 gliomas (14 WHO grade 2, 13 WHO 

grade 3 and 15 WHO grade 4), 10 metastases, 8 mesiotemporal sclerosis and 7 other 

lesions (2 cavernomas, 2 lymphomas, 1 meningioma, 1 venous thrombosis, 1 

inconclusive pathology). Patient characteristics, including tumor volume measurements, 

are presented in Suppl. Table 1. 

 

Visual inspection scans and ROI placement 

Registration to standard space was performed successfully for all series. Visual 

inspection of ROI placement from standard to subject space led to the exclusion of 

seven ROIs of a total of 2688, and therefore of seven of 1536 (0.46%) tracts (Table 1). 

According to their relation to the pathology, 1105 tractographies were assigned to the 

healthy group and 424 in the “diseased” group (Table 1). All but one tractography-

failure (no fibers displayed) were in the diseased-group. Series A had 15 failures (10.1% 

of the “diseased” tracts), series B six failures (4.3%) and series C 16 failures (11.5%). 

Eighty percent of the failure-cases concerned the IFOF.  

 

Tractographies: quantitative comparisons 
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A linear mixed effects analysis was performed of the relationship between three 

tractography outcome measures (volume, median fiber density and mean FA) and 

scanning-parameters NGD and resolution (reflected by “Series”) under healthy and 

pathological conditions (reflected by “Disease-effect”). Subject, Threshold and Tract 

were entered as random effects for controlling possible confounding relations. Both 

“Series” and “Disease-effect” affected all three outcome measures (log.vol, log.median.f, 

meanFA) significantly, as did all three random effects.  

Next, we extended this basic model as described in the Methods section, to find better 

predictive models (Table 2). First, an interaction effect of Series and Disease was added. 

A small effect was found for all three outcome measures (log.vol: χ2 47.5, p<0.0001, 

log.median.f: χ2 34.6 p<0.0001, meanFA: χ2 226.6 p<0.0001). Next, we further improved 

the model by specification of disease effect by distinghuising “healthy” from “mass 

effect” from “edema/infiltration”. This also affected all three outcome measures (log.vol: 

χ2 223.5, p<0.0001, log.median.f: χ2 118.3 p<0.0001, meanFA: χ2 158.3 p<0.0001) and 

improved the model. Finally, the effects of histology and tumor volume were explored 

for the oncological subgroup (consisting of gliomas and metastases). Expanding the 

model by covariates histology and tumor volume had no significant effect on neither of 

the three outcome measures (Table 2). 

The effects of this extended superior model (with a further specified Disease-effect and 

an interaction term for Series and Disease-effect) are presented in Table 3. 

 

Tract volume 

The parameters NGD, resolution, mass effect and edema/infiltration all significantly 

affected tract volume, as demonstrated in Table 3. Higher NGD resulted in larger tract 

volume, while higher resolution (smaller voxels) and  tracts affected by disease 

(mass effect or edema/infiltration) had smaller tract volumes. NGD and 

edema/infiltration had relatively large effect sizes (increase of log.vol with 0.45 and 

decrease of log.vol with -0.66, respectively), compared to the resolution and the 

mass effect (decrease of -0.16 both). The increase in tract volume with higher NGD 

was even larger for tracts affected by pathology compared to healthy tracts (log.vol 
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increase of 0.19), and the decrease of tract volume for higher resolution was 

largest for tracts suffering from mass effects (log.vol  decrease of -0.38) (Table 3). 

To explore possible differences of NGD and resolution effects on tract volume for 

different tracts, they were plotted for each tract separately at a single (arbitrary) 

threshold of 20% (Fig. 1a). Although resolution effects might differ slightly per 

tract, NGD effects are very consistent across all tracts.   

 

Median fiber density 

NGD, resolution, mass effect and edema/infiltration all significantly affected 

median fiber density (Table 3). Higher NGD and higher resolution increased 

median fiber density, whereas mass effect and edema/infiltration both 

decreased median fiber density. The largest effects were demonstrated for NGD 

and edema/infiltration (change in log.median.f of 1.12 and -1.28, respectively), 

and smaller effects for resolution and mass effect (0.16 and -0.39, respectively). 

