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Reproducibility, Interrater Agreement, and
Age-Related Changes of Fractional Anisotropy
Measures at 3T in Healthy Subjects: Effect of the
Applied b-Value

S. Bisdas
D.E. Bohning

N. Bešenski
J.S. Nicholas
Z. Rumboldt

BACKGROUND AND PURPOSE: There is no reproducibility study of fractional anisotropy (FA) measure-
ments at 3T using regions of interest (ROIs). Our purpose was to establish the extent and statistical
significance of the interrater variability, the variability observed with 2 different b-values, and in 2
separate scanning sessions.

MATERIALS AND METHODS: Twelve healthy volunteers underwent MR imaging twice. MR imaging
was performed on a 3T unit, and FA maps were analyzed independently by 2 observers using ROIs
positioned in the corpus callosum, internal capsules, corticospinal tracts, and right thalamus. Changes
in FA values (�103) measured with 2 b-values (700 and 1000 s/mm2), age-related differences,
interobserver agreement, and measurement reproducibility were assessed.

RESULTS: In the right internal capsule genu (FA � 702/728; b � 1000/700 s/mm2) and the left anterior
limb of the internal capsule (AIC; FA � 617/745; b � 1000/700 s/mm2), the FA values were significantly
different between the 2 b-values (P � .02 and .05, respectively). Significant age-related differences in
FA were observed in the genu of the corpus callosum and in the left AIC. Interrater measurements
showed fair-to-moderate agreement for most anatomic structures. The lowest significant change for
a single subject regarding any FA values between the 2 sessions was in the corpus callosum (4%),
whereas the highest one was in the corticospinal tracts (27%). The Bland-Altman plot analysis showed
that the 1000-s/mm2 b-value gave satisfactorily reproducible measurements equally good or better
than the 700-s/mm2 b-value.

CONCLUSION: The reproducibility of FA estimates using ROIs was satisfactory. Measurements with a
b-value at 1000 s/mm2 showed superior reproducibility in most anatomic locations.

Diffusion tensor imaging (DTI) refers to a group of MR
imaging techniques for investigating the water mobility

(diffusion) and microstructure, as well as organization of dif-
ferent tissues in relation to directionality of diffusion.1 In the
case of the brain tissue, the water mobility is not equal in all
directions (isotropic) but greater in one direction than an-
other (anisotropic). This anisotropy is usually expressed by 2
metrics: trace and fractional anisotropy (FA). The trace repre-
sents the total measured diffusion, whereas the FA quantifies
the degree to which a single diffusion orientation is dominant
by measuring related coherence within a voxel. Initial evi-
dence for use of this technique has been demonstrated in brain
maturation and aging, in demyelinating disorders, in stroke,
in brain tumors, and in brain trauma.2-9

Because DTI is increasingly becoming included in standard
clinical MR imaging protocols, the reliability of DTI measure-
ments is an important concern that is related to the stability of
the equipment parameters and examination conditions and,
perhaps, even true variations in the measurements over time.
Initial evidence showed more pronounced variability of FA
across different scanners than across similar sequences on the
same scanner.10 Under the assumption of a stable examination

environment, the next serious concern is the availability of
normative data that are essential for the interpretation of
pathologic findings.8,11 Normative DTI data have been ac-
quired for infants, children, and adolescents in a narrow, as
well as in a wider, age interval.12-15 The aforementioned stud-
ies are widely performed on 1.5T MR imaging scanners
(whereas 3T systems are increasingly available) and use a vox-
elwise method for FA analysis. However, voxelwise analysis
requires intersubject registration and smoothing, which may
be a source of errors in the acquired FA values.

The reproducibility of the quantitative FA is essential to
detectchanges inthewhitematterofpatientsduringthefollow-
up of longitudinal DTI studies. In this case, any changes asso-
ciated with certain pathology or aging can be attributed to the
evolving disease or aging and be separated from the usual val-
ues of deviation and variability that characterize any repeated
measurements.16,17 To our knowledge, the evidence of DTI
reproducibility on 3T units in adults is limited and investi-
gated a narrow range of age by using a voxel-to-voxel
analysis.18

Another important aspect of the reliability of the DTI
quantitative method is the presence of satisfactory interrater
and intrarater coefficients of variation that would guarantee
the robustness of the method. However, the literature data in
this issue are scarce and refer mostly to patients.19,20 Finally, to
the best of our knowledge, there is no study of the possible role
of different b-values in the reliability of the conducted DTI
measurements.

