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Inter-Sequence and Inter-Imaging Unit
Variability of Diffusion Tensor MR Imaging
Histogram-Derived Metrics of the Brain in

Healthy Volunteers
Mara Cercignani, Roland Bammer, Maria P. Sormani, Franz Fazekas, and Massimo Filippi

BACKGROUND AND PURPOSE: Diffusion tensor MR imaging has the potential to improve
our ability to monitor several neurologic conditions. As a preliminary step to the assessment of
the role of diffusion tensor MR imaging in the context of longitudinal and multicenter studies,
we evaluated the effect of sequence-, imaging unit-, and imaging-reimaging-induced variations
on diffusion tensor MR imaging quantities derived from histogram analysis of a large portion
of the central brain of healthy volunteers.

METHODS: Each of eight healthy volunteers underwent imaging on two MR imaging units
using three different pulsed gradient spin-echo single shot echo-planar pulse sequences (each
of them having a different diffusion gradient scheme). Four additional healthy participants
underwent imaging twice on the same imaging unit to assess imaging-reimaging variability.

RESULTS: For mean diffusivity histograms, the differences between inter-sequence and
inter-imaging unit coefficients of variation were significant for all the considered quantities
with P values ranging from .003 to <.001. Also, the inter-imaging unit coefficient of variation
for average fractional anisotropy was significantly higher than the corresponding inter-se-
quence coefficient of variation (P � .002). In general, inter-sequence mean diffusivity histo-
gram-derived metrics (coefficients of variation ranging from 1.72% to 5.56%) were more
reproducible than were fractional anisotropy histogram-derived metrics (coefficients of varia-
tion ranging from 5.45% to 7.34%). Imaging-reimaging variability was found to fall in the range
of inter-sequence coefficients of variation for all the considered quantities.

CONCLUSION: This study shows that inter-sequence, imaging-reimaging, and inter-imaging
unit variabilities of diffusion tensor MR imaging-derived measurements are relatively low,
suggesting that diffusion tensor MR imaging might provide additional measures of outcome
with which to assess the evolution of brain structural damage in large scale studies of various
neurologic conditions.

Diffusion-weighted MR imaging is a technique based
on the measurement of the molecular translational
motion of tissue water (1). In biologic tissues, because

of the interactions between water molecules and cel-
lular structures, diffusion is hindered by the presence
of restricting barriers (2). As a consequence, diffu-
sion-weighted MR imaging can provide valuable in-
formation regarding tissue structure at a microscopic
level (3). In biologic tissue, especially in white matter,
diffusion is an anisotropic phenomenon (ie, the dif-
fusion coefficient is not the same in all directions). To
fully describe the behavior of diffusing protons in
such an anisotropic environment, diffusion tensor
MR imaging has been introduced (4). From the ten-
sor, it is possible to derive several scalar indexes,
including the mean diffusivity, equal to one-third of
the trace of the tensor, and the degree of diffusion
anisotropy in every voxel (5).

Several pathologic conditions, such as multiple
sclerosis, stroke, and Alzheimer disease, can alter the
microstructural properties of the brain tissue and, as
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a consequence, affect diffusion tensor MR imaging-
derived quantities (6–10). Diffusion tensor MR im-
aging abnormalities in these conditions have also
been found to correlate significantly with clinical
measures of outcome (6, 9, 11). Although these find-
ings indicate the potential for diffusion tensor MR
imaging to efficiently monitor the therapeutic effects
of experimental treatments for numerous neurologic
diseases, to date, no study has assessed the reproduc-
ibility of its measurement in vivo. Information regard-
ing the impact of different MR images and imaging
units on the stability of these measurements is a
prerequisite for using diffusion tensor MR imaging-
derived quantities in the context of longitudinal and
multicenter studies. Diffusion characteristics can be
analyzed on a region-of-interest basis or in a more
global fashion by using histograms (12–14). Although
the use of histogram analysis inevitably results in a
loss of information regarding individual normal or
diseased tissues, it allows the evaluation of all or large
portions of the brain tissue in a fraction of the time
that would be needed when using region-of-interest
analysis. This is very attractive in the context of clin-
ical trials, for which typically several hundreds of
images have to be analyzed. Compared with a region
of interest-based analysis, a histogram-based analysis
has the additional advantage of being less affected by
observer variability.

