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Results For the tract-based methods, intra-rater and inter-
rater reliabilities of FA and mean diffusivity (MD) measure-
ments were excellent. Between-scan reproducibility was 
good or excellent in 127 of 130 of the measurements. There 
was no systematic difference in the reproducibility of the 
FA, MD, and volume measurements depending on the FA or 
turning angle threshold. For the cross-sectional ROI mea-
surements, reliability showed large variation from poor to 
excellent depending on the tract.
Conclusions Compared with the commonly used cross-
sectional core ROI method, the tract-based analyses seem to 
be a more robust way to identify and measure white matter 
tracts of interest, and provide a novel reproducible tool to 
perform core analysis.

Keywords Reproducibility · DTI tractography · Core 
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Introduction

Magnetic resonance (MR) diffusion tensor imaging (DTI) is 
an imaging technique that can be used to measure and visu-
alize the organization of white matter and to show abnor-
malities not visible on routine images [1]. Different tools 
for quantitative DTI analysis have been developed, but the 
reproducibility of the methods suitable for clinical protocols 
has been studied less.

In clinical DTI studies, tracts of interest are often identi-
fied on cross-sectional images, and the measurements are 
performed by drawing regions of interest (ROIs). Limita-
tions related to the manual ROI definition include incon-
sistency in placing ROIs and contamination from the 
cerebrospinal fluid (CSF) or gray matter, as well as inclusion 
of white matter from different projections [2, 3]. Results on 
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reliability concerning the cross-sectional ROI measurements 
in a healthy population have been somewhat controversial 
[4–6], and the reproducibility of the ROI measurements 
has been shown to vary regionally [3, 5]. Another tool used 
to identify specific white matter tracts is quantitative DTI 
tractography that, based on an algorithm to group pixels 
according to their tensor properties, allows a given tract to 
be delineated [7], and provides tract-specific volume, mean 
fractional anisotropy (FA), and mean diffusivity (MD). The 
semi-automated tractography-based MD and FA measure-
ments have been reported to provide good to excellent intra- 
and inter-rater reliability in several white matter (WM) tracts 
[8, 9], whereas the reproducibility of tract volume measure-
ments is generally lower [9, 10]. The large inter-individual 
structural and volume variability of tractograms [1, 11] can 
decrease the utility of tractography in DTI analysis, and addi-
tional measurements from the core of the tract are commonly 
used to confirm the tract-based results [12, 13]. Tractogra-
phy provides a novel alternative possibility to perform the 
central-part analysis in corresponding volumes representing 
the region with highest FA values in each subject [12], but 
the reproducibility of this approach is unknown.

Association tracts are fiber bundles that travel to other 
cortical areas in the same hemisphere and they are essen-
tial, for instance, for many cognitive functions of the brain 
[14]. Association pathways, especially frontal association 
trajectories, belong to the most commonly damaged tracts 
after traumatic brain injury (TBI) [1, 15–18]. The intra- and 
inter-rater reliability for the tractography-based FA and MD 
measurements of the association tracts has been shown to 
be mainly good or excellent [9, 10–19]. For example, for 
the uncinate fasciculus, one of the most studied association 
tracts, the inter-rater and intra-rater intra-class correlations 
for the tractography-based FA and MD measurements have 
varied between 0.81 and 1.00 [9, 10, 13, 19]. Some previ-
ous reliability studies on the cross-sectional ROI measure-
ments of the association tracts have also shown rather good 
reliability [6, 20]. There are only few comparisons of the 
reproducibility of DTI analysis between the ROI method 
and tractography [2, 21–24], and the reliability of novel 
tractography-based core analysis is unknown. Our purpose 
was to evaluate the reproducibility of tractography-based 
measurements, including the tractography-based core anal-
ysis, compared with conventional core ROI measurements 
by using a DTI sequence easily achievable for clinical use.