In the present study, we sought to address the aforemen-

Received December 7, 2007; accepted after revision January 7, 2008.

From the Departments of Radiology (S.B., D.E.B., N.B., Z.R.) and Neurosciences and
Biostatistics and Epidemiology (J.S.N.), Medical University of South Carolina, Charleston,
SC.

Please address correspondence to Zoran Rumboldt, Medical University of South Carolina,
Department of Radiology, 169 Ashley Ave, PO Box 250322, Charleston, SC 29425; e-mail:
rumbolz@musc.edu

DOI 10.3174/ajnr.A1044

1128 Bisdas � AJNR 29 � Jun-Jul 2008 � www.ajnr.org



tioned lack of data in the literature by performing a study of
the reproducibility of FA in healthy adults of a wide age range
by using region of interest (ROI)-based analysis. Our null hy-
pothesis was that the interrater variability, as well as the vari-
ability observed with 2 different b-values and in 2 scanning
sessions, would not be statistically significant.

Materials and Methods

Subjects
Institutional review board approval was obtained for the study.

Twelve healthy volunteers with no history of neurologic or psychiatric

illness were enrolled into the study. All of the subjects underwent MR

imaging twice, with the 2 scans obtained 2 weeks apart. The patient

age, sex, and dexterity were noted. The mean age was 38.4 � 11.1 years

(95% confidence interval: 31.3– 45.5), 6 patients were male, and only

1 patient was left-handed.

MR Imaging
MR imaging was performed on a 3T unit (Intera; Philips, Eind-

hoven, the Netherlands) scanner by using a standard head coil. All

of the subjects were closely monitored for head motion with the

surveillance system of the scanner. The subject’s head was suffi-

ciently cushioned to avoid any involuntary movement, and no

head motion was noticed. The acquisition of DTI data in the axial

plane was the last series after a T1-weighted pulse sequence (TR,

400 ms; TE, 12 ms; flip angle, 75°; section thickness, 5 mm with 1

mm gap; FOV, 240 mm; matrix, 304 � 244) in the sagittal plane

and fluid-attenuated inversion recovery images (TR, 11 000 ms;

TE, 105 ms; inversion time, 2800 ms; turbo spin factor, 21; section

thickness, 5 mm with 1 mm gap; FOV, 230 mm; matrix, 320 � 240)

in the axial plane. The DTI sections were positioned parallel to the

anterior/posterior commissure line, from the centrum semiovale

to medulla oblongata with the following imaging parameters:

spin-echo echo-planar single-shot sequence, with parallel acquisi-

tion (sensitivity encoding) factor of 2; 2 acquisitions (averages);

TR, 5000 ms; TE, 90 ms; flip angle, 90°; section thickness, 3 mm

with no gap; FOV, 230 mm; acquisition matrix of 112 � 112 in-

terpolated to 256 � 256; b-value, 1000 s/mm; and 16 diffusion

gradient orientations. DTI was then repeated with the b-value of

700 s/mm2. These same MR imaging parameters were used for the

second scan performed 2 weeks later.

FA Measurements
Measurements were performed independently by 2 experienced

observers (neuroradiologists for 8 and 25 years), who were blinded

for the subject identity and scan number. The commercially avail-

able software provided on the scanner was used. ROIs were drawn

on the FA images and correlated with the anatomic images. The

ROIs were positioned in the genu of the corpus callosum (GCC),

splenium of the corpus callosum (SCC), right and left anterior

internal capsule (AIC), right and left genu of the internal capsule

(GIC), right and left posterior internal capsule (PIC), and the right

thalamus (RT), as well as right and left corticospinal tracts in the

pons (RCS and LCS). The raters initially agreed on the images that

are to be used for measurements: GCC and SCC on the same image

where both are best seen; anterior limb of the AIC, GIC, PIC, and

RT on the same image on which all are well visualized; and RCS

and LCS at the level of the middle cerebellar peduncles. The ROIs

were placed exclusively within the central portion of the visualized

white matter tracts and the right thalamus, and on the middle

section if the structure was seen on 3 adjacent sections. The ROIs

were 0.05 cm2 (in the internal capsules and corticospinal tracts)

and 0.20 cm2 (in the corpus callosum and thalamus) and were

identical between the 2 sessions to reduce the variability account-

ing for the validity of the results (Fig 1). The average FA value

(�103) and SD within an ROI were recorded.