Against this background, we evaluated the effect of
sequence-, imaging unit-, and imaging-reimaging-in-
duced variations on measures derived from mean
diffusivity and fractional anisotropy (5) histograms of
the brain of healthy volunteers studied at different
sites by using two different MR imaging units and
three different diffusion tensor MR imaging se-
quences.

Methods

Participants
Twelve healthy volunteers (seven women and five men;

mean age, 28.5 years; age range, 23–33 years) entered the study
after providing written informed consent. None of the partici-
pants had a history of neurologic disorders, and they all had
completely normal results of neurologic examination at the
time the MR images were obtained.

MR Imaging Acquisition
Eight participants (six women and two men; mean age, 28.9

years; age range, 23–33 years) underwent two MR imaging
examinations within a 3-month interval. The images were ob-
tained by using two 1.5-T machines. The two imaging units will
be referred to as imaging unit A (Siemens Magnetom Vision;
Siemens, Erlangen, Germany) and imaging unit B (Philips
Gyroscan ACS-NT; Philips Medical Systems, Eindhoven, The
Netherlands). For imaging unit A, the maximum available
gradient strength was 21 mT/m, with a maximum slew rate of
167 T/ms. For imaging unit B, the maximum available gradient
strength was 21 mT/m, with a maximum slew rate of 105 T/ms.
Two similar quadrature birdcage head coils were used on both
occasions for RF signal intensity reception. The following se-
quences were obtained for all participants in each of the two
imaging sessions: sequence 1) dual-echo turbo spin-echo (im-
aging unit A: 3300/16, 98 [TR/first TE, second TE]; echo train

length, 5; matrix, 256 � 256; field of view, 250 � 250 mm;
section orientation, axial; number of sections, 20; section thick-
ness, 5 mm; intersection gap, 0 mm) (imaging unit B: 3300/11,
120; echo train length, 12; matrix, 256 � 256; field of view,
200 � 200 mm; section orientation, axial; number of sections,
16; section thickness, 5 mm; intersection gap, 1 mm); and
sequence 2) three different pulsed gradient spin-echo single
shot echo-planar pulse sequences with three different diffusion
gradient schemes. In the first scheme, diffusion gradients were
applied in six directions (x, y, z, xy, xz, yz, where x convention-
ally represents the read-out direction, y the phase-encoding
direction, and z the section-selection direction). An additional
set of images without diffusion weighting was obtained. This
represents the simplest direction scheme, with the minimum
number of encoding directions for diffusion tensor MR imag-
ing measurements. In the second sequence, the diffusion gra-
dients were also applied in six directions but with a slightly
different scheme (xy, xz, yz, �xy, �xz, �yz). Again, an addi-
tional set of images without diffusion weighting was obtained.
This scheme is a slightly modified version of the first, with a
more symmetrical distribution of the direction of the diffusion
gradients. In the third sequence, the diffusion encoding direc-
tions were eight (plus the set of images without diffusion
weighting), chosen to cover the 3D space uniformly, according
to the optimized scheme proposed by Jones et al (15). This
scheme exploits a larger number of vectors than do the other
two schemes, without any a priori knowledge of the degree of
tissue anisotropy. As previously described (16), diffusion mea-
surements were optimized by using only two b factors (b � 0,
and b � bMAX) for all sequences. The acquisition of each pulse
sequence was repeated several times to improve the signal
intensity-to-noise ratio, and the number of repetitions was
chosen on a sequence-by-sequence basis to end up with a
similar number of directions � number of repetitions per
section for all the three sequences. This was done to obtain
similar signal intensity-to-noise ratios. Additional details re-
garding diffusion gradients and numbers of acquisitions for
each of the three pulsed gradient spin-echo single shot echo-
planar pulse sequences are reported in Table 1. The following
acquisition parameters were used for all the three pulsed gra-
dient spin-echo single shot echo-planar pulse sequences: for
imaging unit A: 4500/123 (TR/TE); maximum b factor, 1044
s/mm2; matrix, 128 � 128; field of view, 250 � 250 mm; number
of sections, 16; section thickness, 5 mm; and for imaging unit B:
4200/128; maximum b factor, 1034 s/mm2; matrix, 128 � 128;
field of view, 250 � 250 mm; number of sections, 16; section
thickness, 5 mm. Imaging unit A used a sinusoidal ramp sam-
pling, whereas imaging unit B used a trapezoidal ramp sam-
pling method for echo-planar imaging read-out. The sections
were always contiguous and acquired with axial orientation.
The matrix size was always reconstructed to 256 � 256 by zero
filling. Fat suppression was performed by using either a four-
pulse binomial pulse train (imaging unit A) or a spectral selec-
tive inversion pulse (imaging unit B) to reduce chemical shift
artifacts. Sections of all sequences were accurately positioned