Methods

Subjects

The subjects’ informed consents were obtained. All human 
studies have been approved by the appropriate ethics com-

mittee and have therefore been performed in accordance 
with the ethical standards laid down in the 1964 Declaration 
of Helsinki and its later amendments.

Group A: DTI images of the 15 participants (n = 10 
patients with TBI sequels and 5 healthy subjects; mean 
age: 39.7 ± 12.2 years, range: 18–58 years) were randomly 
selected from a larger population that had been studied with 
DTI methodology.

Group B: Ten participants (n = 3 patients with TBI sequels 
and 7 healthy subjects; mean age: 36.0 ± 11.4 years, range: 
18–55 years) underwent DTI examination twice in the same 
scanner with the same imaging protocol.

MR Data Acquisition

MR imaging (MRI) was performed at 3 T (Achieva, Philips 
Medical Systems, Best, The Netherlands) using a sensitiv-
ity encoding (SENSE) eight-channel transmit–receive head 
coil. The 3DT1 and DTI imaging protocol consisted of the 
following:

1) sagittal 3DT1 turbo field echo images (repetition time 
(TR)/echo time (TE)/TI: 8.3/3.8/1032 ms, 165 slices 
with 1.0-mm thickness, 0.0-mm gap; 242 × 288r matrix, 
turbo factor: 240, flip angle: 8°, field of view (FOV): 
244 mm, reduced field of view (RFOV): 105 %, number 
of excitations: 1, imaging time: 5 min 29 s);

2) transverse DTI images; diffusion-weighted turbo spin 
echo echo planar imaging (EPI) images (TR/TE: 5877/62, 
60 slices with 2.0-mm thickness, 0.0-mm gap, 112 × 128r 
matrix, turbo factor: 59, EPI factor: 59, FOV: 224 mm, 
RFOV: 100 %, number of excitations: 2, imaging time: 
3 min 52 s); b values of 0 and 800 s/mm2 and 15 differ-
ent gradient encoding directions were used, and isotropic 
images with 2.0 × 2.0 × 2.0 mm voxel size reconstructed 
into 2.0 × 1.75 × 1.75 mm voxel size were obtained. The 
images were postprocessed with the Philips Diffusion 
Registration Tool (Philips, Medical Systems, Best, The 
Netherlands) to remove distortions and misalignments 
due to shear and eddy current as well as head motion 
[25, 26]. All transverse images were obtained accord-
ing to the line between the lower border of the genu and 
splenium of the corpus callosum. DTI images were fused 
with the 3DT1 images to obtain more exact anatomical 
landmarks before the subsequent DTI-based analysis.

MR Data Analysis

Group A: The tract-based and cross-sectional DTI analyses 
were assessed by three raters (TK, NB, and JL) to evalu-
ate the inter-rater reliability. One rater (TK) was selected 
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thalami or brainstem were removed from all trajectories. 
Volume and FA and MD values from the remaining fibers 
were used for subsequent statistical analysis.

Group A: DTI tractography was performed using the fol-
lowing FA and turning angle threshold to terminate the 
tracking process: FA: 0.15/angle: 27° (UF, SC, SLF, and 
IFOF) or FA: 0.15/angle: 60° (AF). Additional volume-
based analysis in the central part of the tract was performed, 
by repeating fiber tracking at increased FA thresholds with 
the same ROIs until the desired volume was achieved. Tract 
volumes closest to the predetermined size were used in the 
study: 3 cm3 for UFs, SCs, and AFs; 6 cm3 for SLFs and 
IFOFs.

Group B: The tractography was performed by using two 
different FAs and turning angle thresholds for each tract: 
FA: 0.15/angle: 27°; FA: 0.15/angle: 60°; FA: 0.30/angle: 
27° (Fig. 1). The additional volume-based analysis in the 
central part of the tract was performed with two predeter-
mined sizes for each tract: (3 cm3 and 1 cm3 for the both 
UFs, SCs, and AFs; 6 cm3 and 2 cm3 for the both SLFs and 
IFOFs; Fig. 1).