Statistical Analysis
The means, SDs, and the 95% confidence intervals of the FA values

in each anatomic structure for both b-values and scanning sessions

were determined. The t test was applied to detect changes in FA

values between hemispheres. Pearson correlation coefficients were

applied to detect any age- or sex-related correlation of the FA

values. P � .05 was considered to indicate a statistically significant

difference.

Interobserver agreement was assessed by using intraclass cor-

relation coefficients. Measurement reproducibility was assessed by

using the Bland-Altman method to define the agreement between

replicate measurements.21 The mean difference, SD of the differ-

ences, and 95% limits of agreement (ie, mean difference �2 � SD

and mean difference �2 � SD) were calculated for each FA value

in all of the anatomic structures for both b-values. Measurement

error and repeatability were assessed for each anatomic region. An

estimate of the precision of the measurement was derived by cal-

culating the within-subject SD, by using the formula dSD/�2

(where dSD is the square root of the mean squared difference).

Measurement error relative to the size of the FA values was esti-

mated via the within-subject coefficient of variation, which was

calculated by dividing the within-subject SD by the overall mean of

the parameter studied and then expressed as a percentage. The

repeatability coefficient, which represents the threshold value be-

low which the absolute differences between 2 measurements on the

same patient is expected to lie for 95% of the measurement pairs,

was assessed by using the formula 1.96 � dSD, and the 95% con-

fidence limits for spontaneous change for an individual patient

were calculated by using the formula (1.96 � dSD)/�n, where n �

1, and were expressed as a percentage of the mean parameter value.

Finally, the t test was applied to evaluate changes in FA values in

each anatomic region between the 2 scans.

Fig 1. Normal subject. FA map shows highly directional white matter tracts (corticospinal
tracts) in the region of brain stem. The ROIs (50 mm2) for the estimation of the FA values
are placed exclusively within the central portion of the visualized white matter tracts.
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Results

Age-Related and Sex-Related Changes in FA
DTI and calculation of the FA were feasible in all of the pa-
tients, and the FA maps were consistent with the known anat-
omy. The following descriptive statistics and the calculation of
any statistically significant difference between the FA values
derived by the 2 b factors, as well as between the FA values
obtained in each hemisphere, refer to the FA values calculated
by the first observer after the first measurement session. The
mean values of the FA in all of the anatomic structures, includ-
ing SD and 95% confidence intervals, for both b-values are
shown in Table 1. Apart from the genu of the right internal
capsule (mean FA � 702/728; b � 1000/700 s/mm2) and the
anterior limb of the left internal capsule (mean FA � 617/745;
b � 1000/700 s/mm2), where statistically significant difference
was found between the 2 b-values (P � .02 and P � .05, re-
spectively), there was no statistically significant difference of
the FA values derived by the 2 b-values. Regarding any differ-
ences between the 2 hemispheres, no statistically significant
difference was found in any bilateral anatomic structure apart
from the corticospinal tract (FA � 636/653 [right/left] for
b-value at 1000 s/mm2, P � .02; FA � 587/616 [right/left] for
b-value at 700 s/mm2, P � .04). There was also no sex-related
difference in our patient population (P � .7). Significant neg-
ative age-related differences in FA were observed only in the
genu of the corpus callosum (r � �0.6; P � .04) and in the left
anterior limb of the internal capsule (r � �0.78; P � .004).

Interrater Agreement
Intraclass correlation coefficients (Table 2) showed fair agree-
ment (.01 � P � .05) between the 2 raters for the genu of the
left internal capsule, the posterior limb of the right internal

capsule, and both corticospinal tracts on the basis of 1000
s/mm2. This fair agreement was transformed to moderate
agreement (P � .01) for the corticospinal tracts by using a
b-value of 700 s/mm2. Moderate agreement (P � .012) be-
tween the 2-raters (b-value � 1000 s/mm2) was observed in
the genu of the right internal capsule, as well as in the anterior
and posterior limbs of the left internal capsule. However, the
application of a b-value of 700 s/mm2 deteriorated the intra-
class correlation coefficients in the genu of the right internal
capsule, as well as in the anterior limb of the left internal cap-
sule (.02 � P � .05). Anatomic structures where the FA values
between the 2 raters were in good agreement (P � .001) were
the anterior limb of the right internal capsule, the right thala-
mus, and the genu of the corpus callosum measured on the
basis of 1000-s/mm2 b-value. Interestingly, the 700-s/mm2 b-
value showed in these ROI locations, except of the genu of the
corpus callosum, nearly identical intraclass correlation coeffi-
cients (P � .001). Only the FA values in the splenium of the
corpus callosum showed very good agreement (P � .0012)
with both b-values.