TABLE 1: Numbers of directions and repetitions for the three pulsed
gradient spin-echo echo-planar imaging pulse sequences used in
the study

No. of
Measurements

Total No.
of Images

per Section

No. of
Diffusion
Directions

PGSE SS-EPI 1 10 7 6
PGSE SS-EPI 2 10 7 6
PGSE SS-EPI 3 8 9 8

Note.—PGSE SS-EPI indicates pulsed gradient spin-echo single
shot echo-planar imaging. Additional information regarding the three
diffusion sequences is presented in the Methods section.
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to run parallel to a line that joins the most inferoanterior and
inferoposterior parts of the corpus callosum according to pre-
viously published guidelines (17). The most caudal section was
positioned to traverse the inferior part of the pons. This brain
portion was chosen because it is less sensitive to susceptibility
artifacts.

To assess imaging-reimaging variability, the remaining four
participants (one woman and three men; mean age, 29.0 years;
age range, 29–32 years) underwent imaging twice on imaging
unit A. The mean interval between the first and second exam-
inations was 7 days. These MR imaging sessions included the
dual-echo sequence and the first pulsed gradient spin-echo
single shot echo-planar pulse sequence only. This diffusion
gradient scheme was chosen because it is one of the most
widely adopted for diffusion tensor MR imaging. Pulse se-
quence parameters and section positioning were the same as
those reported for the other eight normal participants.

MR Imaging Postprocessing
All images were transferred to a workstation (Sun Micro-

systems, Mountain View, CA) for postprocessing. Pulsed gra-
dient spin-echo single shot echo-planar pulse images were first
averaged to improve the signal intensity-to-noise ratio and
corrected for eddy current-induced distortions by using an
algorithm that maximizes the mutual information between the
diffusion-weighted and the diffusion-unweighted images (18).
The diffusion-unweighted images served as template images
for the registration. Assuming a mono-exponential relation
between signal intensity and the product of the b matrix, the
diffusion tensor was calculated for each pixel according to the
following equation:

ln
M
M0

� �� �
i � 1

3 �
j � 1

3

bij Dij� ,

where M is the measured signal intensity when a particular
diffusion-encoding gradient pair is played out, M0 is the T2-
weighted signal intensity (ie, the diffusion-unweighted image),
and bij are the elements of the b matrix. The elements of the
diffusion tensor matrix (Dij) were estimated by linear regres-
sion (4), and the eigenvalues of the tensor (�1, �2, �3) were
derived after matrix diagonalization. The eigenvalues represent
the effective diffusivities along the three orthogonal principal
directions of the local coordinate system (ie, intrinsic to each
voxel). The eigenvalues were sorted by their magnitude in
descending order. Finally, the mean diffusivity and the frac-
tional anisotropy were calculated and the corresponding maps
were produced for all the pulse sequences. This means that for
each healthy volunteer participating in the inter-imaging unit
and inter-sequence variability assessment, six images of each of
the eigenvalues and of mean diffusivity and fractional anisot-
ropy were available at the end of this procedure, whereas only
two images of each quantity were available for those partici-
pating in the imaging-reimaging variability assessment. Each of
these sets of images was co-registered by using the long echo of
the dual-echo sequence obtained on imaging unit A as the
reference set of images and a rigid body technique based on
mutual information (18). The quality of image registration was
similar for the two sets of images obtained by using imaging
units A and B. CSF and other extracerebral tissues were auto-
matically removed from all images, and histograms of mean
diffusivity, fractional anisotropy, and the eigenvalues were ob-
tained, as previously described (14). For each histogram, the
following quantities were derived: the relative peak height
(after histogram normalization to correct for inter-participant

differences in head size), the peak position, and the average
value of the considered quantity.