Cross-sectional ROI Quantification

The UF, SC, SLF, AF, and IFOF were delineated bilaterally 
with defined standard ROI sizes (5–8 voxels for UF, AF, and 
IFOF; 10–15 voxels for SC and SLF) and locations (Fig. 2). 
The manually defined ROIs were drawn consulting FA maps, 
color maps, and a white matter atlas. The mean FA and MD 
values from the voxels within the manually defined ROIs 
were recorded for subsequent statistical analyses. Each ROI 

to repeat the measures after a 2-week period to evaluate the 
intra-rater reliability.

Group B: To study the between-scan reproducibility, two 
repeated tract-based DTI analysis approaches using data 
from the DTI examinations at two different time point 
(8–210 days apart) were assessed for each of the 10 partici-
pants by one rater (TK).

One of the raters (TK with 14 years of experience in neu-
roradiology) had 4 years’ experience in DTI data acquisi-
tion and analysis, and provided DTI-specific training for the 
other two raters (JL, neuroradiologist, and NB, radiology 
resident). Tract integrity was quantified by FA and MD val-
ues. The principal fiber orientation within each pixel was 
visualized by color-coded orientation maps (red: right–left, 
blue: superior–inferior, green: anterior–posterior). Regard-
less of the analysis approach used, the same fused DTI and 
3DT1 images with a FA color map for each subject was used 
for each subsequent analysis step.

Semi-Automated Tract-Based Quantification

Deterministic DTI tractography (FiberTrak package, Phil-
ips) was performed, and the tracts were defined by means 
of two or three free-hand inclusion ROIs, placed in standard 
positions according to anatomical landmarks.

ROIs were drawn on the baseline image of the DTI scans. 
All ROIs were placed bilaterally. For uncinate fasciculus 
(UF), two ROIs were drawn on each side of the same coro-
nal slice, one just anterior to the temporal stem where the 
frontal cortex begins and the other in the temporal pole. For 
the superior cingulum (SC) bundle, two ROIs were drawn 
in the antero-posterior direction on coronal slices around 
the cingulum on each side, posterior ROIs at the level of 
the upper back part of the aqueduct and anterior ROIs to 
between the anterior commissure and back part of the ros-
trum of the corpus callosum. For the superior longitudinal 
fasciculus (SLF), two ROIs were drawn on coronal slices. 
The anterior ROI was drawn in just behind the mamillary 
corpuses, and the posterior ROI was drawn in at the level of 
the upper rear part of the aqueduct. Connections to the tem-
poral lobe were manually removed with exclusion ROIs at 
the level of the middle part of the splenium, and this removed 
part of the SLF formed the arcuate fasciculus (AF). For the 
inferior occipito-frontal fasciculus (IFOF), two ROIs were 
drawn on coronal slices, one just anterior to the temporal 
stem where the frontal cortex begins and one in the occipital 
cortex in the most anterior slice where the occipital cortex 
was visualized. After the ROIs were delineated and the fiber 
tracts were reconstructed, aberrant fibers were manually 
removed with exclusion ROIs to include only fibers within 
the desired tract. Fibers crossing the midline and fibers to 

Fig. 1 An example of the tractography results in the superior cingu-
lum of a research participant. A fusion of the DTI and 3D T1 images, 
where the fiber tracts were reconstructed with the following fractional 
anisotropy and turning angle thresholds: 15/60° (light blue), 15/27° 
(blue), and 30/27° (green), and the volume-based analysis in the cen-
tral part of the tract (tractography-based core analysis) was performed 
with two predetermined sizes: 3 cm3 (purple) and 1 cm3 (red)
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range: 0.907–0.999) except for the whole-tract MD mea-
surements in the right UF that showed good intra-rater 
reliability (ICC = 0.738). Bland–Altman CR values for all 
the tract-based FA and MD measurements were less than 
5 % (less than 3 % in the central part of the tract) from the 
respective mean FA and MD values. Coefficient of varia-
tion estimates of the tract-based intra-rater variability in the 
MD were in the range of 0.0–0.8 %, and 0.1–1.1 % in the 
FA. Also, measurements for the whole-tract volume showed 
excellent intra-rater reliability (ICC range: 0.831–0.998).