Reproducibility of FA Measurements between 2
Scanning Sessions
Table 1 shows between-scan FA values for both b-values. Sta-
tistically significant differences were found in the right corti-
cospinal tract (FA � 651/570 1.session/2.session; P � .048)
and right thalamus (FA � 349/316 1.session/2.session; P �
.024) only for a b-value of 1000 s/mm2. ROI analysis applying
a b-value of 700 s/mm2 did not demonstrate any between-scan
statistically significant difference. Table 3 shows the precision
parameters of the FA measurement method, as well as the
reproducibility between the 2 scanning sessions in terms of

Table 1: Descriptive statistics of FA values (�103) (SD), as well as
results of the performed t test (P) in the examined anatomic
structures on the basis of 2 b-values (mm2/s) and both
scanning sessions.

Anatomic Structure b-Value Session 1 Session 2
Right internal capsule anterior limb 1000 691 (71) 672 (54)

700 702 (63) 718 (60)
Right internal capsule genu 1000 702 (51)* 737 (48)

P � .02 700 745 (67)* 760 (51)
Right internal capsule posterior limb 1000 745 (33) 732 (45)

700 761 (54) 751 (37)
Corpus callosum genu 1000 782 (71) 816 (64)

700 769 (74) 782 (70)
Corpus callosum splenium 1000 823 (71) 836 (69)

700 829 (53) 851 (47)
Left internal capsule anterior limb 1000 617 (81)* 682 (65)
Left internal capsule genu 1000 729 (53) 746 (65)

700 741 (44) 752 (57)
Left internal capsule posterior limb 1000 766 (51) 745 (55)

700 781 (53) 767 (65)
Right corticospinal tract 1000 646 (67)† 570 (54)†

P � .048 700 661 (54) 631 (60)
Left corticospinal tract 1000 672 (73) 649 (61)

700 662 (91) 672 (72)
Right thalamus 1000 349 (36)† 316 (24)†

P � .024 700 358 (41) 340 (39)

Note:—The values are based on the readings of the first rater.
* Statistically significant changes in the obtained FA between the 2 b-values are shown.
† Statistically significant changes in the obtained FA between the 2 scanning sessions are
shown.

Table 2: Intraclass correlation coefficients for interrater agreement
between 2 observers for the examined FA values in various
anatomic locations

Anatomic Location b-Values

Intraclass Correlation
Coefficients (95%

Confidence Intervals),
mm2/s

Right internal capsule anterior limb 1000 0.70 (0.49–0.85)
700 0.71 (0.61–0.92)

Left internal capsule anterior limb 1000 0.58 (0.31–0.72)
700 0.37 (0.20–0.56)

Right internal capsule posterior limb 1000 0.40 (0.28–0.60)
700 0.31 (0.10–0.52)

Left internal capsule posterior limb 1000 0.46 (0.20–0.67)
700 0.53 (0.33–0.87)

Right internal capsule genu 1000 0.58 (0.31–0.77)
700 0.39 (0.20–0.62)

Left internal capsule genu 1000 0.38 (0.17–0.49)
700 0.28 (0.13–0.47)

Corpus callosum genu 1000 0.73 (0.47–0.89)
700 0.60 (0.47–0.79)

Corpus callosum splenium 1000 0.82 (0.61–0.90)
700 0.88 (0.59–0.96)

Right corticospinal tract 1000 0.35 (0.18–0.58)
700 0.38 (0.16–0.53)

Left corticospinal tract 1000 0.34 (0.29–0.62)
700 0.47 (0.29–0.75)

Right thalamus 1000 0.64 (0.56–0.79)
700 0.65 (0.51–0.89)

Note:—The coefficients are calculated for 2 b-values.