The effects of high NGD was especially larger for tracts affected by 

edema/infiltration (increase of log.median.f by 2.43) (Table 3). 

To explore possible differences of NGD and resolution effects on fiber density for 

different tracts, they were plotted for each tract separately at a single (arbitrary) 

threshold of 20% (Fig. 1b). Although resolution effects might differ slightly per 

tract, NGD effects are, again, very consistent across all tracts. 

 

Mean tract FA 

Again, NGD, resolution, mass effect and edema/infiltration all significantly 

affected mean FA (Table 3). Edema/infiltration decreased meanFA by -0.07 and 

NGD by -0.04. The effects of resolution and mass effect were negligible (Table 3). 

 

Tractographies: Qualitative comparison 

In Figure 2 the intersubject tractographies of all healthy tracts are displayed in standard 

space, for the high resolution, low NGD-protocol (series A) and low resolution, high 

NGD-protocol (series B). As more tractographies of different subjects overlap, the 
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intersubject tractography increases. Series B showed larger intersubject reliability, as 

demonstrated by the larger tract volumes, especially for the SLF and the IFOF. This 

effect of better intersubject reliability is more pronounced, when the intersubject 

tractographies are displayed at higher concordance levels (positive for 80% of subjects; 

right side columns of each diagram in Fig. 2). The volumes of the intersubject 

tractographies are displayed in supplemental Table 2.  

Finally, tract volumes were compared when equivalent fiber density thresholds, and 

therefore the same levels of confidence, were used (group mean tractographies; Fig. 3). 

The core of the tracts was visualized well for most tracts, using both protocols. 

However, the high NGD protocol enabled further propagation of the tracts, especially 

for SLF and IFOF. Tract volumes diminished rapidly when the confidence levels were 

increased, in case of the low NGD protocol. 

 

 

 

Discussion 

We explored quantitatively and qualitatively how the number of gradient directions 

(NGD) and spatial resolution (SR) affect DTI-tractography in patients planned for 

resective brain surgery. The main findings are that (1) the number of gradient directions 

has a larger impact on tract volume and fiber density than does spatial resolution, and 

(2) this differential impact from the number of gradient directions is even larger for 

tracts involved by pathology than for normal tracts.  

 

In general, a gold standard for tractography has not been defined. Too liberal tracking 

strategies will overestimate white matter tracts resulting in too limited resections, 

whereas too strict tracking strategies will underestimate the white matter tracts 

resulting in increased postoperative neurological deficits. Ideally, DTI-tractography 

parameter settings could be evaluated and optimized by correlating post-operative 

functional outcome measures with surgical damage to the pre-operatively defined 

tractography. For this purpose, the function of the tract should be unambiguous, 

exclusively attributable to that specific tract, accurately and quantitatively testable, and 

not susceptible to functional plasticity in case of (surgical) damage. To quantify the 

amount of damage to the tractography, the pre- and post-operative scans should be 
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perfectly registered and corrected for three dimensional, post-operative brain shift. The 

involvement of the tractography should solely be attributable to the resection and not 

as a consequence of vascular damage or post-operative edema. Given these many 

requirements, this “gold standard” study remains illusive.  

 

One of the strengths of the current study is the evaluation of complementary 

quantitative tractography measures by using a probabilistic algorithm instead of 

deterministic algorithms, which are commonly used in clinical settings. This allows for 

an estimation of the confidence of the displayed fibers in addition to the conventional 

tractography volumes, as probabilistic algorithms account for uncertainty of the main 

direction of the diffusion tensor. Tracking from each voxel is repeated and a probability 

of connectivity to other regions is generated, based on this uncertainty. The 

probabilities are expressed as fiber densities and can be interpreted as a relative 

measure of the confidence assigned to the generated tractography.5 This becomes 

especially evident in case of pathology, when low FA and directional uncertainty are 

readily encountered.4 Instead of discontinuing the fiber propagation as occurs with 

deterministic algorithms, probabilistic algorithms display multiple options, albeit with 

lower probability.5  

In contrast to previous studies using phantoms and healthy subjects, the current study 

describes the influences of acquisition parameters in patients with tracts involved by 

brain pathology. Tumor and tumor-related effects such as mass displacement, 

infiltration and edema, challenge tracking algorithms. We show in concordance with 

Stadlbauer et al. that pathology reduces not only tract volume, as Bello et al.13 also 

suggested, but, even more importantly, also fiber density.55 These negative effects are 

more pronounced with lower NGD; higher NGD protocols improve tensor estimation 

and hence tractography results. 