Intra-rater reliability for the cross-sectional method was 
fair to excellent for FA measurements (ICC range: 0.418–
0.813) in all tracts except for the left AF (ICC = 0.271, 
p = 0.164), and for MD measurements (ICC range: 0.515–
0.810) in all tracts except for the left AF (ICC = 0.314) and 
the left UF (ICC = 0.228). All the CR values for the cross-
sectional ROI-based FA measurements were more than 
10 % from the respective mean FA. The Bland–Altman CR 
values for the cross-sectional ROI-based MD measurements 
in SCs, SLFs, AFs, and in the right IFOF were less than 
10 % from the respective mean MD. Coefficient of varia-
tion estimates of variability in the MD were in the range of 
1.2–3.9 %, and 4.1–7.9 % in the FA.

Inter-rater Reliability (Group A)

Results for each ICC and Bland–Altman analysis are sum-
marized in Table 1 and Fig. 3.

For both tract-based methods, inter-rater reliability of the 
FA and MD measurements was found to be excellent (ICC 
range: 0.761–0.997). Bland–Altman CR values for the FA 
and MD were less than 5 % from the respective mean tract 
FA and MD, except for the FA of the left AF (7.1 %). All the 
CR values for the FA and MD measurements in the middle of 
the tract were less than 6 % (FA) and 2 % or less (MD) from 
the respective mean FA and MD. Coefficient of variation 
estimates of the tract-based inter-rater variability for MD 
were in the range of 0.1–1.0 %, and 0.6–1.8 % for FA. Also, 

measurement was repeated three times, and values from the 
ROI with the highest FA were used for further analysis.

Statistical Data Analysis

To assess the inter-rater and intra-rater reliability of each 
analysis method, intra-class correlation coefficients (ICCs) 
for mean tract volumes, for mean FA and for mean MD of 
each association tract were calculated. Separate two-way 
random effects models (i.e., ICC (2,1)), where raters are 
assumed to form a random subset of all possible raters, were 
used to calculate ICCs between raters (TK, NB, and JL) and 
within a rater (TK) for each approach [20]. This model was 
chosen because it is an appropriate model to assess inter-
rater reliability with more than two raters, as well as intra-
rater reliability with multiple values from one rater [27, 28]. 
ICC values greater than 0.75 were considered to demonstrate 
excellent reliability, while values between 0.40 and 0.75 indi-
cated fair to good reliability, and below 0.40 poor reliability 
[21].

An additional Bland–Altman reliability analysis was 
done by calculating the coefficient of repeatability (CR), 
which represents the value below which the absolute differ-
ence between two repeated test results may be expected to 
lie with a probability of 95 %. For comparison with litera-
ture data, the coefficient of variation (CV) was also com-
puted according to the equation, where the CV is defined as 
the ratio of the standard deviation to the mean.

Results

Intra-rater Reliability (Group A)

Results from each ICC and Bland–Altman analysis are sum-
marized in Table 1 and Fig. 3.

For both tract-based methods, intra-rater reliability of 
FA and MD measurements was found to be excellent (ICC 

Fig. 2 Cross-sectional ROI quantification locations from left to right: 
a arcuate fasciculus (light blue ROI): blue in the axial slice, level 
of the middle splenium of the corpus callosum; b cingulum (yellow 
ROI): green in the coronal slice, level of the corpus mamillare; c infe-
rior fronto-occipital fasciculus (pink ROI): green in the coronal slice, 

above the blue UF; d superior longitudinal fasciculus (light pink ROI): 
green in the axial slice, level of the upper back part of the aqueduct; 
e uncinate fasciculus (pink ROI): blue in the axial slice, level of the 
upper temporal lobe
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Inter-rater reliability for the cross-sectional method was 
fair to good for FA measurements (ICC range: 0.502–0.690) 
in the left UF, right SC, right SLF, and right IFOF, and for 

measurements for the whole-tract volume showed excellent 
or good inter-rater reliability (ICC range: 0.639–0.971).