1130 Bisdas � AJNR 29 � Jun-Jul 2008 � www.ajnr.org



within-subject SD, within-subject coefficient of variation
(percent), repeatability coefficient, and significant change for
a single subject (percent). Satisfactory precision parameters
were found for all of the anatomic structures by using the
1000-s/mm2 b-value. Notably, the corticospinal tracts and the
left internal capsule showed the larger within-subject coeffi-
cient of variation (for b-value � 1000 s/mm2, 8% for the right
corticospinal tract, 7% for the left corticospinal tract, and
3%– 6% for the examined parts of the left internal capsule). In
other terms, by performing repeated measurements of the FA
in the right corticospinal tract among various subjects, we may
find approximately 7% intrasubject variability; this parameter
is of major concern when determining the precision and re-
peatability of data by using a certain measurement method. In
all of the anatomic structures, apart from the anterior and
posterior limb of the internal capsule, a b-value of 1000 s/mm2

demonstrated smaller within-subject SD and, thus, smaller
within-subject coefficient of variation compared with a
b-value of 700 s/mm2. Finally, no measurement showed a
within-subject coefficient of variation greater than 50%,
which indicates an unacceptable measurement error. The re-
peatability coefficient was markedly higher in the genu and
anterior limb of the internal capsules as well as in the cortico-
spinal tracts while it was very low in the corpus callosum. This
means that subtle changes in the FA values of the corpus cal-
losum (more than 6 –7 s/mm2) may indicate disease- or ther-
apy-induced changes. That would be the case of a FA value
change more than 16 –17 s/mm2 in the right corticospinal
tract. In a similar manner, the lowest significant change (per-
cent) of the FA values for a single subject was in the corpus
callosum (4%–7%), whereas the highest one was observed in
the corticospinal tracts (�20%).

The Bland-Altman plot analysis and the 95% limits of

agreement for the FA values obtained by both b-values in each
anatomic location revealed, similar to the coefficients of vari-
ation and repeatability coefficients, a slight superiority of
700-s/mm2 b-value in the reproducibility of the measure-
ments in internal capsule, especially on the left side (Table 3).
In the anterior limb of the left internal capsule, the mean dif-
ferences (SD; 95% limits of agreement) were �4.1 (59.45;
�199.0 to 190.8) and �20.7 (43.58; 106.2 to 64.0) for b-values
of 1000 and 700 s/mm2, respectively. The 95% limits of agree-
ment are obviously narrower for the b-value at 700 s/mm2,
and, thus, the reproducibility is supposed to be better. Other-
wise, the 1000-s/mm2 b-value gave satisfactorily reproducible
measurements equally good or better than the 700 b-value.

Discussion
We investigated FA values in various white matter tracts,
hemispheric changes, and age-related changes based on a ROI
analysis by using a 3T system. The above results, as well as the
interrater agreement and the reproducibility of the measure-
ments, were assessed with 2 different b-values so as to detect
any dependency of the FA on the applied b-value. The mean
values of FA in our subjects were higher in the ROIs located in
the internal capsule and almost identical in the genu of the
corpus callosum and in the corticospinal tract with those ob-
tained by Bonekamp et al16 (FA values in this study were 514 –
529 in the anterior limb of the internal capsule and equal to
751–755 and 626 – 646 in the genu of the corpus callosum and
in the corticospinal tract, respectively) with ROI analysis in
children and adolescents examined at 1.5T. A higher FA value
in the splenium of the corpus callosum than in the genu was
found in all of the subjects, and the values, as well as this
pattern, are in perfect agreement with those found in the lit-
erature22 and in a recent study conducted at 3T.23 The higher

Table 3: Mean difference (SD) and 95% limits of agreement of the FA values (�103) for the ROI analysis between the 2 sessions, as well as
measurement error and repeatability for the serial FA measurements in healthy subjects

Anatomic Structure b-Value
Mean Difference

(SD)
95% Limits of

Agreement

Within-
Subject

SD

Within-Subject
Coefficient of
Variation, %

Repeatability
Coefficient

Significant
Change for

a Single
Subject, %

Right internal capsule anterior limb 1000 �18.4 (95.71) �206 to 169.2 17 1.3 13 19
700 �27 (88.03) �145 to 199.5 40 6 11 16

Right internal capsule genu 1000 74.7 (99.31) �119.9 to 269.4 16 1.2 11 16
700 �5.7 (130.17) �260.9 to 249.4 26 3 9 10

Right internal capsule posterior limb 1000 16.9 (35.48) �52.6 to 86.5 13 0.6 7 7
700 9.5 (28.99) �47.3 to 66.3 14 2 5 5