 

The most important limitation of our study is its retrospective nature. The available scan 

protocols did not have identical scanning times, inducing potential differences in SNR. 

The short difference in scanning time between our two clinical protocols however, 

suggests a limited impact on the differences in SNR. Ideally, acquisition parameters 

other than NGD or resolution would have been identical across the scanning protocols. 
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For the analysis of NDG-effects, comparisons were made between the 30D protocol 

and the 30-to-12D protocol. Since this is essentially the same protocol, just after 

removing 18 gradients directions, all other scan parameters for these protocols are 

identical, so there are no confounding effects of different acquisition parameters.   

For the analysis of resolution effects, the 12NDG protocol and the 30-to-12NDG 

protocol were compared, and some differences do exist between acquisition 

parameters, for instance different b-values, and voxel isometry. B-values affect tensor-

shape, and FA-estimation. However, when we consider the level of differences between 

the b-values used in our protocols (750 and 1000s/mm2), the estimated differences are 

expected to be very small.35 

Voxel anisometry affect tensor shape and tractography. However, in human brains with 

relatively large fiber tracts, and considering the degree of anisotropy (1:1:1,5), this 

seems to be of relatively minor importance.56  

So the amount of uncertainty introduced by these factors is supposed to be small 

however, compared to NGD and resolution effects.26,27,36  

A second limitation of our study is the heterogeneity of our subject group containing 

multiple pathologies. In terms of relevancy for tractography however, they often bear 

the same consequences: decreased local FA,4,57-59 and hence, increased directional 

uncertainty.  

 

The demonstrated increase of tract volume with higher NGD, which has been reported 

previously,23,45 is likely the result of better fiber propagation in areas of relative 

uncertainty of the principal diffusion direction (low FA).30,34,35 The reported effects of 

NGD on fiber density are more contradictory; with the use of higher NGD, the 

tractographies are expected to be more robust and therefore display higher fiber 

densities. Some previous studies, all using deterministic tracking algorithms, have 

reported the expected increase in fiber densities with higher NGD, while others have 

reported no differences.37,44,45 The choice of algorithm might explain the discordance 

with our results, since fiber densities represent a true relative measure in probabilistic 

algorithms, whereas binary assumptions underlie the fiber densities in deterministic 

algorithms. The only study that used the same, probabilistic tracking algorithm as we 
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did found an increase in tract volume for the higher NGD protocol, in accordance with 

our results.23 Unfortunately, the effect of NGD on fiber density was not explored.  

 

All tracts seemed to benefit from higher NGD, but not to the same extent. This tract-

specificity is not uncommon for quantitative tractography measurements,19,20,29,44,45 and 

is likely the result of differences in white matter architecture. Tracts with a lower degree 

of myelination, weaker longitudinal organization or closer proximity to other tracts, 

with crossing or kissing fiber bundles (e.g. the SLF and IFOF) display lower anisotropy, 

and therefore suffer more from directional uncertainty. As explained, especially these 

tracts might benefit more from higher NGD, which reduces this uncertainty. The same 

superior robustness of the CST and OR have been shown using histological dissection 

techniques.54  

The clinical relevance of the quantitative differences we found can probably be best 

appreciated by visual assessment. Less complex subcortical structures, such as the CST, 

could be tracked well with all three sequences. This tract showed relatively high fiber 

densities for all protocols, and the volume differences are predominantly caused by 

further propagation into grey matter and infratentorially. Higher NGD seems 

mandatory however, for the reliable tracking of the SLF and IFOF, since it improves 

robustness, as is reflected in higher fiber density and intersubject reliability, and 

increases tract volumes in all dimensions along their subcortical courses. 