Fasciculus Analysis ICC (± 95 % CI) 
Inter-rater

Intra-rater ICC (± 95 % CI) 
Inter-rater

Intra-rater

UF dx Tract based sin
Mean V tot 0.971 (0.940–0.986) 0.972 (0.920–0.990) 0.681 (0.428–0.835) 0.914 (0.769–0.970)
Mean FA tot 0.980 (0.959–0.991) 0.968 (0.910–0.989) 0.967 (0.932–0.984) 0.989 (0.967–0.996)
Mean MD tot 0.943 (0.884–0.973) 0.738 (0.391–0.902) 0.882 (0.766–0.942) 0.922 (0.790–0.973)
Mean FA std 0.987 (0.972–0.994) 0.981 (0.947–0.994) 0.948 (0.894–0.975) 0.999 (0.996–1.000)
Mean MD std 0.988 (0.975–0.994) 0.922 (0.789–0.972) 0.973 (0.943–0.987) 0.999 (0.996–1.000)
ROI based
Mean FA 0.388 (0.035–0.654) 0.813 (0.539–0.932) 0.502 (0.176–0.728) 0.612 (0.177–0.847)
Mean MD 0.179 (− 0.190–0.504) 0.515 (0.036–0.802) 0.388 (0.035–0.654) 0.228 (− 0.293–0.645)

SC dx Tract based sin
Mean V tot 0.892 (0.784–0.947) 0.998 (0.995–0.999) 0.893 (0.787–0.948) 0.985 (0.958–0.995)
Mean FA tot 0.967 (0.931–0.984) 0.986 (0.960–0.995) 0.915 (0.829–0.959) 0.969 (0.911–0.989)
Mean MD tot 0.989 (0.976–0.995) 0.994 (0.982–0.998) 0.971 (0.940–0.986) 0.994 (0.984–0.998)
Mean FA std 0.984 (0.966–0.992) 0.996 (0.989–0.999) 0.911 (0.820–0.957) 0.997 (0.992–0.999)
Mean MD std 0.988 (0.976–0.994) 0.998 (0.994–0.999 0.997 (0.993–0.998) 0.991 (0.975–0.997)
ROI based
Mean FA 0.677 (0.422–0.833) 0.765 (0.441–0.912) 0.361 (0.004–0.636) 0.766 (0.444–0.912)
Mean MD 0.673 (0.415–0.830) 0.810 (0.533–0.930) 0.679 (0.425–0.834) 0.621 (0.190–0.851)

SLF dx Tract based sin
Mean V tot 0.911 (0.820–0.957) 0.961 (0.891–0.986) 0.639 (0.364–0.811) 0.831 (0.578–0.939)
Mean FA tot 0.933 (0.863–0.968) 0.982 (0.948–0.994) 0.899 (0.797–0.951) 0.969 (0.912–0.989)
Mean MD tot 0.974 (0.947–0.988) 0.996 (0.988–0.999) 0.980 (0.959–0.991) 0.990 (0.971–0.997)
Mean FA std 0.969 (0.936–0.985) 0.983 (0.952–0.994) 0.864 (0.734–0.933) 0.987 (0.962–0.995)
Mean MD std 0.995 (0.989–0.997) 0.983 (0.951–0.994) 0.941 (0.880–0.972) 0.972 (0.920–0.990)
ROI based
Mean FA 0.690 (0.442–0.840) 0.641 (0.222–0.860) 0.255 (− 0.113–0.561) 0.624 (0.196–0.853)
Mean MD 0.188 (− 0.182–0.511) 0.742 (0.397–0.903) 0.565 (0.261–0.768) 0.762 (0.436–0.911)