Statistical Analysis
Inter-sequence variability was defined as the variability be-

tween diffusion histogram metrics obtained from different
pulse sequences run on the same imaging unit. Inter-imaging
unit variability was assessed as the variability between diffusion
histogram metrics obtained for each of the three pulsed gradi-
ent spin-echo single shot echo-planar pulse sequences run on
the two different imaging units. Imaging-reimaging variability
was defined as the variability between diffusion histogram met-
rics obtained running the first sequence of pulsed gradient
spin-echo single shot echo-planar pulse on the same imaging
unit (imaging unit A) on two different occasions. Coefficients
of variation were calculated to assess these variabilities. The
coefficient of variation is defined as the SD of a random
variable divided by its mean value. The standard errors of the
mean coefficients of variation and the P values of the compar-
ison of inter-sequence versus inter-imaging unit coefficients of
variation were estimated by using a bootstrap resampling tech-
nique (19). Because of the small sample of patients studied for
imaging-reimaging assessment, no formal statistical compari-
son was conducted for imaging-reimaging coefficients of vari-
ation versus inter-sequence or inter-imaging unit coefficients of
variation.

TABLE 2: Mean diffusivity and fractional anisotropy histogram-de-
rived metrics, averaged over the eight participants, for each of the
three pulsed gradient spin-echo single shot echo-planar imaging se-
quences run on two different imaging units

Imaging Unit

A B

PGSE SS-EPI 1
Average MD (SD)

[�10�3 mm2/s]
0.89 (0.01) 0.85 (0.02)

Mean MD peak height (SD) 98.0 (10.5) 105.0 (7.7)
Mean MD peak position

(SD) [�10�3 mm2/s]
0.76 (0.02) 0.74 (0.02)

Average FA (SD) 0.24 (0.011) 0.26 (0.003)
Mean FA peak height (SD) 48.9 (4.5) 49.8 (1.8)
Mean FA peak position (SD) 0.1 (0.001) 0.1 (0.001)

PGSE SS-EPI 2
Average MD (SD)

[�10�3 mm2/s]
0.91 (0.02) 0.84 (0.02)

Mean MD peak height (SD) 98.8 (10.5) 112.3 (10.0)
Mean MD peak position

(SD) [�10�3 mm2/s]
0.76 (0.03) 0.72 (0.03)

Average FA (SD) 0.22 (0.009) 0.26 (0.006)
Mean FA peak height (SD) 55.2 (4.5) 45.7 (3.4)
Mean FA peak position

(SD)
0.1 (0.002) 0.1 (0.001)

PGSE SS-EPI 3
Average MD (SD)

[�10�3 mm2/s]
0.92 (0.02) 0.85 (0.02)

Mean MD peak height (SD) 98.1 (11.0) 102.3 (10.6)
Mean MD peak position

(SD) [�10�3 mm2/s]
0.76 (0.02) 0.73 (0.03)

Average FA (SD) 0.22 (0.008) 0.24 (0.010)
Mean FA peak height (SD) 57.2 (5.2) 50.0 (4.14)
Mean FA peak position (SD) 0.1 (0.001) 0.1 (0.001)

Note.—PGSE SS-EPI indicates pulsed gradient spin-echo single shot
echo-planar imaging; MD, mean diffusivity; FA, fractional anisotropy.

640 CERCIGNANI AJNR: 24, April 2003



Results
The mean diffusivity and fractional anisotropy his-

togram-derived metrics averaged over all eight volun-
teers (and the corresponding SDs) obtained for each
of the three pulsed gradient spin-echo single shot
echo-planar pulse sequences that had been used on
each of the two imaging units are reported in Table 2.