 

Spatial resolution, in the range we considered, does not seem critical for tracking most 

structures, and should only be invested in when the requirements of higher NGD are 

met. Increasing spatial resolution has the theoretical advantage of suffering less from 

complex intravoxel fiber configurations, such as crossing, kissing, bending and/or 

splitting fiber bundles,35,49,60 but decreases SNR.29 Probabilistic and multitensor tracking 

algorithms are supposed to handle complex fiber configurations better,5,24,61 and 

possibly suffer less from lower resolution. Our data support this view, since most 

tractographies showed only minor differences in fiber density or tract volume, when 

comparing both resolutions.  
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In neurosurgical practice the optimal tractography would meet the following 

requirements: (1) estimated confidence levels assigned to the generated tracts, (2) high 

intersubject reliability, (3) relative insensitivity to changes in threshold settings, and (4) 

the ability to propagate fibers in areas of relative uncertainty of fiber direction, e.g. in 

case of pathology. Our data suggest, quantitatively as well as qualitatively, that a higher 

NGD scanning protocol helps for the last three, and that the number of diffusion 

gradients is more important than spatial resolution for DTI probabilistic tractography, 

especially in patients with structural intracerebral lesions. 
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Legends 

 

Figure 1. Volumes and fiber densities 

In Figure 1A, boxplots show the tract volumes for the different scanning protocols (the 

red dots indicate the median tract volumes, the boxes outline the 25th to 75th 

percentiles). Tractographies were constructed with a 20% threshold. The effects for the 

different tracts (CST, SLF, IFOF and OR) and different conditions (healthy or diseased) 

are displayed in separate panels. The effect of SR is demonstrated by comparing series 

A and C, the effect of NGD by comparing series B and C. The NGD effects are larger 

than the SR effects, especially for the tractographies influenced by disease. The tracts 

that increase most are CST, SLF and IFOF. Likewise, in Figure 1B the median fiber 

densities are demonstrated. The same effects are demonstrated for fiber densities as 

for tract volume. 

 

Figure 2. Intersubject tractographies 

Four diagrams are displayed for different tracts:  A. CST; B. IFOF; C. OR and D. SLF. 

Each diagram displays the healthy tractographies for the original 12 direction (red – 

yellow) and 30 direction protocol (dark blue – light blue). The left columns display 

tract-voxels when positive for at least 20% of the patients. The right column shows 

tract volumes at a higher concordance level; when positive for 80% of the patients. 

Brighter colors correspond to a higher number of patients. The effect of higher 

intersubject reliability is shown for all tracts (larger tract volumes for the 30 direction 

protocol in all right columns). The effect of larger tract volume at higher NGD is most 

clearly demonstrated for the IFOF and SLF. 

 

Figure 3. Group mean tractographies 

As Figure 2. Mean fiber densities per voxel were calculated by averaging over patients. 

Equivalent fiber density thresholds were used for the two protocols (low NGD in red – 

yellow, high NGD in dark – light blue). All tracts (A. CST, B. IFOF, C. OR and D. SLF) 
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show larger volumes with higher mean fiber densities for the higher NGD protocol, 

but most clearly for IFOF and SLF. 
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Table 1. Registration, ROI placement and Tracts for analysis 

 

 12 DIR 30 DIR 30 to 12 DIR 

Patients 68 68 68 

Scan artifacts 3 4 5 

Scans for ROI placement 65 64 63 

ROI misplacement    

 CST 0/260 0/256 1/252 malposition 

SLF 1/260 suboptimal 2/256 malposition 0/252 

OR 0/130 0/128 0/126  

IFOF 1/260 suboptimal 

2/260 malposition 

0/256 0/252 

Total discarded ROIs 4/910 2/896 1/882 

Tracts for analysis    

Subgroup  H D H D H D 

 CST 89 41 88 40 86 39 

SLF 84 45 82 44 83 43 

OR 103 27 101 27 99 27 

IFOF 96 31 98 30 96 30 

 