AF dx Tract based sin
Mean V tot 0.889 (0.750–0.953) 0.929 (0.768–0.980) 0.821 (0.656–0.911) 0.931 (0.811–0.976)
Mean FA tot 0.886 (0.739–0.953) 0.928 (0.765–0.979) 0.761 (0.554–0.879) 0.958 (0.883–0.985)
Mean MD tot 0.894 (0.755–0.956) 0.964 (0.879–0.990) 0.917 (0.833–0.960) 0.957 (0.880–0.985)
Mean FA std 0.968 (0.923–0.987) 0.982 (0.936–0.995) 0.932 (0.861–0.967) 0.997 (0.991–0.999)
Mean MD std 0.929 (0.832–0.971) 0.937 (0.791–0.982) 0.939 (0.875–0.971) 0.988 (0.965–0.996)
ROI based
Mean FA 0.182 (− 0.265–0.565) 0.418 (− 0.189–0.794) 0.174 (− 0.195–0.500) 0.271 (− 0.250–0.671)
Mean MD 0.447 (0.025–0.734) 0.698 (0.223–0.905) 0.021 (− 0.339–0.375) 0.314 (− 0.206–0.695)

IFOF dx Tract based sin
Mean V tot 0.775 (0.555–0.887) 0.978 (0.936–0.992) 0.762 (0.555–0.880) 0.977 (0.936–0.992)
Mean FA tot 0.939 (0.876–0.971) 0.992 (0.976–0.997) 0.933 (0.864–0.968) 0.973 (0.923–0.991)
Mean MD tot 0.867 (0.738–0.935) 0.987 (0.961–0.995) 0.879 (0.761–0.941) 0.907 (0.753–0.967)
Mean FA std 0.924 (0.847–0.963) 0.988 (0.965–0.996) 0.842 (0.693–0.922) 0.974 (0.926–0.991)
Mean MD std 0.96 (0.924–0.983) 0.996 (0.989–0.999) 0.978 (0.954–0.990) 0.993 (0.979–0.998)
ROI based
Mean FA 0.575 (0.274–0.773) 0.735 (0.385–0.900) 0.262 (− 0.105–0.566) 0.473 (− 0.020–0.781)
Mean MD 0.471 (0.136–0.709) 0.721 (0.359–0.894) 0.670 (0.412–0.829) 0.578 (0.125–0.831)

Results with poor reproducibility (ICC < 0.400) are given in bold
ICC intra-class correlation, UF uncinate fasciculus, SC superior cingulum, SLF superior longitudinal fasciculus, AF arcuate fasciculus, IFOF 
inferior fronto-occipital fasciculus, dx right, sin left, std standard volume in middle of tract, tot total

Table 1 Inter-rater and intra-rater reliability of each analysis method for uncinate fasciculus, superior cingulum, superior longitudinal fasciculus, 
arcuate fasciculus, and inferior fronto-occipital fasciculus
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left SC, left SLF, both AFs, and left IFOF. Inter-rater MD 
concordance was found to be poor (ICC ≤ 0.388) in both 
UFs, right SLF, and left AF. All the Bland–Altman CR val-

MD measurements (ICC range: 0.447–0.679) in both SCs, 
left SLF, right AF, and both IFOFs. Inter-rater FA concor-
dance was found to be poor (ICC ≤ 0.388) in the right UF, 