Tables 3 and 4 show the resulting inter-sequence,
inter-imaging unit, and intra-imaging unit coefficients
of variation calculated for histogram metrics derived
from mean diffusivity, fractional anisotropy, and each
of the diffusion tensor eigenvalues. The inter-imaging
unit coefficients of variation were consistently higher
than the inter-sequence coefficients of variation for
all the diffusion histogram quantities. For mean dif-
fusivity histograms, the differences between inter-se-
quence and inter-imaging unit coefficients of varia-
tion were significant for all the considered quantities
with P values ranging from .003 to �.001. Also, the
inter-imaging unit coefficient of variation for average
fractional anisotropy was significantly higher than the
corresponding inter-sequence coefficient of variation
(P � .002). In general, inter-sequence mean diffusiv-
ity histogram-derived metrics (coefficients of varia-
tion ranging from 1.72% to 5.56%) were more repro-
ducible than fractional anisotropy histogram-derived

metrics (coefficients of variation ranging from 5.45%
to 7.34%) (Table 3). Consistent with this, the repro-
ducibility of the measurement decreased according to
the sorting of the eigenvalues from �1 to �3 (Table 4).
Mean imaging-reimaging coefficients of variation
ranged from 1.81% to 14.3% (data not shown for
each of the assessed quantities).

Discussion
Diffusion tensor MR imaging holds significant

promise for the monitoring of the evolution of several
neurologic conditions, either natural or modified by
treatment. Diffusion tensor MR imaging provides in
vivo quantitative information regarding the size,
shape, orientation, and geometry of the investigated
tissues (3), and as a consequence, it enables us to
obtain reliable estimates of the structural integrity of
the overall brain tissue or of large portions of it
(12–14). Consistent with this notion, several studies
have shown moderate to strong correlations between
diffusion tensor MR imaging findings and the clinical
status of patients with several neurologic diseases,
including multiple sclerosis (6, 7), stroke (11), and
Alzheimer disease (9). In addition, in the last few
years, the increased availability of echo-planar imag-
ing on most of the commercial imaging units has
made it possible, at least in principle, to conduct large
scale multicenter studies (as it is the case for many
phase II and virtually all phase III treatment trials) by
using diffusion tensor MR imaging.

Previous studies have shown that several factors,
which include biologic activity, observer reproducibil-
ity, pulse sequences, accuracy in repositioning and the
use of different imaging units, influence the measure-
ments of quantities derived from conventional and
magnetization transfer MR imaging (20, 21). Clearly,
some of these potentially confounding factors can be
easily controlled when planning multicenter studies
(22). Conversely, the use of different MR imaging
units is hard to avoid in this context. This is not only
because individual participating centers typically have
different MR imaging units but also because an up-
grade of at least some of the MR machines involved
in such studies is likely to occur, considering the
duration of multicenter trials (treatment trials in clin-
ical neurology are typically of 2- to 3-year duration)
and the lifetime of an imaging unit (typically 5–10
years). In case of diffusion tensor MR imaging, it
might also be challenging to standardize across cen-
ters the acquisition schemes of the pulse sequences
used. This is because of hardware constraints or lim-
ited ability to modify the diffusion tensor MR imaging
pulse sequence without collaboration with imaging
unit manufacturers. For instance, typical factors that
can vary among different MR imaging units (even
among different models made by the same manufac-
turer) are fat suppression techniques, form of echo-
planar image read-out, eddy current compensation
measures, shim techniques, timing and orientation of
diffusion-weighting gradients, and strategies to re-
move background gradients.

TABLE 3: Inter-sequence and inter-imaging unit mean coefficients of
variation (standard error of the means) for the mean diffusivity and
fractional anisotropy histogram-derived metrics

Inter-Sequence
(%)

Inter-Imaging
Unit (%) P*

Average MD 1.72 (0.14) 5.37 (0.7) 0.003
MD peak height 5.56 (0.6) 10.19 (1.0) �0.001
MD peak position 1.90 (0.2) 4.20 (0.43) �0.001
Average FA 5.45 (0.4) 7.71 (0.6) 0.002
FA peak height 7.34 (0.9) 6.07 (0.8) n.s.
FA peak location 7.30 (0.6) 8.74 (0.9) n.s.