Tractographies available for analysis according to series (12 DIR, 30 DIR or 30to12 DIR), 

subcortical structure (CST= cortico-spinal tract, SLF = superior longitudinal fasciculus, OR = 

optic radiation, IFOF = inferior fronto-occipital fasciculus) and condition (H = healthy, D 

=diseased). The number of discarded ROIs and tractographies as a consequence of 

malposition is limited (0.26%). 
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Table 2. Model comparisons 

Parameter Effect Data Model AIC LogLik χ2 χ df p 

Log.vol Interaction Series 

and Disease 

Complete set No interaction 21055 -10519 47.5 2 <0.0001 

Interaction 21011 -10496 

Specification 

Disease effect 

Complete set Not specified 21011 -10496 224 3 <0.0001 

Specified 20794 -10384 

Histology as 

covariate 

Oncological 

subgroup 

- histology 17054 -8513.7 4.7 3 0.1977 

+ histology 17055 -8511.4 

Tumor volume as 

covariate 

Oncological 

subgroup 

- tumor volume 17054 -8513.7 1.3 1 0.2606 

+ tumor volume 17054 -8413.1 

Onc. subgroup, 

affected tracts 

- tumor volume 6982 7043.2 0.86 1 0.3528 

+ tumor volume 6983 7050.4 

Log.med.f Interaction Series 

and Disease 

Complete set No interaction 46623 -23304 34.6 2 <0.0001 

Interaction 46592 -23286 

Specification 

Disease effect 

Complete set Not specified 46592 -23286 118 3 <0.0001 

Specified 46480 -23227 

Histology as 

covariate 

Oncological 

subgroup 

- histology 36851 -18412 3.2 3 0.3635 

+ histology 35854 -48411 

Tumor volume as 

covariate 

Oncological 

subgroup 

- tumor volume 36851 -18412 0 1 1 

+ tumor volume 36853 -18412 

Onc. subgroup, 

affected tracts  

- tumor volume 12696 -6338.2 0 1 1 

+ tumor volume 12698 -6338.2 

MeanFA Interaction Series 

and Disease 

Complete set No interaction -37634 18825 227 2 <0.0001 

Interaction -37857 18938 

Specification 

Disease effect 

Complete set Not specified -37857 18938 158 3 <0.0001 

Specified -38009 19018 

Histology as 

covariate 

Oncological 

subgroup 

- histology -28959 14493 2.26 3 0.5195 

+ histology -28955 14494 

Tumor volume as 

covariate 

Oncological 

subgroup 

- tumor volume -28959 14493 0 1 1 

+ tumor volume -28957 14493 

Onc. subgroup, 

affected tracts  

- tumor volume -6250 3134.9 0 1 1 

+ tumor volume -6248 3134.9 

 

In Table 2 the effects of extending the basic model (with fixed effects: Series and Disease (not further 

specified)  and without interaction component, and random effects: Threshold, Subject and Tract) 

are presented. The column “parameter” describes the specific outcome measure, the column 
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Criterion (smaller values indicate superior models), log.Lik = logLikelihood, χ2 relates to the 

difference of the two models compared, df = (Satterthwaite approximation of) degrees of freedom, 

and p = p-value (with Satterthwaite approximation for degrees of freedom). P-values <0.05 are 

considered significant. 
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Table 3. Results of Linear Mixed Effect Regression Models 