Corpus callosum genu 1000 �22.2 (41.42) �103.4 to 59.0 12 0.4 4 4
700 12.9 (49.71) �84.5 to 110.3 22 3 6 7

Corpus callosum splenium 1000 10.6 (43.98) �103.4 to 59.0 20 2 7 6
700 �22.7 (37.51) �92.9 to 50.9 21 2 6 7

Left internal capsule anterior limb 1000 �4.1 (59.45) �199.0 to 190.8 51 6 12 18
700 �20.7 (43.58) �106.2 to 64.0 40 6 13 17

Left internal capsule genu 1000 �8.5 (66.63) �139.2 to 122.0 33 4 8 11
700 �3.4 (80.07) �160.4 to 153.5 46 5 11 15

Left internal capsule posterior limb 1000 23.0 (52.81) �80.5 to 126.5 31 3 7 19
700 28.3 (28.3) �41.0 to 97.5 22 2 6 7

Right corticospinal tract 1000 74.7 (99.31) �119.9 to 269.4 60 8 16 24
700 �6.7 (130.17) �260.9 to 249.4 62 10 17 27

Left corticospinal tract 1000 54.9 (99.27) �139.7 to 249.5 51 7 15 20
700 �11.5 (131.9) �139.7 to 247.1 63 9 18 26

Right thalamus 1000 36.5 (29.32) �20.9 to 94.0 22 6 16 17
700 10.9 (56.26) �95.4 to 117.3 26 8 7 21
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values in the splenium may also be explained on technical
grounds. FA is a measure of the degree to which the 3D prob-
ability attenuation function of water diffusion within a single
voxel is oblong (FA closer to 1) or spherical (FA closer to 0).
Even under normal circumstances, the measured FA in the
internal capsule, as well as in the corticospinal tract, is ex-
pected to decrease where local tract curvature is high relative
to voxel size. Moreover, it may be helpful to place the findings
in the context of appearance of the ROIs on color-coded di-
rectional diffusion maps to determine the directional contri-
butions from the main eigenvector at each voxel; this may shed
some light on ROIs in which decreases in FA may be related to
multidirectionality or crossing of fiber tracts within individual
voxels in the ROIs. The significantly different mean FA values
between the DTI acquisitions at a b-value of 700 s/mm2 and
those at a b-value of 1000 s/mm2 in the genu of right internal
capsule and anterior limb of left internal capsule are to be
expected, because the signal intensity-to-noise ratio (SNR),
but not the contrast-to-noise ratio, has been shown to de-
crease with increasing b-value,24 and decreases in SNR have, in
turn, been associated with upward bias in FA values.25 A fur-
ther reason for the limited impact of the b-value in the internal
capsule may be the relatively long TE in our study, which
makes the DTI prone to the field strength (B0) inhomogene-
ities and magnetic susceptibility gradients. Regarding the ac-
quired FA values in the corpus callosum, our values are con-
siderably higher compared with studies conducted in 1.5T.10

In our opinion, this may be also an effect of the higher SNR,
which is known to be proportional to B0, and has been de-
scribed in initial reports of DTI at 3T.26

A side-dependent statistically significant difference in our
study was demonstrated in the FA values between the cortico-
spinal tracts. The asymmetry in the corticospinal tract is a
finding that is often controversial between the authors. Our
finding is in agreement with results of a recent study (where
the asymmetry is more pronounced in patients with multiple
sclerosis),27 but it is in discrepancy with the results of previous
studies in pediatric and adult populations.16,17 For the first
time in the literature, it was demonstrated that b-values may
have an effect on the calculated FA in the region of the internal
capsule.

In the second part of our study, we assessed the interrater
agreement for the obtained FA measurements on the basis of 2
b-values. Unlike the previous studies (conducted at 1.5T),
which found satisfactory to very good interobserver precision
of FA measures,16,17,20 our results implicate fair-to-moderate
interrater agreement for the most anatomic locations by using
a b-value of 1000 s/mm2. When applying a b-value of 700
s/mm2, the interrater agreement seems to be substantially im-
proved only for the left corticospinal tract and deteriorates for
the internal capsule on both sides. On the other hand, a good
to very good agreement was found for the corpus callosum and
the anterior limb of the right internal capsule. Therefore, as
pointed out by other researchers,20 the interobserver variabil-
ity, which may be 3 times higher than the intraobserver vari-
ability, remains a serious problem in the interpretation of the
FA maps. A voxelwise analysis, compared with a ROI-based
analysis, may seem attractive to eliminate operator-dependent
ROI misplacement, partial volume averaging, and interob-
server or intraobserver variability, but the required smoothing

procedure may mix the values of spatially nearby voxels and
results in spatial noise suppression. Notably, the issues con-
cerning spatial smoothing are still evolving,28 and the voxel-
based methods can be corrected for multiple comparisons.