Note.—MD indicates mean diffusivity; FA, fractional anisotropy;
n.s., not significant.

* Statistical analysis: comparisons were conducted by using a boot-
strap resampling technique.

TABLE 4: Inter-sequence and inter-imaging unit mean coefficients of
variation (standard error of the means) for the �1, �2, and �3 histo-
gram-derived metrics

Inter-Sequence
(%)

Inter-Imaging
Unit (%) P*

Average �1 1.63 (0.1) 4.13 (0.4) �0.001
�1 peak height 5.18 (0.6) 6.93 (0.8) n.s.
�1 peak position 1.78 (0.2) 4.76 (0.6) �0.001
Average �2 2.02 (0.3) 5.39 (0.6) �0.001
�2 peak height 3.30 (0.3) 4.37 (0.5) n.s.
�2 peak position 1.50 (0.1) 5.33 (0.6) �0.001
Average �3 4.71 (0.5) 6.80 (0.7) 0.009
�3 peak height 5.49 (0.6) 6.89 (0.8) n.s.
�3 peak position 6.06 (0.7) 12.19 (1.1) �0.001

Note.—�1–�3 � eigenvalues of the diffusion tensor; n.s., not signif-
icant.

* Statistical analysis: comparisons were conducted by using a boot-
strap resampling technique.
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This has prompted us to investigate the impact of
the use of different imaging units and pulse sequences
on diffusion tensor MR imaging histogram-derived
quantities. We studied healthy volunteers to assess
inter-sequence, inter-imaging unit, and intra-imaging
unit variabilities without the confounding factor of
disease-induced biologic variation. Such an investiga-
tion is important because it indicates the range of
technique-related “noise” which may mimic or mask
“true” pathologic variations. We chose to assess his-
togram-derived metrics rather than region of interest-
derived metrics, because in the context of large scale
studies, and, in particular, in the case of multifocal
diseases, it might be unrealistic to try to obtain diffu-
sion tensor MR imaging measures from different
brain regions and tissues. Another major advantage
of the histogram approach is that it is less operator-
dependent than region-of-interest analysis. This can
be important in the case of measures, such as eigen-
values and fractional anisotropy, which are character-
ized by inherently large spatial fluctuations within the
human brain and, as a consequence, could be signif-
icantly influenced even by slight variations in region-
of-interest placement. Although obtaining diffusion
tensor MR imaging data regarding white and gray
matter separately might be rewarding to improve our
understanding of pathobiology of various neurologic
conditions, we decided not to segment parenchymal
pixels into gray and white matter because, as dis-
cussed earlier for region-of-interest analysis, it might
be unfeasible to apply such an approach in a reliable
way in the context of multicenter studies. Also, it is
likely that data derived from white and gray matter in
isolation would behave similarly to those obtained
from pooled parenchymal pixels in terms of sensitivity
to MR imaging and sequence variations.

Perhaps not unexpectedly, this study indicates that
both the use of different pulse sequences and the use
of different MR imaging units introduce variability in
the measurements of diffusion tensor MR imaging
histogram-derived quantities. However, it also shows
that inter-imaging unit variability is significantly
higher than inter-sequence variability, whereas the
latter yielded reproducibility measures similar to
those obtained for imaging-reimaging. This is not
unexpected, because one of the factors that might
influence inter-sequence variability is the difference
in gradient strength that may occur on different axes
because of an imperfect gradient calibration. As a
consequence, slightly different patient repositioning
within the imaging unit or a change in section orien-
tation might impact diffusion tensor MR imaging
quantities in a similar way. All of this has major
implications for real-life studies because both the
sequences and the imaging units used in the present
study are representative of those that might be used
in multicenter studies. Nevertheless, the variabilities
found in the present study for diffusion tensor MR
imaging metrics were lower than those reported for
magnetization transfer ratio histograms (22). Al-
though we cannot assume that inter-imaging unit vari-
ability of diffusion tensor MR imaging measurements

would be the same for all potentially available imag-
ing units and although comparisons among different
studies in this context have always to be exercised
with caution, one reason for this finding might be that
diffusion tensor MR imaging is potentially less af-
fected by “environmental” conditions than other MR
imaging-derived measures. Water molecular diffusion
is a physical property of tissues and not an MR prop-
erty and, as a consequence, it is expected to be more
stable than other MR quantities across different im-
aging units.