Outcome measure: log.vol  

ANOVA Fixed effects F-value P Random effects χ
 2

 P 

Series 969.0 <0.0001 Threshold 16735 <0.0001 

Disease Effect (specified) 1273.3 <0.0001 Subject 1664 <0.0001 

Series*Disease Effect 35.5 <0.0001 Tract 934 <0.0001 

Fixed Effects Estimate SE t-value P 

Intercept 2.770 0.2890 9.586 <0.0001 

NGD 0.4536 0.0125 36.306 <0.0001 

Resolution -0.1557 0.0125 -12.442 <0.0001 

Mass effect -0.1640 0.0344 -4.767 <0.0001 

Edema/infiltration -0.6673 0.0188 -35.434 <0.0001 

NGD*Mass effect -0.0429 0.0469 -0.916 0.36 

NGD*Edema/infiltration 0.1963 0.0258 7.610 <0.0001 

Resolution*Mass effect -0.3802 0.0469 -8.110 <0.0001 

Resolution*Edema/Infilt. 0.1085 0.0258 4.223 <0.0001 

Outcome measure: log.median.f  

ANOVA Fixed effects F-value P Random effects χ
 2

 P 

Series 438.4 <0.0001 Threshold 11569 <0.0001 

Disease Effect (specified) 928.7 <0.0001 Subject 1052 <0.0001 

Series*Disease Effect 13.2 <0.0001 Tract 1739 <0.0001 

Fixed Effects Estimate SE t-value P 

Intercept 5.164 0.5938 8.695 <0.0001 

NGD 1.120 0.0317 35.367 <0.0001 

Resolution 0.161 0.0317 5.073 <0.0001 

Mass effect -0.393 0.0872 -4.505 <0.0001 
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Edema/infiltration -1.277 0.0477 -26.762 <0.0001 

NGD*Mass effect -0.156 0.1188 -1.309 0.1905 

NGD*Edema/infiltration 2.426 0.0654 3.711 0.0002 

Resolution*Mass effect -0.610 0.1189 -5.128 <0.0001 

Resolution*Edema/Infilt. -0.084 0.0651 -1.283 0.1995 

Outcome measure: meanFA  

ANOVA Fixed effects F-value P Random effects χ
 2

 P 

Series 239.2 <0.0001 Threshold 4742 <0.0001 

Disease Effect (specified) 642.3 <0.0001 Subject 1529 <0.0001 

Series*Disease (Effect) 72.2 <0.0001 Tract 3151 <0.0001 

Fixed Effects Estimate SE t-value P 

Intercept 0.3935 0.02299 17.118 <0.0001 

NGD -0.0437 0.0015 -29.308 <0.0001 

Resolution 0.0061 0.0015 4.077 <0.0001 

Mass effect -0.0254 0.0041 -6.188 <0.0001 

Edema/infiltration -0.0771 0.0022 -34.327 <0.0001 

NGD*Mass effect 0.0059 0.0056 1.062 0.288 

NGD*Edema/infiltration 0.0051 0.0031 16.521 <0.0001 

Resolution*Mass effect 0.0078 0.0056 1.395 0.163 

Resolution*Edema/Infilt. 0.0036 0.0031 11.654 <0.0001 

 

In Table 3 the results of the best predictive models are summarized for all three outcome measures. 

This models constitute Series, Disease Effect (further specified in “healthy”, “mass effect” and 

“edema/infiltration”) and the interaction between Series*Disease Effect (specified) as Fixed Effects, 

and Threshold, Subject and Tract as Random Effects. First, the relevance of each of the specific Fixed 

Effect variables are presented by F- and p-values. Next, the relevance of each of the specific Random 

Effect variables are presented by χ
 2 

and p-values. Finally, the Estimates and Standard Errors (SE) are 

separately reported for each level of the Fixed Effects, to demonstrate the amount of change of the 

outcome measure and the direction (positive = increase, negative = decrease), and the t- and p-

values for the significance of this effect.      
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Highlights: 

• The number of gradient directions (NGD) has a large impact on tract volume and fiber 

density, larger than for spatial resolution 

• The impact from NGD is even larger for tracts involved by pathology than for normal 

tracts, which is especially important in clinical practice of tumor surgery 

• The magnitude of these effects of NGD and resolution is dependent on the specific 

tract   

• For a reliable tracking of more complex fasciculi (e.g. superior longitudinal fasciculus 

and inferior fronto-occipital fasciculus) higher NGD seems mandatory 
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Suppl. Table 1. Patient characteristics 

Subject Sex Age 

(Years) 

Histology Tumor Volume 

(cc) 