Fig. 3 Coefficient of repeatibility 
(CR) values for the tract-based 
and cross-sectional region of 
interest (ROI)-based measure-
ments for each tract (UF uncinate 
fasciculus, SC superior cingulum, 
SLF superior longitudinal fascicu-
lus, AF arcuate fasciculus, IFOF 
inferior fronto-occipital fascicu-
lus). a Inter-rater (R1–R2, R1–R3, 
R2–R3) and intra-rater (R2–R2) 
CR values for the tract-based 
volume measurements. b Inter-
rater and intra-rater CR values 
for the tractography, tract-based 
central core, and ROI-based 
mean diffusivity (MD) measure-
ments. c Inter-rater and intra-rater 
CR values for the tractography, 
tract-based central core, and 
ROI-based fractional anisotropy 
(FA) measurements. R1 rater 1, 
R2 rater 2, R3 rater 3, dx right, 
sin left, std standard volume in 
middle of tract
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Between-Scan Reliability (Group B)

Results for each ICC analysis are summarized in Fig. 4.
For both tract-based methods, between-scan reliability of 

the FA and MD measurements was found to vary between 
fair to good and excellent, except for poor reproducibility 
in MD measurements in the left IFOF with 0.15 FA and 27° 

ues for the cross-sectional ROI-based FA measurements 
were more than 10 % from the respective mean FA. Coef-
ficient of variation estimates of variability for the MD were 
in the range of 2.2–5.5 %, and 5.1–11.0 % for the FA.

Fig. 4 Between-scan reproduc-
ibility of tract-based volume (a, 
b), fractional anisotropy (FA; 
c–e), and mean diffusivity (MD; 
f–h) measurements for right (dx) 
and left (sin) uncinate fasciculus 
(UF), superior cingulum (SC), 
superior longitudinal fasciculus 
(SLF), arcuate fasciculus (AF), 
and inferior fronto-occipital 
fasciculus (IFOF). Intra-class 
correlation (ICC) values with 
95% confidence interval (CI) 
for each tract with different 
turning angle (27°/60°) and FA 
(0.15/0.30) threshold, as well as 
with two predetermined central-
tract volumes, is presented
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As the large variability in WM tract volumes and struc-
ture determined by tractography can decrease the accuracy 
of FA and MD measurements, additional measurements 
from the core of the tract have been recommended to con-
firm the tract-based results [13]. The central-part volumes 
were chosen so that the bigger volume represents approxi-
mately one-third of the tract volume (defined with FA/angle: 
0.15/27°) and the smaller approximately one-third of the 
bigger volume. According to our results, tractography pro-
vides a highly reproducible method to perform this central-
part analysis, which promotes the use of tractography-based 
core analysis in future research and clinical applications.

Rater performance is a crucial source of variability in the 
reliability results. In our study, the only operator-dependent 
step in the analyses was the placement of the ROIs in the 
cross-sectional images for the tract delineation and for the 
ROI-based measurements. The degree of reproducibility in 
cross-sectional ROI approaches is related to the ROI shape 
and size; a small ROI is more prone to noise and partial 
volume effects, so increasing ROI size improves reproduc-
ibility, as long as contamination from surrounding structures 
with markedly different voxel values is avoided [6]. In our 
study, standard ROI sizes and positions were used. We used 
color-coded diffusion maps that show fiber orientation to 
improve the definition of the ROIs from the two-dimen-
sional images [29], and placed the ROIs onto the shape of 
the structure to diminish the partial volume effects [3]. The 
most common methods for isolating fiber tracts, such as 
the method used in our study, include the use of multiple 
inclusion and exclusion ROIs. Tract-based analyses have 
several advantages compared with the cross-sectional ROI 
analyses, including the larger number of voxels that reduce 
the measurement variance [2], as well as the higher level of 
automaticity and lower level of subjectivity [21]. The need 
for many ROIs to isolate the specific tract can, however, 
diminish the reliability of the tract-based methods [9]. We 
tried to minimize the impact of the skills of the raters to 
follow the set rules for anatomic delineations by adequately 
training and supervising the raters; there were no systematic 
differences in our results depending on the experience of 
the raters.