The reproducibility of the FA measurements in our study is
in essential agreement with initial work, acquired at 1.5T, in
children and adolescents,16 where the highest coefficients were
observed in the cerebral peduncle, as well as in the anterior and
posterior limb of the internal capsule. The marked coefficient
of variation in the internal capsule, as well as in the right thal-
amus, found in our study, may be attributed to the high level of
iron in the basal ganglia (with pronounced susceptibility arti-
facts at 3T) and the possible ROI misregistration in the inter-
nal capsule. Interestingly, a b-value of 1000 s/mm2 seemed to
improve the reproducibility of the FA measurements by re-
ducing the coefficients of variation. The FA measurements
obtained in the right internal capsule showed better within-
subject coefficient of variation compared with the repeatabil-
ity coefficients and the significant change for a single subject
where the reproducibility was equal between both sides. This
discrepancy may be attributed to the dependence of the coef-
ficients of variation on the magnitude of the measured value.
Our statistical method resembles the one used by Lau and
Goodyear23 to define the minimum detectable change in FA
between 2 sessions. In contrast to that study, we found the
lowest detectable changes, which may indicate pathologic
changes, in the corpus callosum, followed by the internal cap-
sule. The higher significant changes for a single subject were
observed in the corticospinal tract on both sides. This implies
higher thresholds of FA values in detecting any pathologic
value or therapeutic effect in these regions.

Finally, in our attempt to detect significant age-related dif-
ferences in FA, we observed a significant negative correlation
only in the genu of the corpus callosum and in the left anterior
limb of the internal capsule. A statistically insignificant in-
crease in FA with age in the other parts of internal capsule
follows the remarks of Schmithorst et al,15 who reported an
increase in FA with age for 4 fiber tracts (internal capsule,
corticospinal tract, left arcuate fasciculus, and right inferior
longitudinal fasciculus). Our finding adds evidence to previ-
ous observations in children and adolescents, in which there
were age-related FA changes in the splenium of the corpus
callosum, as well as in the corticospinal tract and the internal
capsule.16 Our results are consistent with recent findings for
the corpus callosum,29,30 as well as with those of other authors
who reported a decrease in the FA and a concomitant increase
in the apparent diffusion coefficient as adults age.31,32 This
may be attributed to a gradual demyelination, loss of neural
attenuation, changes in water content, or changes in the orga-
nization of nerve fibers.

A limitation of the present study is the small number of
examined subjects. The examination of more healthy subjects
may allow for the detection of more significant correlations
between FA values and age, as well as a better estimation of the
method reproducibility. Second, we did not perform any
study in patients to investigate any difference in the reproduc-
ibility pattern (pathologic structures have generally higher in-
terrater agreement); thus, our results may not apply directly to
subjects with white matter disease. Third, we used a limited
number of directions to determine the FA values; FA calcula-
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tions with more directions may have eliminated some FA er-
rors. The results of the present study indicate the need for
awareness of various extrinsic (motion, artificial noising, poor
registration across sections, and imaging parameters) and in-
trinsic (MR scanner and field homogeneity, as well as coil and
gradient features) factors, which inevitably influence the re-
producibility and precision of the obtained FA values, thus
affecting the reliability of DTI and restricting the wide use of
normative data in the design of disease studies.33

In conclusion, our results show a satisfactory reproducibil-
ity of the FA in all of the examined white matter tracts. A
b-value of 1000 s/mm2 showed superior reproducibility of
measurements in most anatomic locations. However, the in-
terrater agreement proved mostly to be fair to moderate. Thus,
this study highlights an important problem with reliance on a
single DTI metric, such as FA. An age-related change of the FA
values was observed in the genu of the corpus callosum and in
the left anterior limb of the internal capsule. Our results de-
scribe the sample distribution and the reproducibility of the
FA under nonpathologic conditions and may serve as a base-
line for the longitudinal studies in patients.
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