In this study, we tried to use widely available, sim-
ilar, but not fully identical pulse sequences to match
as closely as possible the situation that might be faced
when planning real-life multicenter studies. The pulse
sequences we used were designed to have either the
same, or at least as similar as possible, TEs and b
factors. Note that the b factor determines the strength
of the diffusion weighting and is tied to the TE.
Therefore, these two parameters affect the amount of
signal intensity decay and the signal intensity-to-noise
ratio. The b factor was optimized by estimating the
TE that would produce the smallest measurement
error (23), to minimize the variability of the measured
diffusivity (15). Consistent with these considerations,
we observed a relatively low variability of mean dif-
fusivity histogram-derived metrics within different
diffusion-weighting gradient schemes that had been
run on the same imaging units.

We also found that the variability of mean diffusiv-
ity measurement is generally lower than that of frac-
tional anisotropy histogram-derived metrics. This
agrees with the observation that �1 histogram-derived
metrics have lower coefficients of variation than those
of �2, which in turn are lower than those of �3.
Because mean diffusivity is obtained by averaging the
three eigenvalues, its value is dominated by that of
the largest eigenvalue. Conversely, fractional anisot-
ropy reflects the difference among the three eigen-
values and as a consequence is more sensitive to the
variability among them and to background noise (5,
24, 25). Moreover, fractional anisotropy varies
throughout the different white matter regions and,
even more markedly, between white and gray matter
(26, 27) whereas mean diffusivity is relatively constant
in gray and white matter of healthy participants (6, 7).
Thus, fractional anisotropy histograms are likely to be
strongly influenced by section positioning, especially
when only a portion of the brain, although large, is
analyzed (28). In this situation, even a slight inaccu-
racy in image repositioning can constitute an addi-
tional source of variability for fractional anisotropy
histogram-derived metrics. Nevertheless, considering
that participants were not moved from the imaging
units during the same imaging session and consider-
ing that they were carefully repositioned by using a
standardized procedure when undergoing reimaging,
we think that most of the variability in fractional
anisotropy measurements is likely to be secondary to
background noise.
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Conclusion
We have shown that diffusion tensor MR imaging-

derived quantities are affected by the use of different
imaging units and, less markedly, by the use of differ-
ent pulse sequences and by imaging-reimaging. This
confirms conventional wisdom that individual pa-
tients included in multicenter studies should undergo
imaging, if at all possible, with the same MR machine
for the whole duration of the study. Nevertheless, our
results also show that inter-sequence and inter-imag-
ing unit variabilities of diffusion tensor MR imaging-
derived measurements are relatively low and at least
are not higher than those found for other MR metrics
already applied in multicenter studies (21, 22). This
indicates the potential of adding diffusion tensor MR
imaging-derived quantities to the assessment of brain
structural changes in multicenter and longitudinal
studies. The reliability of diffusion tensor MR imag-
ing measurements might be improved further by the
collection of data from healthy volunteers, to obtain a
center-by-center normalization of data from patients.
In this context, mean diffusivity seems to be very
promising, considering that it provides quantitative
information regarding tissue integrity and that mean
diffusivity histogram-derived measurements are rela-
tively stable across imaging units and sequences. Also,
mean diffusivity data can be obtained with relatively
simple diffusion-weighted MR images, which are
available on most of the clinical imaging units,
whereas measures of anisotropy require more de-
manding and specifically designed diffusion tensor
MR imaging sequences and more advanced postpro-
cessing to be implemented.
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