In our study, the lowest agreement in the cross-sectional 
ROI measurements was found in the UF and AF, which may 
be related to the tract shape and relatively high amount of 
crossing fibers in these areas. Compared with our results, 
better reproducibility has been reported concerning MD 
and FA values of the cingulum [20] and FA values of the 
left uncinate fasciculus [6], which can be related to differ-
ences in ROI size, shape, and placement methods. In our 
study, both intra-rater and inter-rater comparisons revealed 
approximately twofold higher variability for FA values 
(mean CV: 5.5 and 8.2 %, respectively) compared with MD 
measurements (mean CV: 2.5, and 3.5 %, respectively), 

turning angle threshold. Measurements for the whole-tract 
volume with turning angle threshold 27° showed excellent 
reproducibility with both 0.15 and 0.30 FA threshold (ICC 
range: 0.787–0.918 and 0.766–0.932, respectively). There 
was no systematic difference in the reproducibility of the 
FA, MD, and whole-tract volume measurements depending 
on the FA or turning angle threshold. The reproducibility of 
the FA and MD measurements in the central part of the tract 
varied from good to excellent (ICC range: 0.746–0.989 and 
0.634–0.964, respectively) in all the tracts with both the pre-
determined sizes (3 cm3 and 1 cm3 for both UFs, SCs, and 
AFs; 6 cm3 and 2 cm3 for both SLFs and IFOFs). However, 
there was a tendency toward better reproducibility of the 
central-tract measurements with the smaller predetermined 
sizes.

Coefficient of variation estimates of the tract-based 
between-scan variability in the MD were in the range of 
0.9–2.5 % (FA/turning angle threshold: 0.15/27°)/0.6–2.1 % 
(FA/turning angle threshold: 0.15/60°)/0.7–1.3 % (FA/turn-
ing angle threshold: 0.30/27°), and 1.0–3.5 % (FA/turning 
angle threshold: 0.15/27°)/0.7–2.5 % (FA/turning angle 
threshold: 0.15/60°)/0.7–1.7 % (FA/turning angle threshold: 
0.30/27°) for FA.

No systematic bias (i.e., one set of repeated measures is 
not consistently higher or lower than the other set) between 
the scans was found.

Discussion and Conclusions

The current study provided an explicit evaluation of the 
reproducibility of tractography measurements of ten asso-
ciation tracts using a clinical DTI protocol at 3.0 T. The 
examined fiber variables were the FA and MD together with 
the volumetric measurements including central-part analy-
sis of corresponding volumes representing the region with 
the highest FA values in each subject. Different types of 
intra-rater, inter-rater, and between-scan reliabilities were 
compared to find important sources of variability and to 
evaluate whether increasing the FA threshold from 0.15 to 
0.30 and decreasing the turning angle threshold from 60° to 
27°, as well as decreasing predetermined central-part vol-
ume, improved reliability. Both high and low FA and turn-
ing angle threshold were chosen to test in a large scale the 
values that are commonly used in clinical DTI tractography 
analyses. In accordance with several previous studies [2, 
21–24], the tract-based method showed better reproducibil-
ity of FA and MD measurements in all the studied tracts 
compared with the cross-sectional ROI method. We found 
no systematic difference in the reproducibility of the FA, 
MD, and volume measurements depending on the FA or 
turning angle threshold.
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knowledge. Thus, the macroscopic configuration of these 
reconstructed tracts is likely to reflect true fiber bundles. 
However, it is possible that some parts of the trajectory may 
contain inaccuracies due to partial volume effects, noise, 
and crossing fibers.

According to our results, the tractography-based FA and 
MD measurements have both high reproducibility according 
to the ICC analyses and acceptably low CR values, indicat-
ing that these methods have a great potential in clinical use. 
In contrast, the cross-sectional ROI analyses in the study of 
the association tracts had significantly lower reproducibility 
and relatively high CR values. Our results show the primacy 
of tractography for DTI analysis and promote the use of 
tractography-based core analysis instead of the traditional 
ROI method, although the method is more time-consuming. 
The technique is recommended for the diagnostics of clini-
cal patients with TBI and can be useful in other indications, 
e.g., various neurodegenerative diseases.
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