1 M 48 glioma WHO 2 22,2 

2 F 55 glioma WHO 2 1,0 

3 M 40 glioma WHO 2 71,7 

4 M 41 glioma WHO 2 47,3 

5 F 39 glioma WHO 2 106,2 

6 F 56 glioma WHO 2 149,2 

7 M 42 glioma WHO 2 28,4 

8 M 31 glioma WHO 2 66,8 

9 M 34 glioma WHO 2 17,3 

10 M 60 glioma WHO 2 211,9 

11 F 39 glioma WHO 2 86,7 

12 F 57 glioma WHO 2 112,1 

13 F 50 glioma WHO 2 41,3 

14 F 31 glioma WHO 2 1,9 

15 M 67 glioma WHO 3 128,6 

16 F 55 glioma WHO 3 206,2 

17 M 52 glioma WHO 3 86,4 

18 M 48 glioma WHO 3 101,2 

19 M 45 glioma WHO 3 89,6 

20 M 62 glioma WHO 3 233,2 

21 M 71 glioma WHO 3 216,7 

22 F 49 glioma WHO 3 125,1 

23 F 63 glioma WHO 3 41,2 

24 M 48 glioma WHO 3 8,6 

25 M 61 glioma WHO 3 101,6 

26 F 45 glioma WHO 3 133,8 

27 F 50 glioma WHO 3 32,3 

28 M 26 glioma WHO 4 108,4 

29 M 56 glioma WHO 4 61,2 

30 M 57 glioma WHO 4 68,0 

31 F 63 glioma WHO 4 13,4 

32 M 65 glioma WHO 4 92,1 

33 M 68 glioma WHO 4 143,9 

34 M 64 glioma WHO 4 63,8 

35 F 59 glioma WHO 4 13,2 

36 M 46 glioma WHO 4 74,5 

37 F 39 glioma WHO 4 65,5 

38 F 67 glioma WHO 4 24,6 

39 M 56 glioma WHO 4 3,4 

40 M 64 glioma WHO 4 16,3 

41 M 58 glioma WHO 4 31,1 

42 F 63 glioma WHO 4 44,3 

43 M 59 metastasis 2,6 

44 M 51 metastasis 70,7 

45 F 58 metastasis 6,1 

46 M 42 metastasis 34,6 
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47 M 57 metastasis 10,7 

48 M 29 metastasis 1,2 

49 M 68 metastasis 19,9 

50 F 52 metastasis 6,9 

51 M 70 metastasis 0,4 

52 F 64 metastasis 6,8 

53 F 22 MTS - 

54 M 29 MTS - 

55 F 43 MTS - 

56 F 25 MTS - 

57 M 46 MTS - 

58 M 28 MTS - 

59 F 34 MTS - 

60 F 36 MTS - 

61 F 50 meningeoma       - 

62 F 71 lymphoma               - 

63 F 44 meningeoma         - 

64 F 31 thromboflebitis         - 

65 F 42 cavernoma               - 

66 F 27 cavernoma               - 

67 F 37 glioma, no PA  - 
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Supplemental Table 1. Intersubject reliability 

 

 

Tract 

Volume (cc) 

20% intersubject agreement 80% intersubject agreement 

Series A Series B Series A Series B 

CST left 14.0 23.0 3.2 6.6 

CST right 14.7 23.2 2.6 6.8 

IFOF left 14.7 21.8 2.4 7.0 

IFOF right 12.9 19.8 2.3 6.2 

OR left 10.9 13.1 1.7 3.8 

OR right 11.1 13.1 1.5 3.7 

SLF left 12.3 22.7 1.7 6.1 

SLF right 10.1 23.7 1.1 5.9 

 

Volumes of the tracts depicted in Figure 2. Series A = 12 directions protocol, series B = 30 

directions protocol.  
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Abbreviations: CST = corticospinal tract, DTI = diffusion tensor imaging, FA = fractional 

anisotropy, IFOF = inferior fronto-occipital fasciculus, NGD = number of gradient 

directions, OR = optic radiation, SLF = superior longitudinal fasciculus, SR = spatial 

resolution  
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